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Abstract 

One or more atoms of hydrogen can combine with other elements, to 

form shallow acceptor complexes in semiconductors. The acceptor 

states of several hydrogen-related complexes in germanium have been 

studied here, by means of photothermal ionization spectroscopy. 

Prior t6 this work, four shallow acceptor complexes in germanium 

were known to involve a single hydrogen atom. The existence of an 

isotope shift (H ~ D) for the transition energies of one complex and 

the observation of unconventional behavior of the acceptor states un

der uniaxial stress, led to the proposal that in each complex, the 

hydrogen atom undergoes rapid tunneling motion. That proposed theory 

explained all of the apparently observed properties of the complexes, 

but made some predictions which have not been experimentally verified. 

It is shown here that for three (and probably four) of those com

plexes, the behavior under stress is actually quite conventional, and 

can be easily explained quantitatively. It is demonstrated that the 

observed properties of these acceptors are dominated not by the dyna

mics of the hydrogen nucleus, but rather by the static asymmetric 

structure of the complexes. This explanation also has implications 

for several other shallow acceptor complexes in germanium. It may 

thus prove straightforward to understand the electronic properties of 

many shallow acceptor complexes within a simple, unified framework. 

A more complicated system of acceptor complexes has also been stu

died in depth here: copper-dihydrogen acceptors in germanium. These 

acceptors are coupled dynamic systems of two hydrogen nuclei and a 

hole, moving in the potential of a substitutional copper ion. Five of 
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the six possible combinations have been studied, involving the iso

topes H, D and T. The motion of the nuclei exhibits a transition from 

rotation to libration,. induced by an increase in hydrogen isotopic 

mass. The acceptor A(CuH 2) has full tetrahedral symmetry despite 

its asymmetric structure, and has many (ls)-like acceptor levels. All 

of the acceptor complexes whiCh involve heavier isotope combinations 

display only a single (ls)-like level, and appear to have symmetry 

lower than tetrahedral. Many of the observed properties of the 

copper-dihydrogen acceptors have been qualitatively explained. 
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Chapter 1: Introduction and Background 

According to their electrical properties, solids are usually 

classified into three categories: conductors, insulators and semi

conductors [Zi72]. The intrinsic electrical characteristics of 

conductors and insulators make them useful in their pure form for a 

wide variety of applications." Small amounts of impurities usually 

have a relatively minor effect on the electrical behavior of these 

substances, and when impurities are intentionally added, it is most 

often to modify one or more non-electrical property, such as strength 

or resistance to corrosion. 

In contrast, the electrical properties of semiconductors are 

usually dominated by the presence of impurities, and almost all of the 

important technological applications [Sz81] of these materials depend 

on the judicious introduction of relatively small concentrations of 

other substances. By controlling the amount of impurities present, 

one can cause the room-temperature resistivity of semiconductors to 

vary over an enormous range, from about 10-3 ohm-cm, to about 

109 ohm-cm. What makes these materials most useful, however, is 

that one can introduce inhomogeneous distributions of impurities, and 

precisely control those distributions down to the sub-micron dimen

sional scale. One can thus tailor the densities and currents of 

electrons and holes, both in the absence and presence of applied 

electrical potentials. Extremely flexible control over impurity 

distributions allows the semiconductor silicon, for example, to be 

used in the fabrication of devices ranging from large-volume (seve

ral cm3) diodes [HG81] employed in the detection of ionizing 
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radiation, to high-speed digital integrated circuits [SzSl] which 

contain millions of sub-micron transistors on a single chip. 

Impurities, and the larger class of electrically active point 

defects in semiconductors [AB82, BGPS2, BLS3, LB83], affect the elec

trical properties of semiconductors via the introduction of energy 

levels into the otherwise forbidden gap that separates the valence 

bands from the conduction bands. According to the position of the 

levels introduced, defects may be loosely classified into two somewhat 

different groups. The first group is that of the so-called Iishallow" 

impurities [RR8l], most notably those that lie in the periodic table 

one column to the right or to the left of the atom for which they 

substitute. "Shallow" impurities are so named because they create 

levels which are close to the extrema of the forbidden gap. The role 

of these levels is to make possible the controlled introduction of 

current-carrying electrons or holes into the conduction or valence 

bands. "Shallow" impurities are responsible for the n- and p-type 

conduction exploited in diodes, transistors, and most other common 

room-temperature electronic devices [SzSl], as well as in infrared 

detectors which make use of low-temperature extrinsic photocon

ductivity [Brll]. There also exist many devices, such as photodiodes, 

nuclear radiation detectors, and resistance thermometers, whose opera

tion depends primarily on the generation of electron-hole pairs in 

response to an external electromagnetic or thermal stimulus; this 

process relates to the host crystal, rather than to impurities which 

have been added to it. Even in this case, however, operation of the 

device depends upon electrical contacts which usually consist of 

layers to which "shallow" impurities have been added. 
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The "deep" impurities and defects [Mi73, JaS2] are the second 

broadly defined group; they introduce one or more levels relatively 

farther from the edges of the forbidden gap. "Deep" levels are often 

caused by native point defects, or by metallic impurities~ and are 

usually present 1n much smaller concentrations than "shallow" levels. 

Norma lly, "deep" leve 1 s contr i bute to the free carr i er concentrat ion 

in a negligible way; when they are intentionally introduced, their 

role is to catalyze the recombination of electrons and holes across 

the band gap [Ha52, SR52], by making possible recombination via two or 

more energetically smaller steps, and by easing restrictions created 

by the conservation of crystal momentum. "Deep" levels are often 

unintentionally introduced during crystal growth or device fabrica

tion, and their presence can seriously degrade the performance of 

semiconductor devices, by limiting the lifetime of minority carriers. 

It is somewhat arbitrary to distinguish between "shallow" and 

"deep" impurities, merely in terms of the relative positions of the 

energy levels they introduce in the forbidden gap. In fact, meaning

ful criteria for distinction depend on the context of tne discussion. 

This thesis is concerned largely with the study of optical transitions 

at "shallow" semiconductor impurities [RRSl], between (ls)-like levels 

and a series of (np)-like bound-excited levels. Such optical transi

tions are also observed at many "deep" impurities, ana much of the 

following discussion applies to those impurities as well • 

1.1: Shallow Donors and Acceptors 

Localized states which exist in the presence of a positively 

charged impurity ion are referred to as "donor" states [Sh50]. Shal-
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low "donor" states are usually associated with an impurity which is 

located in the periodic table one column to the right of the atom for 

which it substitutes in the crystal. They are so named because the 

impurity atom donates its extra valence electron to the conduction 

band of the crystal. To understand the origin of donor states, we 

begin with the band picture for the electronic energy levels in a 

perfect and pure semiconductor crystal [Zi72J. At zero temperature, 

there exist a set of full valence bands, and a set of empty conduction 

bands, separated by a forbidden gap. If we introduce an extra elec

tron in the crystal, it will occupy the lowest state available to it, 

at the bottom of the conduction band. For a simple band, the energies 

of the states near the bottom of the band are given by: 

(1.1 ) 

where Ec is the energy at the Dand minimum, k is the magnitude of 

* the wavevector, and me is the effective mass of an electron at 

the conduction band minimum. The meaning of the term "effective mass ll 

is easily understood by comparing (1.1) with the corresponding result 

for a free electron: 

where m is the mass of an electron in free space. The effective mass 

represents the effect of the crystal potential in an average way, so 

that under the influence of an external force, the dynamics of an 
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electron at the conduction band minimum is the same as that of a free 

. * electron wlth mass me. 

Let us now replace one atom in the crystal by an atom located in 

the periodic table one column to the right of the atom for which it 

substitutes. The impurity atom has one valence electron more than th~ 

host atom. If we insert the impurity atom but do not allow the extra 

electron to enter.the crystal, then the crystal still has the same 

number of valence electrons as before; the valence bands are still 

full, and the conduction bands are still empty. The impurity ion is 

positively charged, and it sets up a Coulomb field superimposed on the 

crystal fields that were already present. The crystal represents a 

dielectric medium, so that at distances from the impurity site greater 

than a few lattice spacings, that Coulomb field is statically 

screened. To an electron, the presence of the impurity ion is 

therefore represented by a potential: 

U( r) 2 = -e /Er , (1. 3) 

where E is the dielectric constant of the medium. If we introduce the 

extra electron into tne crystal, it will behave as a free electron of 

* mass m , whicn moves in tne potential (1.3). The situation is e 
isomorphic to a hydrogen atom [Sc68] with "proton" charge e/E and 

* "e lectron" mass me' and we can irrmedi ate ly see that bound states 

for the electron are introduced, at energies given by: 

(1. 4) 
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where n = 1,2, ••• ,00. The donor ground state is a (Is) hydrogenic 

state, with Bohr radius given by: 

( 1.5) 

* Typical values of e are of the order of 10, and values of me 

range from about 0.03m to about m, so that estimates of the donor 

ionization energy range from about 5 to 150 meV. In comparison to 

band gaps of the order of 1 eV or more, such energies are often quite 

sma 11. Corresponding estimates for the Bohr radius range from about 

5 to 150 A. In some cases, the donor wavefunction extends over tens 

of lattice spacings, suggesting that (1.3) may be a good approximation 

for the actual potential seen by the bound electron. Apparently, it 

was Bethe [Be42] who first described this simple "hydrogenic" model, 

to provide an estimate of the binding energies of donors in silicon. 

Typical ionization energies for shallow donors in important semicon-

ductors range from a few meV to several tens of meV. At room 

temperatures, such donors are essentially fully ionized, yielding the 

conduction-band electrons which are responsible for n-type conduction 

in semiconductor devices. 

In contrast to "donor" states, localized states which exist in the 

presence of a negatively charged impurity ion are referred to as 

"acceptor" states [Sh50]. Shallow acceptor states are usually associ-

ated with an impurity which lies in the periodic table one column to 

the left of the atom for which it substitutes in the crystal. In 

order to fulfill local bonding requirements, such an impurity accepts 

an electron from the host, becoming negatively charged, and creating a 
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hole at the top of the otherwise filled valence band. The dynamics of 

a free hole at the valence band maximum are described approximately by 

the expression: 

* where Ev is the energy at the valence band maximum, and mh is 

(1.6 ) 

the effective mass of the hole. In the presence of the negatively 

charged impurity ion which attracts the hole, acceptor levels are 

introduced just above the valence band maximum, at energies given by: 

(1.7) -

The acceptor ground state is a hydrogenic (Is) state, with Bohr radius 

* given by an expression similar to (1.5), but with me replaced by 

* mho Numerical estimates for the energies and Bohr radii of holes 

bound to acceptors are similar to those for electrons bound to accep-

tors. As for shallow donors, the ionization energies of shallow 

acceptors in most semiconductors are small enough that those acceptors 

are ionized at room temperature, giving rise to the valence-band holes 

which are responsible for the p-type conduction in practical devices. 

The simple models described above provide estimates for the ioni-

zation energies of shallow donors and acceptors which sometimes agree 

reasonably well with observed values, but which are often in error by 

as much as a factor of two or three. They have the obvious short-

coming that they take no account of variations of ionization energy 

which are observed between one donor (or acceptor) species and ano-
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there More realistic treatments of donor and acceptor states are 

briefly described in the next section, and are discussed more thor

oughly in Appendix 1. Although we will not have occasion to discuss 

their electronic spectra in detail, it is worth mentioning the cases 

of double donors (and acceptors) [RR81, Pa78]. These are usually 

created when an impurity is introduced which lies in the periodic 

table two columns to the right (or left) of the host atom for which it 

substitutes. The resulting impurity ions are doubly positively (or 

negatively) charged, and therefore bind two electrons (or holes) in 

their neutral state. Some of the rudimentary features of the neutral 

systems may be understood by analogy with the case of the neutral 

free-space helium atom. Similarly, in their singly ionized state, 

these systems are analogous to singly ionized helium, which for pur

poses of this analogy is equivalent to a hydrogenic atom witn Z = 2. 

1.2: Effective-Mass Theory 

The treatment of the electronic states associated with impurities 

in semiconductors is, in general, a difficult theoretical problem 

[AB82, Pa78J. Because the impurity is embedded in a crystal which 

consists of many interacting ions and electrons, it is inherently a 

many-body problem. In most cases, the electronic degrees of freedom 

may be separated from those of the ions, by making use of the Born

Oppenheimer, or adiabatic, approximation [Zi72J. The resulting 

many-electron problem can then in principle be reduced to that of a 

collection of independent electrons moving in an effective one

electron potential which includes the effect of each of the other 

electrons, as well as the fields of the ions. In a perfect crystal, 
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the solution of this problem is substantially aided by the periodicity 

of the system, and yields an infinite set of energy bands, which are 

characterized by a band index n, and a wavevector k. However, the 

impurity problem involves a localized potential which is incompatible 

with periodicity, so that the electron states associated with the 

impurity are expressed as an expansion over the states of the perfect 

crystal, which in principle involves all bands and all wavevectors. 

Determination of the impurity states therefore involves solution of an 

infinite system of coupled equations. Solution of the impurity prob

lem is further complicated by the fact that the lattice may relax in 

the presence of foreign atoms, and that the relaxation must be deter

mined self-consistently with the electronic states. 

In certain cases, most notably for shallow impurities, solution of 

the impurity problem can be simplified considerably. Because those 

impurities most often lie in the periodic table one column to the left 

or right of the host atom for which they substitute, their presence in 

the crystal may not represent a significant disturbance of the local 

structure, and can perhaps be meaningfully accounted for merely by a 

change in the nuclear charge and core electron states at the impurity 

site. If, to an itinerant Bloch electron, these changes result in a 

potential energy not too different from that of the perfect crystal, 

then we can calculate the resulting impurity states using the effec

tive-mass theory. 

The objective of the effective-mass theory of impurity states is 

to reduce the complicated impurity problem to one (or a small set of) 

effective one-particle Schrodinger-like equation(s). In these equa

tions, the potential energy is given by the difference of the impurity 
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potential fro~ that of the host atom for which it substitutes, with a 

large reduction caused by the dielectric screening of the crystal. 

The effect of the periodic potential of the electons and ions in the 

crystal is absorbed into the effective kinetic energy operator: the 

isotropic free-electron mass is replaced by the effective-mass tensor 

associated with one or more extrema of the crystal's band structure. 

In the simplest cases, detailed knowledge of the crystal's Bloch 

functions is not required, so that the dielectric function and effec

tive-mass tensors are the only input parameters required for 

formulation of the SChrodinger equations for the impurity states. 

Solution of these so-called "effective-mass equations" yields the 

impurity energy levels, and a set of wave functions which are products 

of the Bloch states at certain band extrema with "envelope func

tions." For a bound state of a donor impurity, the envelope function 

describes the probability amplitude for the excess Bloch electron 

which ;s bound near the donor ion. Similarly, for an acceptor, the 

envelope function gives the probability amplitude for the missing 

electron, or "hole", a deficit which is localized near the acceptor 

ion. 

The application of the effective-mass theory to impurity states 

proceeds in the same spirit as the semiclassical treatment of the 

dynamics of carriers in external electric and magnetic fields [Zi72J. 

Applicability of the effective-mass theory in all cases depends pri

marily on the assumption that the perturbing potential does not vary 

too quickly in space (or in time), so that it does not induce inter

band transitions, and so that the wave packet of a carrier moving 

under its influence may be described by a superposition of Bloch 

10 
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states located very close to one extremum or a set of several equiva

lent extrema of the crystal's energy bands. 

The effective-mass theory of impurity states is discussed in 

detail in Appendix 1. Here we briefly summarize the results of that 

theory for the case of greatest present interest, which is that of the 

shallow acceptors in Ge. Figure 1 shows the calculated energy levels 

of the ground state and the lowest odd-parity excited states, based on 

the work of Baldereschi and Lipari [SL76. LB78]. Those levels are 

labeled "N"'~'" where, for example,"2"S" denotes the second 

set of states which generate the representation rS of the group 

0h' which is the symmetry group of the acceptor wave functions, to 

the level of approximation of the effective-mass theory. For compari

son, Figure 1 also shows the lowest-lying energy levels of the four 

Shallowest Group III acceptors, based on the experimental work of 

Haller and Hansen [HH74]. The experimental values have been deter

mined by measuring the energies of optical transitions from the ground 

state to each of the excited-state levels, and by assuming that for 

each acceptor species, the binding energy of the final state of the 0 

transition is equal to the theoretical value of 2.88 meV. Those 

transitions are labeled G, D. C, •••• after Jones and Fisher [JF65], 

and Haller and Hansen [HH74]. 

Within the effective-mass approximation, the odd-parity acceptor 

envelope functions have vanishing probability density at the impurity 

site, so that they do not sample the impurity-specific central-cell 

potential. One would therefore expect that independent of the parti

cular impurity species, the potential "seen" by the bound hole in an 

odd-parity state should be well approximated by the screened "point-

11 
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Figure 1: The energy levels for the ground state and lowest-lying 
odd-parity excited states of Group III acceptors in Ge. 

charge" potential which the theory uses. Figure 1 shows this to be 

true, because the binding energy of each excited state is constant 

from one acceptor to another, and agrees with the theory within about 

=0.01-0.02 meV. In contrast, the acceptor ground-state envelope 

function is (ls)-like, and thus has a sizable probability density at 

the impurity site. As a result, a hole in that state "sees" a poten-

tial which depends on the core structure of the impurity ion. For the 

isocoric acceptor Ga, that potential closely corresponds to the 

screened "point-charge" potential, and the observed value of 11.32 meV 

is fairly well estimated by the theoretical value of 11.2 meV. For 
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non-isocoric acceptors, the difference in core structure results in an 

effectively repulsive or effectively attractive "central-cell cor-

rection", which is observed to result in a monotonic increase in 

ground-state binding energy as the acceptor species descends in the 

periodic table. Based on these observations, we see that from the 

ground state of each acceptor species, we expect to observe a series 

of optical transitions of identical spacing, which shift as a series 

to higher photon energy, as tneground state binding energy increases 

relative to that of the series of excited states. 

In the group 0h' the electric-dipole operator transforms accor

ding to the representation r 5' so that from the lr; ground 

state, the "parity-allowed" one-photon transitions are those to exci-

ted states which transform according to representations contained in 

the d i rec t product r 5 ® r;; those representat ions are 

r 6' r?" and r 8· Insofar as the envelope function 

parities are known, all of the transitions reported in this thesis 

proceed from (ls)-like envelope states to states of odd envelope

function parity. Because the symmetry of the impurity site is only 

tetrahedral, all of the acceptor wave functions should actually be 

labeled according ot the irreducible representations of Td, which 

means that we should drop the labels "+" and "-" in all of the fore-

going discussion. The lack of inversion symmetry relaxes the 

selection rules, so that in principle the "symmetry-allowed" dipole 

transitions also include those to states with envelope function of 

even parity, and such transitions have been observed [JF65J. In the 

remainder of this thesis, we label states according to the irreducible 

representations of Td• 
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We have avoided explicit estimation of the binding energies and 

Bohr radii of shallow acceptors in Ge, using simple hydrogenic formu-

las, because it is difficult to choose a priori a single scalar mass 

* mh to represent the appropriate average over the two non-spheri-

cal valence bands. Making use of the the realistically calculated 

theoretical binding energy of 11.2 meV, the hydrogenic formula (1.7) 

* shows that such an appropriately averaged mass is mh = O.19m. We 

* can then estimate the Bohr radius using (1.5), but with me 

* * t replaced by mh; we obtain a = 42 A. 

The effective-mass theory can also be employed to calculate obser-

vable properties of shallow centers other than the energy levels. 

Although the envelope functions are in most cases obtained variation

ally, if they are a sufficiently good approximation, they may be used. 

to obtain matrix elements of operators corresponding to perturbations 

suCh as electric and magnetic fields, and stress-induced deformation 

of the crystal. To avoid the errors inherent in such use of varia-

tional wave functions, non-variational methods to obtain approximate 

analytic envelope functions have most often been employed. We mention 

here a few of the properties of shallow acceptors that have been 

calculated. 

Kogan and Polupanov have used a non-variational technique to 

compute the line strengths of optical transitions of Group III accep

tors in Ge [KP78, PK79, KP81]. The photoionization cross-sections of 

shallow acceptors in Ge and Si have been calculated via several dif-

ferent non-variational techniques by various workers, including Bebb 

and Chapman [BC67], Edwards and Fowler [EF77], and Pantelides and 

Bernholc [PB77]. The g-factors of shallow acceptors in those materi-
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als have been studied theoretically, by Bir, Butikov and Pikus [BBP63, 

BBP63a], by Suzuki, Okazaki and Hasegawa [SOH64], and by Lin-Chang and 

Wallis [LW69]. Finally, the effects of uniaxial stress, and of elec

tric fields, on shallow acceptors in Ge and Si, have been calculated 

by Bir, Butikov and Pikus [BBP63, BBP63a, BP74]. Their stress calcu

lations have since been extended by many workers. We discuss the 

theories of Bir, Butikov and Pikus in Chapter 5, where they are ap

plied to the study of the piezospectroscopic behavior of shallow 

acceptors. 

1.3: Experimental Investigation of Shallow Impurity States 

Many methods exist for the experimental study of shallow impuri

ties in semiconductors [BGP82, RR81], and each one yields somewhat 

different information about the impurity states. The information 

attainable through one or more techniques includes the structural 

nature of the impurity center and the resulting symmetries of the 

impurity states, the impurity energy levels, and the transition rates 

for various radiative and non-radiative transitions among the impurity 

levels. One may obtain additional information about the nature of the 

impurity wave function, such as a relatively direct measurement of its 

amplitude at certain atomic sites, as well as the relatively indirect 

knowledge that comes from comparison of the measured properties of 

isolated or interacting impurities to the predictions of theory. Each 

of the techniques mentioned here itself represents the application of 

some form of disturbance to the impurity center. A given technique is 

often employed in conjunction with some additional modification of the 

impurity-center environment which is not inherently necessary for 
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application of the particular technique. These "external perturba-

tions" may take the form of applied magnetic or electric fields, or 

uniaxial stress, and they yield additional information about the 

symmetry and wave functions of the impurity states. In the work of 

this thesis, only the external perturbation of uniaxial stress has 

been employed. We defer discussion of stress to Chapters 4 and 5, 

where its effects will be described with reference to the particular 

cases studied. 

Among the techniques most easily applied to the study of shallow 

impurity states are those involving the measurement of electrical 

transport properties. Hall effect and resistivity measurements give 

information about the density of free electrons or holes introduced by 

the impurities. If performed as a function of temperature, they yield 
. 

thermal activation energies for the impurity levels, which may be 

useful, but which often lack the energy resolution needed to distin

guish one impurity species from another. Values of the carrier 

mobilities extracted from these measurements yield information about 

carrier scattering processes, which one may compare, for example, to 

calculations involving scattering solutions of the impurity effective

mass equations. Studies of non-equilibrium transport processes, suCh 

as the photo-Hall effect, give values of the free-carrier lifetimes, 

which help one to understand capture processes, whose theoretical 

treatment involves consideration of the impurity's bound-excited 

states. One may also study more "exotic" aspects of carrier trans-

port, such as hopping conduction or metal-insulator transitions, and 

thus gain knowledge about the physics of interacting systems of shal-

low impurity centers. 
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Electron paramagnetic resonance (EPR) measurements can provide a 

great deal of microscopic information about shallow impurity states. 

For an impurity center with cubic symmetry, the g-tensor is isotropic; 

any deviations from isotropy displayed by the g-tensor allow one to 

infer the nature of the reduced symmetry. Detailed EPR measurements, 

especially electron-nuclear-double-resonance (ENDOR), allow one to 

deduce the relative amplitude-of the impurity wavefunction at the 

sites of various nuclei. For example, studies of donors in Si [HM71] 

found that the amplitude of the electron wave function at the site of 

the donor impurity was much greater than that predicted by effective

mass theory, and indicated the magnitude of the necessary IIcentral 

cell correction ll
• EPR and ENDOR measurements also allow one to study 

systematically the overlap of impurity wave functions as the impurity 

concentration is increased, beginning with the formation of impurity 

pairs, which are analogues of the H2 molecule. 

Optical studies of shallow donors and acceptors have been per

formed with many different techniques, including various luminescence 

and absorption spectroscopies, electronic Raman scattering, and non

linear spectroscopies. These methods are extremely useful because 

optical spectra directly and precisely yield the spacings between the 

energy levels of impurity centers, and very often, such spectra also 

yield quantitatively the strengths of the radiative transitions among 

those levels. There are also many useful techniques which combine 

optical and non-optical methods. For example, photothermal ionization 

spectroscopy combines transport measurements with optical excitation 

to create a spectroscopic technique of incredible sensitivity. 
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Luminescence experiments measure the light that is given off by 

the sample after it has been excited via some means. In general$ 

luminescence techniques are sensitive, but usually do not yield quan

titative values of optical cross-sections, because the luminescence 

efficiency may be dominated by non-radiative processes which are not 

easily quantitatively characterized. One may monitor luminescence 

which comes directly from excited impurity centers. To give one 

example, one may attach ohmic electrical contacts to a sample, and 

apply a voltage pulse sufficient to accelerate free carriers and 

induce impact ionization of neutral impurity centers. The carriers 

thus liberated are captured via non-radiative cascade through the 

excited states of the ionized impurity centers, and at any level, 

there is the possibility of a radiative de~excitation to a lower state 

of opposite parity. One therefore observes luminescence at energies 

corresponding to excited-to-ground-state transitions. 

One may also put energy into elementary excitations of the crys

tal, and observe how the subsequent de-excitation is modified by the 

presence of shallow impurities. Most often, such experiments involve 

the use of a light source, such as a laser, to excite electron-hole 

pairs in the sample. Because those pairs may bind to form excitons, 

in a pure crystal one sees luminescence at photon energies near the 

band gap, but red-shifted by the free-exciton binding energy. In a 

crystal containing impurities, one or more excitons may become bound 

at an impurity site, giving rise to luminescence which is further 

red-shifted from the free-exciton luminescence. By studying bound

exciton luminescence, in conjunction with external perturbations such 

as stress, one gains information about the type, charge state, and 
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symmetry of the impurity center which binds the exciton(s). In 

bound-exciton luminescence, it is possible to gain additional 

information through excitation spectroscopy, that is, by monitoring 

the luminescence intensity as a function of excitation photon energy. 

Under some conditions in compensated semiconductors, photo-excited 

electrons and holes may not form excitons, but instead may bind at 

those donors and acceptors which were ionized by compensation. As the 

crystal returns to equilibrium, those bound electrons and holes recom-

bine, and give rise to luminescence at energies given by 
2 A 

= Eg - (ED + EA) + e fER + J(R). The luminescence 

energy is less than its band-edge value by both the donor and acceptor 

binding energies, but the reduction is mitigated by the electron-hole 

interaction energy, which includes both Coulomb and overlap contribu-

• tions. Because R takes on a discrete set of crystallographically 

allowed values, one observes a set of discrete luminescence peaks at 

photon energies just below the band edge. Study of these donor-accep-

tor pair spectra allows one to gain information about the relative 

spatial distribution of donors and acceptors. 

Electronic Raman scattering has yielded much information about 

shallow impurity states. Normally, one uses a laser operating in the 

visible or near-infrared, and observes the energies of impurity exci-

tations as Stokes or anti-Stokes shifts in the energy of the scattered 

light. Because there is no net change in the number of photons during 

Raman scattering, it is sensitive to many transitions which are 

strictly forbidden or nearly forbidden to occur with unit change of 

photon number. Study of the shifts. intensities and selection rules 

in Raman scattering therefore gives information complementary to that 
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obtained via other techniques, such as linear absorption. For exam

ple, it has allowed the study of transitions to even-parity excited 

states of shallow acceptors, and of transitions among the states in 

the (Is) ground-state manifold of shallow donors. 

Absorption spectroscopies involve illuminating the sample with 

light capable of inducing transitions at impurity centers, and moni

toring the transmitted intensity. Linear absorption spectroscopy 

(LAS), in which one studies one-photon transitions, is probably the 

single most useful of all optical techniques which have been applied 

to shallow impurity states. The principle behind LAS is schematically 

illustrated in Figure 2, with specific reference to the case of shal

low acceptors. The sample is maintained at a low temperature (usually 

liquid helium temperature), to maintain a suitably large population of 

uncompensated shallow acceptors in their ground state. Figure 2(a) 

shows that if a photon has energy exceeding the ionization energy of 

the acceptor, it may be absorbed, and thus liberate the hole to a 

position in the valence band consistent with conservation of energy 

and wavevector. That hole may be recaptured at the impurity center 

via cascade through the excited states, accompanied by the emission of 

one or more acoustic phonons at each step, or every few steps; it 

might also be captured elsewhere. However, it is unlikely that the 

photoexcited hole will immediately recombine via a radiative process, 

so that photoionization usually results in the removal of a photon 

from the beam. 

As shown in Figures 2(b) and 2(c), if the photon energy is equal 

to an allowed transition energy ~Wn9 between the ground-state level 

and a suitable excited level n, the photon may be absorbed. The 
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Firure 2: One-photon excitation of shallow acceptors (schematic). 
(a Continuum transition; (b) Discrete transition, followed by 
sticking; (c) Discrete transition, followed by ionization." 

probability of a radiative transition back to the initial (Is) level 

is small, and the hole usually interacts with acoustic phonons via the 

kinds of processes shown. For purposes of later discussion, Figures 

2(b) and 2(c) classify non-radiative processes into two categories, 

according to the final outcome. To understand LAS, it is only impor-

tant to note that absorption of a photon of energy ~wn usually 

results in its removal from the beam. 

Figure 3 schematically illustrates how LAS is performed in prac

tice [RRSIJ. The sample, held at low temperature in an appropriate 

cryostat, is illuminated with radiation from an infrared source. 

That source must be equipped to resolve different photon energies over 

the appropriate range; most often, a grating monochromator or Fourier 

spectrometer is employed. In some cases, one or more discrete laser 

lines are used, and the impurity transitions are tuned into resonance 

via applied stress or magnetic field. Behind the sample, one places a 

detector to monitor the transmitted intensity, which is recorded as a 

21 



ENERGY· 10 B 1 
RESOLVED ~ SAMPLE ._-_ ... ,) 

IR ~ ._--,..' '---_-.J 
SOURCE 

,.; 
"" Q 
U 
z-
Q 3 
-c ..,-
A. 1:1 
II: 
Q 

= C 
\ l'Iwn '''-ftWI 

PHOTON ENERGY l'Iw 

DATA 
ACQUI
SITION 

ftw 

Figure 3: Linear absorption spectroscopy (schematic). 

function of photon energy. That transmitted intensity is divided by 

the intensity transmitted ,through a similar sample which is free of 

impurities, and the transmission ratio is converted to a linear ab-

sorption coefficient a(hw}. 

A plot of a(~w) shows two general kinds of features. First, there 

is a series of peaks at transition energies flwn = Egs - En. As 

we have mentioned, the spacing between those peaks is constant from 

one impurity species to another, but the entire series is shifted to 

lower or higher energy, depending on the ground-state binding energy. 

This spectroscopic redundancy is a significant advantage of both LAS 

and the photothermal ionization technique described later. It is 

valuable in confirming the donor or acceptor nature of an impurity 

center, and allows the detection of an impurity even when one or more 

of its peaks are obscured by interfering features. The second kind of 

feature in a plot of a(~w) is a broad photoionization continuum which 

begins at ~wi = Egs - Ev' rises to a maximum, and falls off 

slowly with increasing energy. One might expect the position of the 

photoionization edge to correspond to the impurity ionization energy. 
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However, discrete transitions to the closely spaced highest quantum 

states, which are broadened because of mechanisms which include the 

overlap between holes bound to different impurity centers, merge 

continuously with that edge, and make its position impossible to 

determine. In practice, one therefore determines the ionization 

energy by taking the transition energy Egs - En' and adding to it 

an accurate theoretical value for En - Ev. 

Because a{~w) = Na{~w}, where N is the uncompensated concentration 

of an impurity species and a(~w} is the optical cross-section as a 

function of photon energy, a plot of a{1'tw} allows one to infer the 

absolute optical cross-sections for both the discrete and continuum 

transitions. Alternatively, knowledge of the cross-sections for one 

or two strong transitions allows one to use LAS to measure the concen

tration of one or more impurity species. In compensated material, one 

can illuminate the sample with band-edge light [K075]. The resulting 

flood of electrons and holes neutralizes the compensated majority 

impurities as well as the compensating minority impurities, allowing 

one to obtain simultaneously a quantitative measure of the concentra-

tions of both. 

The primary shortcoming of the LAS technique stems from the fact 

that it depends on the removal of flux from an infrared beam. For 

that removal to be detected, one must have a sufficient density of 

absorbing impurity centers. Conventionally, the detection limit has 

been assumed to be in the range of 1012 cm-3·impurities. It has 

recently been shown that with the use of long-wavelength detectors 

based on photoionization of positively charged acceptors in Ge [Ha83], 
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that limit can be lowered by one, and possibly two, orders of magni-

tude [Ha84J. 

1.4: Photothermal Ionization Spectroscopy 

A technique closely related to LAS, but with inherently far

greater sensitivity, is photothermal ionization spectroscopy (PTIS). 

This method was first described by Lifshits and Nad [LN65], and has 

been reviewed extensively by Kogan and Lifshits [KL77J. The basis for 

this technique can be understood with reference to Figure 2, where we 

look at the specific case of shallow acceptors. A completely analo-

gous discussion holds for shallow donors. 

We wish to consider under what circumstances the absorption of an 

infrared photon results in the presence of an additional hole in the 

valence band. As already considered, when the photon energy ~w is 

greater than the ionization energy ~w. = E - Ev, this condition 
1 gs 

is satisfied; SUCh a photoionization process is shown in Figure 2(a). 

It is a remarkable fact that a hole may also be liberated to the 

valence band by a photon energy ~wn equal to a discrete energy 

difference Egs - En. The absorption of such a photon can induce a 

transition to the bound-excited-level n, as shown in Figures 2(b) and 

2(c). Once the hole is in the level n, it may wander up and down the 

excited levels of the acceptor, accompanied at every step, or at every 

few steps, by the absorption or emission of one or more acoustic 

phonons, but there are only two distinct possible outcomes prior to 

subsequent photoexcitation. If the hole is not eventually thermally 

ionized from the excited levels, it will return to the ground level. 

This sticking process, shown in Figure 2(b). is characterized for each 
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level n at a given temperature by a probability S(n)(T). At zero 

temperature, thermal ionization is impossible, so that S(n)(T=O) = 1 

for all levels. At finite temperature, the acceptor may absorb a 

sufficient number of acoustic phonons that the hole is liberated (and 

is free to drift away under an applied electric field). Such a 

thermal ionization process, which is shown in Figure 2(c), is charac-

terized for each level n at a given temperature by a probability 

r(n)(T), where obviously I(n)(T) + S(n)(T) = 1. More phonons 

are available at higher T, so that I(n)(T) increases with tempera

ture. The ionization probability I(n)(T) also tends to be larger 

for levels closer to the valence band. In fact, as we see below, 

1(n)(T) increases exponentially with [kT/6E(n)], where 

6E(n) = E - E • n v 
To perform PTIS, one uses the experimental arrangement illustrated 

schematically in Figure 4. The sample is equipped with ohmic electri-

cal contacts, and one measures its electrical conductivity as a 

function of the frequency of an incident infrared source. That elec

trical conductivity is proportional to the density of holes 6P(~w), 

produced in response to the energy-resolved infrared source. The 

resulting spectra are also shown schematically in Figure 4. In the 

idealized case of zero temperature, Figure 4(a), 6p(~w) is nonzero 

only for photons of sufficient energy to cause direct photoionization, 

and the spectrum is essentially proportional to the shape of the 

photoionization continuum already described. At very low tempera-

tures, PTIS is precisely equivalent to extrinsic photoconductivity. 

As the temperature is raised slightly [Figure 4(b)]. so that kT is of 

the order of perhaps 0.2(En - Ev) for the excited levels n closest 
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Figure 4: Photothermal ionization spectroscopy (schematic). Typical 
spectra recorded at: (a) T = 0; (b) low T; (c) mOderate T. 

to the band edge, then the ionization probability I(n) becomes 

measurable for those levels, and one observes peaks at the discrete 

transition energies ~wn = Egs - En. At still higher tempera-

tures [Figure 4(c)], where a similar condition is satisfied for levels 

further from the band edge, peaks appear at the energies of most or 

all the transitions. In order to obtain sizable peaks from transi-

tions to those bound-excited-states which are furthest from the 

valence band, one often chooses the highest temperature at which the 

density of free holes created by direct thermal ionization of the 

acceptors does not overwhelm the photogenerated carrier density 
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6p(~w). Such a temperature is approximately 7 K for shallow Group III 

acceptors in Ge. 

PTIS provides a direct method for the measurement of the ioniza

tion probabilities I(n)(T) [KL77]. One performs a PTIS experiment 

and obtains a continuum photoresponse R(T) (in arbitrary units of 

current, conductivity, etc.), at some energy ~wc slightly above the 

photoionization energy. One also obtains a photoresponse R(n)(T), 

integrated over the discrete transition at the energy 

~Wn = Egs - En. From an absorption experiment, one obtains the 

pnotoionization cross-section a(~wc)' as well as the cross-section 

a(~wn)' integrated over the discrete transition at~wn. The 

ionization probability can then De extracted: 

(1.8) 

Such measurement of the thermal ionization coefficients r(n)(T), or 

equivalently, of the sticking probabilities S(n)(T), are useful in 

understanding the process of carrier capture at shallow impurity 

centers. 

The ionization probabilities have also been theoretically derived 

by Jongbloets et al, based on a simple thermodynamic argument [J077]. 

Implicit in their treatment is the assumption that once a carrier is 

optically transferred to an excited level, the probability of a subse-

quent radiative transition, up or down, is small. Based on this 

assumption, the impurity center has enough time to establish equili-

brium with the thermal reservoir of acoustic phonons. The ionization 

probaDilities thus derived are: 
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(1.9) 

where gn and gl are the respective degeneracies of the level nand 

the band to which the carrier is thermally ionized, and 

~E(n) = En - Ev. Making use of the expression (1.9), Jongbloets 

et al attempted to use the temperature dependence of PTIS to measure 

~E(n) independently of a theoretical calculation of that quantity, 

and thus to make possible completely experimental determination of 

ionization energies for Al, Band P in Ge. The excited-level degen

eracies g(n) were chosen based on independent Zeeman effect 

measurements, and AE(n) was chosen to fit the observed temperature 

dependence of the integrated peak photoresponse of a given transi-

tion. Unfortunately, the ionization energies thereby ootained were 

too small by 0.1-0.3 meV, probably because of the effect of the very 

highest quantum states, which form an "impurity band" even at the low 

impurity concentrations used. We should note that the expression 

(1.9) cannot be valid in general; for example, it fails to explain the 

essential non-observation of the (ls)~(npO) transitions at donors in 

Ge. The near-vanishing of the ionization probabilities I(nPO)(T) 

cannot be explained using any non-zero integral final-level degeneracy 

9npo • Therefore, the expression (1.9) omits some essential physi

cal aspect of the thermal ionization process for npO levels. 

Perhaps an electron in such a level interacts only weakly with acou-

stic phonons, so that subsequent radiative processes are likely. The 

assumption of thermal equilibrium, implicit in (1.9), would break down 

in that case. 
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In practical PTIS experiments, the effect of partial thermal 

ionization and stray infrared radiation is to produce a background 

free-carrier concentration in the sample. In the case of a p-type 

sample, this background free-hole concentration p can be 10-100 times 

as great as the desired PTIS response Ap(~w). In view of both free

hole contributions, the total current in a sample is given by: 

(1.10) 

where Vb is the bias voltage, A is the sample area, ~ is the hole 

mobility, and 1 is the inter-contact distance. With an current ampli

fier such as that shown in Figure 4, the signal one actually monitors 

is the voltage V = -iRf • In practice, to eliminate the large back

ground signal from p, one chops the energy-resolved infrared beam on 

and off at a fixed frequency, and uses phase-sensitive detection to 

retain only that portion of the signal corresponding to the Ap(~w), 

which is the desired PTIS response. Practical signal-processing 

techniques are discussed in detail in Chapter 3. 

What makes PTIS most useful is its remarkable sensitivity. For 

example, let us assume one wishes to study the discrete transitions of 

acceptors in a p-type sample, whose energies are at ~wn. Let us 

further assume that the sample does not contain a very large concen

tration of shallower acceptors, whose photo;onization continuum 

overlaps the energy range which includes the~wn. Then at photon 

energies near the ~wn' the signal-to-noise ratio is limited only by 

the fluctuations of p, the relatively large background free-hole 

concentration. A reduction of NA, the concentration of the accep-
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tors of interest, will result in a reduction of 6P(~Wn)' the density 

of photogenerated carriers at the transition energies of interest. 

However, the value of p also scales down with a reduction in the 

acceptor concentration NA• Very roughly speaking, the ratio 

~p(~wn)/p remains constant; therefore, so does the signal-to-noise 

ratio at the energies near the~wn. With sufficient care in prepa

ration of electrical contacts and amplification of the relatively 

small photocurrents, one can easily ootain PTI spectra of ultrapure Ge 

samples with net impurity concentrations in the 1010 cm-3 range. 

For example, the PTr spectrum displayed in Figure 12 (in Chapter 3) 

demonstrates a detectablity of about 1.2 x 108 cm-3 impurities. A 

careful treatment of the sensitivity limits of PTIS, including the 

effects of compensation, has been given by van de Steeg, et al [VJW83, 

VJW84], in the context of a search for acceptor impurities with frac

tional charges of (1/3)e and (2/3)e. Those workers concluded that, in 

principle, PTIS could attain the incredible detection limit of 

105 cm-3 fractionally charged impurities. 

On a practical level, the sensitivity of PTIS has made it extreme

ly valuable for the characterization of pure semiconductors. Besides 

the contributions it has made to the technology of the ultrapurifica

tion of Ge, which are mentioned in the next section, PTIS has been 

applied to the study of high-purity Si [Sk74] and high-purity GaAs 

[SWD69]. PTIS can be used to identify the relative concentrations of 

uncompensated residual impurities, if one takes account of the species 

dependence of optical cross-sections, and of the effect of compensa

tion on the relative ground-state populations of the various species. 

In fact, the PTIS study of the temperature-dependence of those rela-
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tive populations can in principle measure the degree of compensation 

in a pure semiconauctor [Da82J. In order to observe PTIS from minori

ty impurities in a pure semiconductor, one may neutralize compensating 

impurities with minority carriers photogenerated by band-edge light 

[Sk74, HHG75, DH83, vdS83]. The detailed behavior of these illumi

nated multilevel systems is not easy to characterize, making 

quantitative measurement of compensating impurities very difficult. 

In fact, minority impurities give rise to positive-going peaks under 

some conditions, and to negative-going peaks under others. Negative

going peaks occur when the lifetimes, contact geometry and bias are 

such that majority carriers make multiple traversals across the sam

ple, whereas minority carriers do not [DH83]. 

There are several shortcomings of PTIS. particularly relative to 

LAS. that -should be mentioned. Unlike absorption spectroscopy. PTIS 

gives no direct quantitative measure of the absolute magnitudes of 

optical cross-sections, because the photoresponse (1.10) depends on 

other factors which are difficult to quantify, notably the free-car

rier lifetime. Even measurements of the relative optical cross 

sections for transitions from the same initial level, to different 

excited levels. are complicated by the fact that one must use temper

ature-dependent measurements in conjunctions with theoretical 

expressions such as (1.9), whose general validity has not been pro

ven. The use of PTIS restricts the usable temperature range for a 

given study, as compared to LAS: to have appreciable photothermal 

response, the temperature cannot be too low, while the temperature is 

limited at the upper end by the requirement that the thermally genera

ted free-hole concentration not overwhelm the desired photoresponse. 
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In contrast, the usable temperature range for LAS ranges from zero up 

to a temperature at which the population of neutral impurity centers 

becomes too small to detectably absorb infrared radiation, a less 

restrictive upper limit than for PTIS. The wider temperature range 

useful for LAS is particularly advantageous for studies of thermal 

population. Finally, the fact that PTIS uses electrical -detection 

requires each sample to have ohmic contacts which operate well at very 

low temperatures, and to have reasonably good carrier lifetimes. The 

fabrication of appropriate contacts can be achieved in most cases 

using standard technology. Fortunately, for pure samples, where PTIS 

;s necessary, lifetimes are almost always easily sufficient, but PTIS 

sometimes works poorly for characterization of badly contaminated or 

otherwise highly imperfect material. 

1.5: Shallow Donors and Acceptors in High-Purity Germanium 

For applications in the fabrication of large-volume, fully de

pleted p-i-n nuclear radiation detectors [HG8l], single crystals of a 

high-atomic-number semiconductor material are needed, with net,elec

trically active shallow impurity concentrations in the 1010 cm-3 

range, and a much lower concentration of deep-level defects. Although 

Li-drifted Ge [Pe60] fulfilled these needs, the Li compensation is 

unstable at room temperature, and so in the early 1970·s, work was 

begun on the technology for production of Ge material with absolute 

purity of the degree required [HH83]. By about 1975, several labora

tories had qrown multi-kilogram Ge crystals of high perfection, with 

net dopant concentrations sometimes below 1010 cm-3, and such Ge 

became one of the purest solid substances existing at room tempera-
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ture. Attainment and maintenance of the required purity dictated the 

use of a method with the ability to identify residual impurities at 

ultra low concentrations. Not only has PTIS proven to be the only 

capable technique, but once the spectrum of an impurity center has 

been identified, PTIS makes the subsequent detection of the impurity a 

routine task~ 

The application of PTIS to such a nearly perfect semiconductor has 

led to a wealth of interesting new physics [HHG81, Ha86J. The impuri

ty concentrations are so low that the average interimpurity separation 

is hundreds of ground-state Bohr radii: inhomogeneous level broaden

ing [RR81] caused by electric fields due to ionized impurities (Stark 

effect), and by the overlap of carriers bound at different centers, is 

small even for states of very high quantum numbers. The resolution of 

transitions to at least 16 excited levels of shallow elemental accep

tors [HH74] provided impetus for the first definitive solution of the 

acceptor effective-mass equations [BL76, LB78]. But the reduction of 

electrically active impurity concentrations to such low levels, 

coupled with quantitative characterization of the relatively low 

concentrations of electrically inactive impurities, led to what has 

been one of the most interesting aspect of semiconductor physics in 

pure Ge: the identification and stutly of a large number of novel 

shallow impurity complexes. 

Through long experience, it has been found that for nuclear radia

tion detector applications, the most suitable Ge crystals are those 

grown under a 1 atm. ambient of H2 gas, from a melt contained in a 

synthetic silica crucible [HH83J. (The reasons for, and effects of, 

the H2 ambient are further discussed in Chapter 2.) In addition to 
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-1010 cm-3 electrically active concentrations of elemental impuri

ties (usually Al and P), such crystals typically contain the following 

concentrations of electrically inactive impurities: 

(H] - 1015 cm-3, [5i] - 1014 cm-3, and [0] - 1014 cm-3• 

Depending on the details of refining and growth conditions, crystals 

may also contain other neutral impurties. For example, zone purifica

tion in a carbon-smoked boat, or growth from a melt directly in 

contact with a graphite susceptor, can result in the incorporation of 

(C] - 1013 cm-3• Crystal growth under a N2 ambient can result 

in the incorporation of an unknown concentration of N, which leads, as 

we see below, to observable consequences. The importance of the 

electrically inactive impurities lies in the fact that they form 

electrically active shallow complexes with each other, with contamina

ting deep-level impurities, and with shallow and semi-deep dopants 

which may be intentionally added. In a material containing so very 

few elemental shallow impurities, these complexes can rather easily 

become the dominant shallow dopants. 

Interstitial Li in Ge is a fast diffuser, and forms a shallow 

donor level. In crystals which contain normal amounts of 0 (ie., 

about 10 14 cm-3), an atom of Li may bind to an 0 atom, forming the 

monovalent donor complex D(Li,O). The Li-O molecular complex has a 

<Ill> orientation. but is light enough that its zero-point motion 

involves the tunneling between four such equivalent orientations 

[HF78]. The characteristic frequency of this tunneling. along with 

the existence of a strong coupling of the local nuclear motion to the 

donor electronic states, leads to a breakdown of the Born-Oppenheimer 

approximation. The eigenstates of the donor are therefore those of 
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the coupled electronic-nuclear system, and calculation of the energy 

levels requires treatment of the electronic and nuclear degrees of 

freedom on equal footing. The rapid tunneling motion effects a re

covery of tetrahedral symmetry in this inherently asymmetric system, 

and results in a complicated manifold of (ls)-like levels, which 

possess unusual behavior under applied uniaxial stress. 

Although isolated Hand ° are not known to be electrically active 

in Ge, when H binds at the site of a substitutional ° atom, a single 

donor is produced [JHFBO]. The donor complex O(H,O) has also been 

described in terms of a dynamic, strongly coupled electronic-nuclear 

system, where rapid tunneling of the O-H complex between four <Ill> 

orientations leads to recovery of tetrahedral symmetry. Again, a 

manifold of different states is produced, whose piezospectroscopic 

behavior is different from normal donor states; the detailed features 

of the system a'lso differ from the donor .D(Li,O). The electronic

nuclear coupling led for O(H,O) to an observable isotope shift of the 

donor spectrum [Ha7B]: in crystals grown under a O2 ambient, the 

donor series from 0(0,0) was found at a photon energy 51 ~eV lower 

than the series from O(H,O). In crystals grown under 1:1 H2-02 
mixtures, the two donors O(H,O) and 0(0,0) were found in equal concen-

tration; coupled with the non-observation of any new species which 

would be mixed H-O combinations, this led to unambiguous proof that 

precisely one atom of H or 0 is involved. 

The donor O(H,O) is closely related to a shallow acceptor 

A(H,Si). Both are observed at concentrations of up to 

-2 x lOll cm-3, when standard detector-grade Ge has been quenched 

rapidly from -400°C. The particular concentrations depend on the 
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details of the cooling rate, and upon subsequent thermal treatment 

[Ha7S]. In a D2-grown crystal, the acceptor series from A(D,Si) 

appears at a photon energy 21 peV higher than that of A(H,Si) [Ha78]; 

coupled with correlation to the presence of Si, this observation led 

to the identification of this acceptor as a H-Si complex [HJF80]. A 

manifold of two (ls)-like levels was observed for the acceptor 

A(H,Si), and those levels were not observed to split for any direction 

of applied uniaxial stress, given the degree of stress homogeneity 

attained. 

Another shallow acceptor with two (ls)-like levels was discovered; 

it appears always and only in crystals containing both Hand C, and is 

most prominent after quenching from -400°C, where it attains a concen

tration of up to -1011 cm-3• No stress-induced splitting of the 

(ls)-like levels was observed at the time for this acceptor [HJF80]. 

Although it exhibits no isotope shift upon deuteration. its similarity 

to A(H,Si) led to its identification as A(H,C), a H-C complex. The 

unusual features of A(H,Si) and A(H,C) were explained together in a 

"tunneling-H" model [HJF80]. Similar to the donors D(Li,O) and 

D(H,O}, these acceptors were assumed to consist of a dynamic impurity 

complex whose motion was strongly coupled to the electronic impurity 

states. In tne model proposed, the tunneling of the H-Si or H-C 

complex between four equivalent <111> orientations effects a recovery 

of tetrahedral symmetry, and gives rise to stress-insensitive (ls)

like levels. The model also predicted the existence ot three more 

(ls}-like levels which should be sensitive to stress. but those have 

never been observed. 
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A combination of the electrically inactive elements C and N leads 

to the formation of two more shallow acceptor complexes [HM83, Mc84J. 

They are always and only found in crystals grown under a N2 atmos

phere from a melt directly in contact with a graphite susceptor, or in 

samples into which one has diffused CN from a surface source of KCN, 

at temperatures of -450°C or higher. These two acceptor complexes 

exhibit the phenomenon of reversible, temperature-dependent intercon

version. For a given total concentration of the two complexes, 

annealing the sample at room temperature and below results in complete 

conversion to one of the species. Annealing at temperatures above 

200°C results in a complete conversion to the other species, while at 

intermediate temperatures, some intermediate equilibrium is reached. 

Based on the correlation to C and N, and analysis of the temperature 

dependence of the interconversion, the low-temperature species was 

assigned to a substitutional cyanide complex A(CN)s' while the 

high-temperature species was assigned to an interstitial cyanide 

complex A(CN)i. The interstitial complex gives rise to one acceptor 

level, with behavior under applied stress similar to that of normal 

elemental acceptors. In contrast, tne substitutional complex has two 

(ls)-like acceptor levels, which were not observed to split under 

uniaxial stress, at least given the degeee of stress homogeneity 

attained experimentally. By analogy with the "tunneling-H II acceptors 

A(H,Si) and A(H,C), the acceptor A(CN)s was therefore assumed to 

possess a dynamic nuclear degree of freedom, strongly coupled to the 

acceptor electronic states. 

Hydrogen and lithium form electrically active acceptor complexes 

with acceptors in Ge. This phenomenon is discussed in more detail, 
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and in a more general context, in Chapter 2. In brief, each atom of H 

or Li adds an electron to the locally deficient bonding environment of 

the acceptor, reducing by one its electrical valence. In combination 

with the triple acceptor copper, H formed acceptors with levels near 

18 meV [HHH77, Ha78a], while Cu and li formed acceptors with levels 

near 20 and 25 meV (one of these possibly involved H as well). 

Several deeper acceptor complexes were also observed, which were 

correlated with the presence of Cu, and of Hand/or lie 

More recently, Ge crystals have been intentionally doped with the 

semi-deep double acceptors Be or Zn. Two new shallow acceptor com

plexes were observed [Mc86], always and only when the crystals had 

been pulled in an H2 atmosphere. Based on the impurity correla-

. tions, annealing studies where out-diffusion of the H resulted in the 

disappearance of the complexes, and upon the general knowledge that H 

can reduce the valence of a double acceptor to one, these acceptors 

were identified as Be-H and Zn-H complexes. Piezospectroscopic stu

dies showed that both A(Be,H) and A(Zn,H) have trigonal symmetry. 

This reduction from tetrahedral symmetry results in the existence of 

two (ls)-like acceptor levels, although only one has been observed 

thus far for A(Zn,H). 

This thesis presents the results of further study of shallow 

acceptor complexes which involve hydrogen. Most of the new experimen

tal data concerns Cu-H acceptors with levels near 18 meV, which are 

Shown to be copper-dihydrogen complexes [KFH86, KHF86]. By way of 

further introduction, Chapter 2 discusses the behavior of Cu in Ge, 

and the various kinds of effects related to the presence of H in 

crystalline semiconductors. For the studies performed, physical 
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apparatus was constructed, and new techniques were developed; these 

experimental aspects are described in Chapter 3. The copper-dihydro

gen acceptors form the subject of Chapter 4, where the observed 

phenomena are presented, and explanations are proposed. Uniaxial 

stress studies of the copper-dihydrogen acceptors led serendipitiously 

to a new understanding -of the piezospectroscopic behavior of several 

previously discovered shallow acceptor complexes. Chapter 5 presents 

new experimental results, and a simple model which provides a unified, 

quantitative understanding of the stress behavior of those acceptors. 

Finally, Chapter 6 surrmarizes the work presented here, and proposes 

how it might be extended in the future. 
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Chapter 2: Copper and Hydrogen in Semiconductors 

The original research presented in this thesis concerns the phy

sics of H-related acceptor complexes in Ge. It is therefore necessary 

to review the properties of H as an impurity in crystalline semicon

ductors, including the electronic properties of the isolated H atoms 

as well as the wide range of effects associated with impurity com

plexes that contain H. Because the largest body of the new results of 

this thesis involve copper-dihydrogen acceptor complexes, it is espe

cially appropriate to discuss in detail the formation of complexes 

between H and acceptor impurities. Likewise, we also need to review 

the properties of Cu in Ge, and it is convenient to begin this chapter 

with that discussion. 

2.1: Copper in Germanium 

Because it is so easily introduced as an accidental contaminant, 

Cu has been the most extensively studied of all deep-level impurities 

in Ge. Cu is easily introduced because it diffuses rapidly as an 

interstitial species. Interstitial Cu may be converted to the rela

tively immobile substitutional form via the so-called "dissociative 

mechanism", in which an interstitial Cu combines with a lattice vacan

cy to create a substitutional Cu. The dissociative mechanism is one 

of the basic paradigms for diffusion in a solid, so that the study of 

Cu diffusion in Ge is of general interest. In its substitutional 

form, Cu is a triple acceptor. As a strong hole trap at 77 K, substi

tutional Cu can be a troublesome contaminant in high-purity Ge used 

for nuclear radiation detector applications. On the other hand, Ge 
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which has been intentionally doped with Cu is used extensively for 

extrinsic photoconductive detection of mid-infrared radiation. Sub-

stitutional Cu in Ge is also of basic physical interest 9 as one of a 

relatively small number of well-characterized trivalent impurities in 

semiconductors. For example9 neutral Cu provides the opportunity for 

the spectroscopic investigation of an acceptor whose ground state 

involves three holes. Because it has four different charge states 9 

Substitutional Cu also provides a model system for the systematic 

study of electric-field-enhanced emission of carriers from charged 

impurity centers. FinallY9 as seen later in this chapter 9 Cu is an 

excellent acceptor species for the study of interactions between Hand 

acceptors; in principle Cu provides the opportunity for study of 

H-acceptor complexes involving one 9 two or three H atoms. One would 

expect these to be double acceptors, single accept9rs, and neutral 

complexes 9 respectively. 

The electronic configuration of the free-space Cu atom is 

[Ar]3d104s1, three electrons short of the [Ar]3d104s24p2 

configuration of free-space Ge. It is therefore plausible that if it 

forms four bonds to the Ge lattice 9 substitutional Cu (Cu s) should 

be a triple accceptor. As first shown by Woodbury and Tyler, Cus 

does introduce three acceptor levels into the forbidden gap9 at ener-

gies given by: 

CuO I - E + 0.04 eV s v 
C -/2- E + 0.32 z. 0.02 eV (2.1 ) Us v 
C 2-/3-

Us Ec - 0.26 z. 0.02 eV 
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Woodbury and Tyler measured the solUbility of Cus' and below the 

Cu-Ge eutectic temperature of 650°C, they found it to be given by: 

55 = 2.4 x 1025 cm-3 exp{-1.9 eV/kT) • 

Above the eutectic temperature, the enthalpy of solution changes to 

1.7 eVe The solubility reaches a maximum of about 2.5 x 1016 cm-3 

(2.2) 

at 8S0°C, and decreases above that temperature. Knowing the solubili-

ty as a function of temperature, Woodbury and Tyler then counterdoped 

As-doped Ge with controlled quantities of Cus' and measured the 

free-carrier concentrations using variable-temperature Hall effect 

measurements. The results were completely consistent with the as

sumption that Cus introduces the three acceptor levels (2.1), each 

level being in equal concentration. It is interesting to note that 

because the acceptor level cu;-/3- is above the middle of the 

band gap, it does not give rise to a measurable contribution to the 

room-temperature free-hole density in p-type material. Woodbury and 

Tyler therefore found it convenient to observe that level in n-type 

material where 2[CusJ < [As] <3 (CusJ. At room temperature, 

(As] - 2(CusJ As donors remain uncompensated, and thus give rise to 

free electrons. As the sample is cooled, the Fermi level approaches 

the level Cu 2- /3-, allowing the remaining free electrons to s 
become trapped at the Cu~- sites. The resulting Hall effect 

freezeout curve resembles that of a deep donor at E - 0.26 eV; this c 

explains why the energy of the acceptor level Cu~-/3- is quoted 

with respect to the conduction band. 
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It is plausible to expect that if it forms no bonds to the Ge 

lattice, interstitial Cu (Cui) might have a single donor state, in 

which its 4s electron is bound. No electrically active donor levels 

have ever been directly detected in the band gap, but one experiment 

demonstrated that in the range 800-900°C, Cu drifts as a positive ion 

in an applied electric field [FS54]. This was taken as early evidence 

that Cu also exists in an interstitial form. The possible donor 

nature of CUi is discussed below. 

Early studies found that the diffusion of Cu is a very complex 

phenomenon. In crystals of moderately low dislocation density, the 

near-surface diffusivity of the electrically active form of Cu was 

found to be Os = 3.2 x 10-5 cm2/s at 700°C [Fu54J. Away from 

the surface, that species had a a much lower diffusivity at the same 

temperature, Os = 4 x 10-7 cm2 /s [F057]. In crystals with a 

dislocation density of about 106 cm-2, the bulk diffusivity was 

found to increase slightly in the region between dislocation lines, 

and dramatically in their immediate vicinity [TG56J. Observations 

such as these found explanation in the vacancy-assisted interchange 

mechanism of Frank and Turnbull [FT56J. 

Frank and Turnbull postulated the existence of two forms of Cu, 

Cu s and CUi. They assumed that CUi has a very high bulk diffu

sivity. 0i - 4 x 10-3 cm2/s at 700°C. In contrast, Cus was 

assumed to have a negligible diffusivity, comparable to that for the 

self-diffusion of Ge, which is about 6 x 10 -15 cm2/s at the same 

temperature. In a similar temperature range, however, CUi was 

proposed to have a solubility Si which is only about 170 of Ss' 

the solubility of the substitutional species. Once CUi has diffused 
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to a region of the crystal, it can be converted to the electrically 

active form CUs only by the reaction: 

CUi + V : CUs ' (203) 

where V is a lattice vacancy. The conversion of CUi to CU s there

fore requires a supply of vacancies; normally, these are available in 

plentiful supply only near dislocations and surfaces. Frank and 

Turnbull concluded that the diffusion of CUs in the bulk is limited 

by the diffusion of vacancies from their sources at dislocations and 

surfaces. The diffusivity of vacancies was taken to be 

Dv - 6 x 10-5 cm2/s at 700°C, much lower than that of CUi. 

Because the diffusion of CUs requires its dissociation into 

CUi + V, the interchange mechanism (2.3) is often referred to as the 

"dissociatiye mechanism". It is to be contrasted with the so-called 

"kickout mechanism": 

Au. ~ Au s + I , 
1 ~ 

(2.4) 

which is the dominant interchange mechanism responsible for the diffu

sion of Au in Si, at temperatures above 800°C [Mo83]. Like Cu in Ge. 

Au in Si diffuses as an interstitial species, but is electrically 

active as a substitutional species. However, at least at higher 

temperatures, the Au atom acquires its substitutional position by 

displacing a Si atom. thus creating the self-interstitial 10 

The dissociative mechanism has provided satisfactory explanation 

of the many complex phenomena associated with the diffusion and pre-
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cipitation of Cu in Ge, and has found quantitative confirmation in two 

recent studies [KHY82, St85]. For example, Stolwijk et al used sprea-

ding-resistance profiling to measure the diffusion profiles of Cu 

diffused into dislocation-free Ge at temperatures between 577 and 

930·C, and found that they were consistent with the dissociative 

mechanism. Those authors made precise measurements of Deff the s ' 
effective diffusivity of the substitutional species. D~ff ranges 

from 5.9 x 10-9 cm2/s at 577°C, to 3.7 x 10-8 cm2/s at 700°C, 

to 3.3 x 10-6 cm2/s at 903°C, but because of curvature, cannot be 

characterized simply by an Arrhenius-type relationship. Because in 

the dissociative mechanism, the effective diffusivity of Cus is 

limited by the vacancy diffusivity Dv' these measurements allow 

values of Dv to be extracted. The values of Dv o.btained in this 

fashion allow one to calculate what one would exoect for D~, the 

vacancy-assisted contribution to tracer self-diffusion in Ge. Because 

the calculated values of D~ agree with the total measured tracer 

self-diffusivity in Ge, this is taken as evidence that between 577 and 

930°C, self-diffusion in Ge occurs via a vacancy-assisted mechanism. 

Therefore, through study of the diffusion of foreign atoms such as Cu, 

one can gain insight into Ge self-diffusion, a fundamental process of 

the host crystal. 

Hall and Racette studied the diffusion of Cu in Ge [HR64] using 

64Cu radiotracer techniques. Their work is especially interesting 

in that it measured the solubility and diffusivity of CUi' and it 

was extended to temperatures as low as 350°C, where S. is not 
1 

negligible in comparison to Sse They obtained an interstitial 

diffusivity given by: 
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0i = 4 x 10-3 cm2/s exp(-0.33 eV/kT) , 

which is quite large, and only weakly temperature-dependent, charac

teristic of interstitial diffusion. Hall and Racette found that in 

intrinsic material at about 700
0 e, the interstitial solubility Si 

was about 10~ of the substitutional solubility Sse However, Si 

has a weaker temperature dependence, so that the two solubilities 

become equal at about 400°C, and below that temperature, Si is 

greater than Sse 

Hall and Racette assumed that CUi is a shallow donor, and argued 

that its enthalpy of solution is reduced by the energy gained when the 

electron it donates drops to the Fermi level. Since in material which 

is extrinsically p-type at the diffusion temperature, the Fermi level 

is below its intrinsic value by ~E, they conclude that the intersti-

tial solubility Si should be enhanced by the factor exp(~E/kT), with 

additional corrections in the case of degenerate doping. They mea-

sured the enhancement of Si in heavily p-type material, and using 

the theory for electronically enhanced solubility, they back-calcu-

1ated the value of Si in intrinsic material. Hall and Racette 

concluded that because the back-calculated values of Si agree with 

those measured in intrinsic material, then CUi is a shallow donor. 

Actually, the measurements of Hall and Racette indicate only that 

CUi has a donor level somewhere above the position of the Fermi 

level in heavily p-type material, at the temperature of Cu introduc-

tion. Observations made in our laboratories suqgest that if isolated 

CUi exists at room temperature. the donor level of CUi is probably 

well below the middle of the band gap. We have contaminated samples 
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of very pure p-type Ge with concentrations of CU s in excess of the 

net shallow acceptor concentration, and then reduced the concentration 

[Cus] by annealing at a temperature below that at which the Cu was 

introduced, but have never observed the samples to convert to n-type. 

That observation suggests that CUi does not introduce a shallow 

donor level. Also, in deep-level transient spectroscopy (DLTS) ex per-

iments, we have never seen evidence of electron-trappjng in n-type Ge, 

caused by a CUi deep donor level. In turn, this suggests that if 

CUi introduces a deep donor level, such a level would probably be 

located at least 50-100 meV below midgap, a position still consistent 

with the observations of high-temperature drift as a positive ion, and 

with electronic enhancement of 5i in strongly p-type material. An 

alternative interpretation of our observations is that because it is 

still fairly mobile at room temperature, Cu. is able to locate sites 
1 

of low energy and blnd to them. Thus, CUi might precipitate at the 

sites of defects or other impurities; for example, it might bind to 

other CUi atoms, forming interstitial pairs or even clusters. 

The performance of large-volume Ge nuclear radiation detectors can 

be seriously degraded by the presence of Cu s ' as well as by the 

presence of other deep Cu-related complexes. A limited study [HHG8l] 

has been made of the solubility of Cu s in high-purity Ge, for intro

duction at 400°C. That study indicates that the presence of H in the 

crystal increases the solubility of Cu s ' and that the presence of 0 

tends to counteract the effect of H. The largest solubility was 

detected in H2-grown, dislocation-free crystals: 

S 1 12 -3 1 1 s = 4.8 x 0 cm • The enhancement there is made p ausib e 

by the fact that such crystals are suspected of having a super-
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saturated concentration of vacancy-related complexes, which could 

enhance the solubility and effective diffusivity of Cu. On the s 

other hand, there is no explanation for the undetectably low con-

centration of Cus in dislocation-free crystals grown under an 
( 

atmosphere of N2• 

A number of shallow [BF74, HHH77, Ha78a, Ka82] and deep [HHH77~ 

Ha78a, Ha79, Si86] acceptor complexes, related to the presence of Cu, 

have been discovered using PTIS, Hall effect, and DLTS. Little is 

known for sure of the actual composition or microstructure of many of 

these complexes. Several of them have been correlated with the pre

sence of H or of Li (in addition to the presence of Cu), and we 

discuss these complexes later in this chapter. 

In its neutral charge state, Cus has been studied with linear 

absorption spectroscopy [SFS85], and with PTIS [BF74, HHG81], and the 

ground-state binding energy has been determined to be 43.25 = 0.01 meV 

[SFS85]. The spacing between the various spectral lines (G, 0, C, 

etc.) is found to be identical to the spacing found for the Group III 

acceptors. Therefore, the bound-excited-level energies for Cus are 

identical to those of the Shallow acceptors, despite the interaction 

between the three holes present. This is in contrast to the case of 

tWO-hole acceptors such as Be~ and zn~, where some of the 

bound-excited-level energies deviate noticeably from their normal 

values. A quantitative piezospectroscopic study has been made of 

CuO which verified that at least in its neutral state, Cu has 
s' s 

full tetrahedral symmetry. Because the antisymmetric product of three 

single-hole r8(~d} ground states is itself a r8(Td) state, 

and not a multiplet as is the case for neutral Group II acceptors. 
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some of the detailed piezospectroscopic properties of Cu~ are 

similar to those of the Group III acceptors. Because this thesis is 

concerned with the electronic properties of complexes involving CU s 
in association with two H atoms, a detailed discussion of the elec

tronic structure of CuD is not relevant here. The copper-dihy-s 
drogen acceptors are essentially coupled systems of two protons and a 

hole, moving in a cu~- potential. In contrast, Cu~ is a 

system of three holes oound in the same Cu~- potential, and its 

electronic properties are therefore of a very different origin, being 

strongly affected by the identical nature of the holes. 

Recently, we performed OLTS experiments to study the electric-

field-enhanced thermal emission of holes from all three charge states 

of CUs in Ge [PHK84J. field-enhanced thermal emission, often called 

the Poole-Frenkel effect, is discussed in Appendix 2, where it is 

treated theoretically by use of extremely simple models. We studied 
+ an n -p abrupt-junction diode, fabricated from a sample of Ga-doped 

Ge (NA - NO = 5.0 x 1015 cm-3), which had been doped with Cu 

at 500°C ([Cus] = 1013 cm-3). A typical series of DLT spectra 

are shown in Figure 5; these were taken with a quiescent reverse bias 

of Vr = 5 V, and a correlator time constant of 10 ms 

(e = 100 s-l). The spectra are dominated oy peaks due to the three 

charge states of CU s ' Other peaks are present, caused by deep 

acceptors which have been previously correlated with the presence of 

both Cu and H, but unfortunately, sufficient data was not recorded to 

permit an analysis of the field-enhanced emission from those deep 

acceptors. 
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Figure 5: DLT spectra of Ge doped with CUSt exhibiting electric
field-enhanced hole emission (Poole-Frenkel effect) from CuO/-, 
Cu-/2- and Cu2-/ 3-. 

The junct~on electric field, caused by the 5 V reverse bias as 

well as the built-in bias, enhances the thermal emission of holes from 

the three acceptor levels of Cus. When the bias is pulsed back 

toward zero by an amount Vp' the depletion depth moves from its 

quiescent position xq, to a position xp' which is nearer to the 

junction. When the bias pulse has ended, the depletion depth moves 

back towards xq, but overshoots to a slightly higher value, to 

compensate for the space charge trapped at the deep CUs acceptors. 

Since those deep acceptors are present in a concentration much smaller 

than that of the shallow acceptors, the overshoot is much smaller than 

Xq, and we neglect it in calculating the junction electric field 

distribution •. After the bias pulse, the traps in the region between 
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xp and Xq emit holes at a rate which depends both on the tempera

ture, and upon the electric field strength within that region. During 

the time that the traps are emitting holes, the electric field is 

strongest at the junction, and decreases linearly to zero at x. As 
q 

the bias pulse Vp is increased from 1 V to 5 V, xp moves closer to 

the junction, so that during the subsequent thermal emission process, 

the average electric field acting on the emitting traps becomes lar

ger. The resulting increase in emission enhancement shifts the DLTS 

peaks to lower temperature, as seen in Figure 5. 

Similar fixed-bias, variable-pulse measurements were performed at 

other correlator time constants, and from Arrhenius plots, the trap 

energies of the three Cu levels were determined as a function of the 

junction electric field strength. Figure 6 shows those energies, as a 

function of the average of the square root of the electric field. The 

linear dependence of the trap energies upon this quantity is good 

evidence that we are observing the emission of holes from negatively 

charged acceptors. By extrapolation to zero electric field, we obtain 

the trap energies which are given in the second column of Table 1. 

For CuO/-, the value is in excellent agreement with the optical 

value of 43.25 meV [SFS85], and with the most precise Hall-effect 

value, which is 44 meV [HHG81]. The zero-field energy for Cu-/ 2-

agrees well with the Hall-effect value of Woodbury and Tyler [WT57], 

which is 0.33 = 0.02 eVe Finally, this is the first conclusive obser

vation of the level Cu2-/ 3- in relation to the valence bana. The 

zero-field energy for that level is in fairly good agreement with the 

Hall-effect result [WT57] which places it at Ec - 0.26 ± 0.02 eV; 

the values with respect to the opposite band edges should add up to 
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Figure 6: Electric-field dependence of trap energies of CuO/-, 
Cu-/ 2- and Cu2-/ 3-, as a function of the average of the square
root of the junction electric field. 

give the value of the band gap, which is about 0.71 eV [Ma57] in the 

150-170 K temperature range of both measurements. 

From the slopes of the lines shown in Figure 6, we obtain the 

experimentally observed field-dependent energy shifts which are given 

in Table 1. As also shown there, the experimental shifts are in a 

ratio close to 1 : 21/2 : 31/ 2• These ratios are just as the 

simple one-dimensional (I-d) model predicts they should be, for 

emission of holes from acceptor ions of charge -e, -2e and -3e, re-

spectively. However, the 1-d treatment predicts shifts which are 

uniformly about 26~ too high. That is not surprising, since that 

treatment assumes that emission occurs only over the very lowest 

barrier. 
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Table 1: Zero-field trap energies and electric-field-dependent energy 
shifts for CuO/-, Cu-/ 2- and Cu2-/3-. 

Energy Shifts [-10-4 eV(cm/V)1/2] 
Accep- E(E =0) and Ratios (to Shift of Cu01 -) 
tor - Ev 
Level (eV) Experiment 3-d Mode 1 1-d Model 

Shift Ratio Shift Ratio Shift Ratio 

CuO/- 0.044 1.52 LOP 1.88 1.00 1.90 1.00 
:i: 0.01 

Cu-/ 2- 0.330 2.14 1.41 2.16 1.15 2.69 21/2 
:i: 0.05 = 1.41 

Cu 2-/3- 0.410 2.60 1.71 2.59 1.38 3.30 31/ 2 
:i: 0.01 = 1. 73 

The three-di mens iona 1 (3-d) treatment of fi e ld-enhanced carri er 

emission, which also incorporates no adjustable parameters, predicts 

an energy shift (A2.13) which ;s not strictly a linear function of 
. 1/2 e . To derive theoretical predictions from that treatment. the 

expression (A2.13) was evaluated at each experimental value of 

E 1/2, and the linear dependence on El/2 was extracted by a 

least-squares fit. (Over the range of field values employed here, the 

3-d theoretical shifts deviated by about 1" from a linear dependence 

on €1/2, in terms of the fractional standard deviation of the slope 

from the least-squares fit.) The 3-d treatment appears to provide an 

excellent quantitative description of the shifts observed for Cu-/ 2-

and Cu2-/3-. However, that treatment predicts for CuO/- a shift 

which is almost as large as what the 1-d treatment predicts, and 

therefore the 3-d theory fails to account for what is observed. 

Because the experimental shifts scale so well with the square-root of 

the charge on the Cu ion. one might expect a correct theory to scale 

similarly. Therefore, if the agreement of the 3-d treatment with 
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experiment for Cu- /2- and Cu 2- 13- is more than fortuitous, then 

the problem with that theory is its failure to properly scale to the 

larger x-values appropriate to CuO I-. That failure could not stem 

from the assumption that for (w/2) S e S w, emission is unhindered by 

the applied field, since under the experimental conditions employed, 

emission into that hemisphere accounts for less than 1~ of the total 

hole emission. No other data on the field-enhanced emission from more 

than one charge state of a deep center are known to this author, so 

that there is no additional experimental evidence to provide insight 

into the systematic dependence of the field-induced energy shifts upon 

the charge of the impurity ion. This matter has not been further 

pursued here from a theoretical standpoint. 

2.2 Hydrogen in Crystalline Semiconductors: 

In terms of the electronic structure of the resulting impurity 

states, the most easily understood impurities are clearly the isocoric 

donors and acceptors. But in terms of the impurity atom itself, there 

is no species of greater simplicity than the H atom, so it is of 

fundamental importance to attempt to understand the properties of 

isolated H in the semiconductor lattice. As we will see, the isolated 

H atom probably rarely exists at room temperature and below, because H 

is so mObile that it can easily find binding sites of lower energy, at 

impurities or native defects, and often with other H atoms. In solu

tion chemistry, the H atom exhibits tremendous variation in its 

behavior, depending on the specific circumstances. Just so, H in 

semiconductors can playa variety of roles. which one might describe 

as donor-like, electrically neutral, and acceptor-like. 
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We begin by examining those properties of H which do not specifi

cally depend on the presence of impurities, and in this connection, it 

is interesting to discuss first an artificial analogue of H: the 

muonium atom, which consists of an electron bound to a positive muono 

Positive muons have a mass m~ = 207me, and decay into a positron 

and a neutrino, with a characteristic lifetime of 2.7 pS. This decay 

has an anisotropy which ;s tied to the muon spin orientation, so that 

if one injects a beam of polarized muons into a solid, time- and 

angularly-resolved detection of the decay allows one to infer the 

angle through which the muon spin has precessed in the solid-state 

magnetic environment. Through such means, it has been found that the 

hyperfine coupling constant for interstitial muonium in Si is 451. of 

its free-space value, while in Ge, it is 56,. of that value [Sc85J. 

This means that the electron's Bohr radius is not much larger than its 

value in free-space muonium, and is much smaller than that of an 

electron bound at a shallow donor. Interstitial muonium is a hyper

deep donor, with a ground-state energy deep within the valence band. 

The theoretical predictions of Pickett et al, based on self-con

sistent pseudopotential calculations, indicate that similar to 

muonium, interstitial H should be a deep donor; in Ge, it is predicted 

to have a (ls)-like level located 1-6 eV below the valence band maxi

mum [PCK79]. In another calculation, Altarelli and Hsu used 

pseudo-wavefunctions to explicitly evaluate the intervalley matrix 

elements of the impurity potential [AH79], and found that in the 

tetrahedral interstitial position, both muonium and H are very deep 

donors. in both Si and Geo For these bare point charges, the deep 

donor nature results from a shallow-deep instability, driven by the 
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valley-orbit interaction for the six conduction-band minima along 6. 

This is especially interesting for the case of Ge: despite the fact 

that the 6 minima are subsidiary to the absolute minima at L, it is 

the former ones that result in the formation of the hyper-deep donor 

states. 

As a deep donor resonant with the valence band, interstitial H 

should not be observable through optical or electrical measurements. 

On the other hand, it should have a localized magnetic moment which 

can be detected through electron paramagnetic resonance. Paramagnetic 

H has never been observed, suggesting that H is bound instead in 

diamagnetic forms: to itself~ as H2~ or to dangling bonds and 

impurities. The state of H at room temperature in the Si lattice was 

addressed through the calculations of Corbett et a1, who applied 

quantum chemistry techniques to a H-terminated cluster of 14 Si atoms, 

into which H or H2 was inserted. Their calculations found that H 

tends to saturate any dangling bonds in the Si lattice, which explains 

the fact that many different Si-H vibrational modes are found in 5i 

which has been implanted with H atoms [PVS79]. Corbett et a1 found 

that when any dangling bonds or other defects have been saturated, H 

forms molecules with itself. The lowest-energy position of the H2 

molecule was found to be at the tetrahedral interstitial site (2.35 A 

along the anti-bonding direction). This provides Qualitative explana-

tion for the results of channeling measurements of Pickraux and Vook 

[PV78], who had found that when 0.2 at~ 0 is implanted into 5i. the 0 

• atoms sit along an anti-bonding direction, 1.6 A from a Si atom. 

(Pickraux and Vook had attributed their channeling signal to isolated 

o atoms, which are unlikely to exist at such high 0 concentrations.) 

56 



The calculations of Corbett et al further address the issue of the 

diffusion of H in the lattice. The energy barrier for the migration 

of H2 was found to be 2.7 eV, suggesting that the molecule should be 

relatively immobile, even at high temperature. The lowest barrier for 

migration of atomic H was predicted to be only 0.3 eV, so that if it 

becomes thermally unbound at high temperature, the free H atom should 

be a highly mobile interstitial species. Finally, the interstitial H 

atom in $i was predicted to have an enthalpy of solution of 1.65 eVe 

The theoretical results of Corbett et al correspond quite accu

rately to the results of time-resolved permeation studies of H in $i 

(vWW56]. These experiments determined that in the temperature range 

of 967-1207°C, H has a diffusivity given by: 

DH = 9.4 x 10-3 cm2/s exp (- 0.48 eV/kT) , 

and a solubility: 

$H = 2.4 x 1021 cm2/s exp (- 1.87 eV/kT) • 

(2.6) 

(2.7) 

This early study attributed the high diffusivity of H to the existence 

at high temperatures of a mobile interstitial monatomic species. This 

assumption is further supported by the fact that the permeation rate 

varies as the square root of the H2 pressure in the external gas 

phase. But extrapolation of the solubility (2.7) shows that intersti

tial atomic H has a solubility at room temperature which is close to 

zero. Atomic H tends to bind at low energy sites. such as native 

defects, impurities, and other H atoms. Equation (2.6) shows that the 
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interstitial atomic species has sufficient mobility to find such a low 

energy site, during even a rapid quench from high temperatures. 

The experimental study of the permeation of Ge by H yields similar 

results [FT60]. In the temperature range 800-910°C s interstitial H 

has a diffus;vity: 

DH = 2.72 x 10-3 cm2/s exp (- 0.38 eV/kT) , (2.8) 

and a solubility: 

21 2 SH = 1.6 x 10 cm Is exp (- 2.29 eV/kT) • (2.9) 

As in Si 9 it is found in Ge that the H permeation rate is proportional 

to the square root of the pressure of the external H2 gas, which 

proves that the diffusing species is monatomic. Clearly, the 

high- and low-temperature behavior of H in Ge is qualitatively similar 

to its behavior in SiD 

As mentioned in Chapter 1, detector-grade high-purity Ge crystals 

must be grown under an ambient of H2 [HH83J. Although vacuum might 

seem like a very pure condition for crystal growth, any impurities in 

the vacuum have such a long mean-free-path that they are very likely 

to contaminate the melt; such ballistic impurities are supressed by 

the use of a gas ambient. Growth from a melt directly in contact with 

a graphite susceptor results in an unacceptably high concentration of 

the acceptors Band A19 and the use of a synthetic silica crucible 

leads to the lowest electrically active impurity concentrations. With 

such a cruciole, the use of an inert-gas ambient leads to the incor-
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poration of too much 0, due to the reduction of the Si02 by liquid 

Ge, and the resulting precipitates act as detrimental charge trapping 

centers. The incorporation of excess 0 can be supressed by use of an 

H2 atmosphere. 

The quantity of H incorporated in detector-grade Ge crystals has 

been carefully measured [HHL82J. Crystals were grown under H2 

spiked with 1'-0 of the radioactive isotope T (3H), and samples were 

made into self-counting radiation detectors. The H concentrations 

thus detected ranged from 1.9 x 1015 cm-3 at the tail region of 

the crystal, down to 5.6 x 1014 cm-3 at the seed end. These 

values are fairly consistent with an upward extrapolation of the 

indirectly measured solubility given by (2.9), to the melting point of 

Ge. The exact H concentration at a position in the crystal dep~nds on 

the thermal history during crystal growth, as well as the distance 

from the surface. Downward extrapolation of (2.9) shows that the 

isolated interstitial species has essentially zero solubility at room 

temperature. Some atoms of hydrogen therefore bind to impurities and 

other point defects, but most of the atoms probably form H2 mole

cules, which may in turn form clusters, or may precipitate at 

dislocations. 

Studies of the out-diffusion of H from small Ge samples [HHL82] 

revealed that such out-diffusion is limited by the dissociation of 

H2 into the mObile monatomic species. When deep-level metallic 

impurities (such as Cu) are present, this dis~ociation is made easier 

by a two-step process which involves the formation of metal-H com-

plexes, so that the energy of dissociation is about 1.8 eVe If 
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experimental measures are taken to exclude all metallic impurities, 

the dissociation energy is raised to at least 3 eVe 

Besides its useful properties as a reducing atmosphere during 

crystal growth, the presence of H in detector-grade Ge probably has 

beneficial effects. It is possible that H binds to~ and passivates 

the electrical activity of, shallow acceptor impurities, reducing the 

electrically active concentration of non-segregating Al accepto~s. 

(See the next section for a discussion of more well-established exam

ples of acceptor passivation.) The out-diffusion of H from the 

near-surface region could explain why some ultrapure n-type crystals 

have a thin p-type layer near the surface: in that region, Al accep

tors are no longer passivated, and therefore are not over-compensated 

by P donors [HHH77]. It is also possible that H passivates some 

grown-in native defects and deep-level impurities (such as Cu), and 

some kinds of radiation-induced defects, reducing the concentration of 

charge-trapping centers. 

The presence of H in detector-grade Ge does have its drawbacks. 

however. Otherwise-pure, H2-grown, dislocation-free Ge crystals are 

totally unusable for detectors, because of the trapping effects of an 

acceptor at Ev + 80 meV, which has been assigned to a V2H complex 

[Ha77]. Dislocation-etching of such crystals produces shallow pits, 

which are believed to contain clusters of up to 108 atoms of H. In 

the growth of large-diameter crystals, requirements for thermal dis

tributions are relaxed if dislocation-free crystals can be grown; the 

unusability of dislocation-free material impedes efforts to grow 

crystals of very large diameter. As discussed in Chapter 1. in normal 

detector-grade crystals, undesirably large concentrations of H-related 
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shallow donors and acceptors can be quenched in~ placing restrictions 

on the post-growth thermal processing of detector material. 

the presence of H can dramatically lower the threshold for damage 

under conditions of electron irradiation [CM67J. In a two-step pro-

cess, an incident electron strikes a H atom, causing it to recoil. 

The H atom then strikes a Ge atom~ displacing it from its lattice 

position. The dynamics of this process result in a more effi~ient 

transfer of momentum between the incident electron and the Ge atom. 

2.2.1: Hydrogen-Related Impurity Complexes 

In this thesis, we are most interested in H insofar as it forms 

complexes with impurities or other defects in semiconductors. In 

familiar chemical reactions, the H atom can behave as a Group I atom, 

but it can also act like a Group VII atom. It is not surprising that 

in forming complexes in semiconductors~ H can also act in two qualita-

tively distinct ways. Perhaps the most easily understood behavior of 

H is in relation to electron-deficient sites in the lattice, notably 

acceptor impurities. As an electron-donor~ one H atom can compensate 

a single electron-deficient site. The acceptor then becomes negative

ly charged. and binds the H+ ion in its Coulomb field. Each atom of 

H therefore reduces by one the electrical valence of the acceptor, and 

pushes any remaining acceptor levels closer to the valence-band edge 

[HHH77J. In our detailed discussion of H-acceptor interactions below, 

we see that this ionic picture is too simplistic; it is, nonetheless, 

a useful zero-order approximation. 

The other behavior characteristic of H is essentially the opposite 

of what we just described: H can accept a second electron into its 
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(Is) orbital, and become H-. The second electron may come from a 

donor impurity, in which case one donor level is removed from the 

band-gap. SurpriSingly, in the presence of a substitutional isovalent 

impurity, an interstitial H may become H- by taking an electron from 

the valence band of the host crystal; H therefore becomes directly 

responsible for the creation of an acceptor level in the gap. In 

general, the impurity complexes which involve H- are much more 

weakly bound than those which involve H+. This can probably be 

viewed as the effect of Coulomb-repulsion: double occupation of the H 

(Is) orbital costs an energy of the order of 5-7 eV [OF83], raising to 

margainally bound values the total energy of many complexes which 

contain H-. 

One example of an impurity complex involving H- is the donor 

D(H,O) in Ge [JHF80], which has been mentioned in Chapter 1. As a 

Group VI impurity, substitutional 0 should be a double-donor in Ge. 

Although the donor activity of isolated 0 has not been observed, the 

addition of an interstitial atom of H may "stabilize" a substitutional 

o atom •. The complex, which we may perhaps view as a O~+H~ 

pair, is a single shallow donor. This binding mechanism is weak, so 

that the complex can be dissociated at only 100°C. We can possibly 

view the donor D(Li,O) [Ha78] in a similar fashion, as an 
2+ -Os Lii complex in which the interstitial Li atom somehow 

helps stabilize the ° atom in its substitutional position. 

Deep donors can be rendered electrically inactive by the addition 

of H. For example, the deep donors Cd, Te, Zr and Ti can be passiva-

ted with 99~o efficiency to depths of about 50 ~m. by exposure of 

samples, for 2 h at 250°C, to atomic H in the form of a low-pressure 
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plasma [PT83]. The deep donors Co, Cr and Zr are only passivated with 

about 80~. efficiency under similar conditions, while for Te, S, Se, 

and another donor level of Zr, no passivation is observed at all. 

little is known here about the microscopic structure of the passivated 

defects, about the species-dependence of the passivation efficiency, 

or even about the basic mechanism for the passivation process. 

Shallow Si Ga donors in GaAs can also be passivated by atomic H: 

exposure of a sample, at 250·C for 30 min, to a H plasma results in 

their complete deactivation to a depth of about 0.3 ~m [Ch85]. In 

this case, the H-donor binding appears to be remarkably strong, re-

Quiring an energy of 2.1 eV for dissociation. More recently, Johnson 

et al demonstrated that exposure to 0 plasmas, at 150·C for 10 min, 

can reduce the free-electron concentration due to P donors in Si 

[JHC86] to a depth of 0.3 ~m, but only with an efficiency of about 

50"'. Careful Hall-effect measurements on the passivated layers 

reveal an increase in mobility, as compared to the unpassivated sam-

ple. This proves that the passivation results from a pairing process, 

in which each 0 atom is located very near to the P donor whose elec

trical activity it annihilates. If, instead, the free-electron 

concentration was reduced by the introduction of spatially unrelated 

compensating acceptors, the result would be a decrease in mobility, 

because of an increase in the concentration of charged scattering 

centers. Although the dissociation energy of the passivated complex 

has not been measured, the original free-electron concentration can be 

restored by heating the sample to only 200·C, suggesting that the 

complex is fairly weakly bound. The marginal passivation efficiency 

could indeed be the result of weak binding: at any temperature where 
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D can diffuse appreciably into the sample, the passivated complexes 

tend to dissociate. 

In order to attempt to explain the observed passivation of P 

donors in Si, Johnson et al performed semi~empirical tight-binding 

calculations, with a 65 atom unit cell and periodic boundary condi

tions [JHC86]. Two configurations were considered: the first one 

placed the H atom in an antibonding position next to a substitutional 

P atom; the second configuration involved placement of the H next to a 

Si atom which is a nearest-neighbor to the substitutional P atom~ with 

the H atom along the antibonding direction away from the P atom. Both 

configurations were observed to result in removal of the donor level 

from the gap, but surprisingly, the latter gave significantly lower 

total energy. The lowest-energy site of H in the absence of any P 

impurity was also calculated via the same technique. Johnson et al 

found, in contrast to the quantum-chemical results of Corbett et al, 

that the minimum-energy site for isolated H lies in an antibonding 

• position, 1.6 A from the Si atom. Johnson et al predicted that in the 

absence of nearby dangling bonds or other H atoms, an isolated H atom 

in this antibonding pOSition is stable, and is responsiole for the 

channeling results of Pickraux and Vook [PV78]. (As mentioned above, 

it is not likely that Pickraux and Vook were observing isolated D 

atoms at the concentrations they employed. which were up to 0.2 

at70.) In this antibonding position, Johnson et al predicted that 

isolated H would exist as H-, and would bind a hole in a shallow 

acceptor state. 
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2.2.2: Acceptor Complexes with Tunneling Hydrogen 

The prediction by Johnson et al, that isolated H in 5i should 

become antibonding H-, a shallOw acceptor, is related to the pre

vious observation of the shallow acceptor complexes A(H,5i} and A(H,C} 

in Ge [HJFBO]. The identification of these acceptor complexes is 

described in Chapter I of this thesis. Both of these complexes are 

assumed to contain a sUbstitutional isovalent impurity which, in its 

isolated form, is electrically neutral. However, the Si or C atom is 

smaller than the host Ge atom for which it substitutes, resulting in 

the creation of a local strain field. During rapid quenching from 

higher temperatures, an interstitial H atom is trapped in that strain 

field, and its (Is) orbital becomes doubly occupied [OFB3]. The second 

electron is taken from the valence band of the crystal, and the 

5isHi or CsHi complex oinds the resulting hole in a 

shallow acceptor state. A substitutional Si atom is very similar to a 

the host atom for which it substitutes, so that the binding of an H

is quite weak: the acceptor A(H,Si} anneals away with time constants 

of several minutes at room temperature. Substitutional C is consider

ably smaller than a Ge atom, so that the acceptor A(H,C} is somewhat 

more strongly bound, and dissociates with time constants of several 

minutes at temperatures of -IOO°C. 

It is useful to review here the observed properties of the accep

tors A(H,Si) and A(H,C), in order to introduce the theoretical model 

which was used to explain those properties [HJFBO]. Both of these 

acceptors have bound-excited-state energy levels identical to those of 

the normal shallow acceptors. However, two (ls)-like levels are 

observed for each of these two acceptors. In the case of A(H,Si), the 
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two levels are separated by 1.07 meV, while for A(H,C), they are 

separated by 1.98 meV. In both cases, the average energy of the two 

(ls)-like levels corresponds within 0.1 meV to the effective-mass 

theory value of 11.2 meV [BL76]. At very low temperature, only the 

lowest (ls)-like acceptor level is appreciably occupied, while at 

slightly elevated temperature, the upper level can be thermally popu

lated, according to the Boltzmann factor eXP(-6Eopt/kT). Here 

6Eopt is the energy separation of the two levels, as observed from 

the optical transitions from them. When the isotope 0 is substituted 

for H, the acceptor ground level of A(H,Si) becomes more strongly 

bound by 21 ~eV, while A(H,C) exhibits no measurable isotope shift. 

Finally, we come to an extremely crucial observation: given the 

degree of stress homogeneity obtained experimentally. at the time, the 

(ls)-like levels of both acceptors were not observed to split for any 

direction of applied uniaxial stress. This implies that despite their 

asymmetric internal structure, these acceptors possess full tetrahe

dral symmetry. If they did not, then in general, an applied uniaxial 

stress would render differently oriented centers inequivalent, and 

cause their ground levels to shift differently [Ka64]. For example, 

static, <lll>-oriented SisH- complexes would have only trigonal 

symmetry, and for stress applied parallel to [111], the ground level 

of those centers oriented along [111] would shift by oE, while the 

ground levels of those oriented along the other three <Ill> orienta

tions would all shift by -oE/3. The non-observation of stress-induced 

splitting further implies that the observed (ls)-like levels must 

transform according to orbitally nondegenerate representations of the 
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group Td; for the single-hole states appropriate to these acceptors, 

such representations are r6 and r7• 

The model introduced to explain the above results will be referred 

to as the "tunneling H model". That model assumes that the 

xsHi complex (where X = Si or C) has potential-energy minima 

along <111> directions. However, it is of sufficiently light reduced 

mass that its zero-point energy involves the continuous sampling of 

the four equivalent orientations, resulting in a recovery of tetrahe-

dral symmetry. Because the energy-level differences in the tunneling 

nuclear system are comparable to those in the electronic acceptor 

states, the nuclear and electronic degrees of freedom are inextricably 

coupled, and must be treated on equal footing. Implicit in this 

statement is the. breakdown of the Born-Oppenheimer approximation 

[Zi72]. We should emphasize that the tunneling motion need not inter-

act strongly with other nuclear degrees of freedom in the crystal: in 

particular, it is not thermally activated [NP70]. 

The total Hamiltonian for an acceptor with tunneling His: 

Here, Ha is the Hamiltonian for a normal isocoric acceptor (see 

Appendix 1) and Hn is the Hamiltonian for the dynamic XsHi 

(2.10) 

nuclear system; in the absence of any coupling of the two degrees of 

freedom, the effect of Hn is completely unobservable in the elec-

~-tronic transitions of the acceptor. Finally, V(r,R) is a potential 

which depends on the coordinates of the hole, as well as those of the 

nuclear complex. It contains the normal central-cell correction which 
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would result in a reduction of symmetry if the XsHi complex 

.. -were stationary; more significantly, V(r,R) contains a term which 

leads to the breakdown of the Born-Oppenheimer approximation. 

The tunneling H model explicitly calculates the energy levels 

associated with the (!s)-like acceptor envelope function. Because the 

(!s)-like levels are well-separated from all others in comparison to 

the perturbations introduced by coupling to the nuclei, one can work 

entirely in the restricted manifold that includes only the (ls)-like 

electronic states. These are four states: ?c3' 1(1' ?(-1 and 

X_3, which are degenerate, with energy Ea, and which generate the 

representation ra(Td). One begins with four nuclear states which 

correspond to the static orientations of the XsHi complex along 

the four different <111> directions; these are 0A, 08, 0C and 

00, and are all degenerate, with energy En' The nuclear Hamil

tonian includes an off-diagonal coupling -t, which represents the 

continuous tunneling motion between any two orientations. As a result 

of this tunneling, the four degenerate static nuclear states are mixed 

into new states which are de-localized linear combinations of the 

static states. The result is a single state which has energy 

En - 3t and generates the representation r1(Td), and three 

states of energy En + t, which generate ~5(Td). 

To calculate the energy levels of the fully coupled acceptor 

complex, we begin with unperturbed states which are eigenstates of the 

uncoupled, static system. There are sixteen states, of the direct-

product form: 

(2.11) 
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where I = A,B,C,D and m = 3,1,-1,-3. We then add the matrix elements 

of the nuclear tunneling, and of the electron-nuclear interaction 

~-V(r,R), and diagonalize the 16 x 16 matrix that results. There are 

several kinds of elements in that matrix. First, there are the dia-

gonal elements: 

Second, there are the off-diagonal elements of Hn' whose effect on 

the non-interacting nuclear system has already been described: 

~~ 

Finally, there are the off-diagonal elements of V(r,R); 

Here, the parameter Va corresponds to the ordinary central-cell 

correction from the trigonal structure of the XsHi, and the 

C1mm, are "generalized Clebsch-Gordan coefficients". For 

VI = t = a. the effect of the Va terms is to split the f1a(lrd) 

fourfold-degenerate acceptor level into two levels A4(C3v ) and 

)\S,6(C 3v )' each twofold-degenerate. The parameter VI cor-

(2.12) 

(2.13) 

(2.14) 

responds to the interaction of the nuclear complex in a given frozen 

<111> orientation, with the acceptor states which are eigenstates when 

the nuclear complex is frozen in another <111> orientation. It is 

precisely this interaction which gives rise to a breakdown of the 

69 



Born-Oppenheimer approximation. Again, the DII'mm' are "generalized 

Clebsch-Gordan coefficients". 

Diagonalization of the rather complicated 16 x 16 matrix can be 

aided by group-theoretical techniques, and corresponds to the reduc-

tion: 

The r6 and r7 eigenvalues can be obtained by inspection, and 

depend on the parameters t, Va and VI. Solution for the ~ 

(2.15) 

levels requires diagonalization of a 3 x 3 matrix which involves the 

same three parameters. The values of those three parameters are to be 

chosen so as to fit the observed energy positions of the five (1s)

like levels of the acceptors. 

For the acceptors A(H,Si) and A(H,C), only two (ls)-like levels 

were observed for each, and the non-observation of stress-induced 

splitting of those levels dictated that they be the r6 and ~7 

levels of the acceptor ground-state manifold. The observed separation 

Detween those levels made possible the determination of the parameter 

VI' which was of the order of 1 meV for both acceptors. However, 

since the three expected r'a levels were never seen, values of Va 

and t could not be determined, and only order-of-magnitude estimates 

could De made: Va - t - 1 meV for both acceptors. For A(H,Si), the 

observed isotope shift could easily be accounted for in principle via 

the mass-dependence of the tunneling matrix element t: ignoring the 

small reduced-mass-effect of the C or Si atom, t - exp(_aM1/ 2). 
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where a describeS the potential barrier through which the H of 0 

nucleus of mass M is tunneling. 

We further discuss the acceptors A(H,Si) and A(H,C) in Chapter 5. 

Based on new experimental observations of the piezospectroscopic 

behavior of these acceptors, it is shown that a different choice of 

theoretical parameters t, Vo and VI may be appropriate for their 

description. With the new choice' of parameters, it becomes very easy 

to realistically include in the acceptor Hamiltonian the effect of 

uniaxial stress. It is demonstrated that the piezospectroscopic 

behavior of A(H,C) [and probably of A(H,Si) as well], along with that 

of two other shallow acceptor complexes, can thus be quantitatively 

understood. 

2.3: Hydrogen-Acceptor Interactions 

2.3.1: Group III Acceptors 

The essence of H-acceptor interactions has already been described 

above, albeit in oversimplified terms. We now systematically examine 

these phenomena in more detail, and it is convenient to begin with the 

simplest case, that of H-Group III interactions. Such interactions 

are somewhat elusive because they do not result in the creation of any 

new electrically active species; on the contrary, under most condi

tions of semiconductor characterization, H-Group III interactions make 

themselves known only through a reduction in the density of elec

trically active acceptors. Although the passivation of Group III 

acceptors in 5i has been observed from time to time over the entire 

history of modern semiconductor technology. it has not been widely 
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acknowledged until very recently. It was rediscovered by Sah et al, 

who found a bulk compensation of acceptor dopants in p-Si metal-

oxide-semiconductor capacitors, under conditions of keV electron 

irradiation or of high-field avalanche electron injection [SST83]. 

Those workers discovered a bulk-compensating species which they as-

signed to H; acceptor compensation was assumed to occur via the forma-
+ tion of 8-H pairs. The source of H was assumed to lie in various 

H- and H20-related species contained in the Si02 film, and at the 

Si02,Si interface. 

Pankove found that in wafers of 51 doped with -1015 cm-3 B 

acceptors, exposure to a H plasma, for 1 h at 122°C, resulted in a 

sixfold increase in the resistivity, within the first 2-3 ~m of the 

/ surface [Pa83]. Pankove et al found that they could de-activate up to 

1019 cm-3 B acceptors, as well as the acceptors Al, Ga and In 

[PW884]. Additionally, they found that the hydrogenation process was 

reversible: after heating passivated layers at 500°C for 1 h in 

vacuum, the surface resistivity recovered its initially lower value. 

Through secondary-ion mass-spectrometry, Pankove et al found that 

in H-passivated layers of B-doped Si, the concentration of H corres

ponded closely with that of B [Pa85]. Further, they found in such 

layers a new infrared absorption band centered at 1875 cm-1, with a 

width of about 50 cm-1• These workers argued that a vibrational 

mode of H bridging either a Si-Si bond, or a Si-B bond, would have a 

width >100 em-I. The observed mode frequency is at the low end of 

the range of typical Si-H stretching modes. They proposed that the 

passivated B-H complex involves only a threefold-coordinated B atom, 

and that the fourth Si-B bond has been broken. being capped by the H 
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atom. Pankove et al assigned the observed band at 1875 cm -1 to the 

stretching of that 5i-H bond. 

Johnson proved that the infrared band observed in H-passivated, 

B-doped 5i is related to H [J085]: he found that the frequency shifts 

from 1870 to 1360 cm-1, when 0 is used in place of H. Johnson also 

assigned the infrared band to a stretch mode of 5i-H (5i-D), and also 

assumed that the H (D) atom is bound to the 5i dangling bond which is 

created when a substitutional B atom becomes only threefold-coordina

ted. Deleo and Fowler calculated the electronic structure of H-B 

pairs in 5i [DF85], using small H-terminated clusters of 5i atoms. 

Their calculations suggest that the observed frequency of the infrared 

band is too low to allow it to be assigned to the stretching of an 

isolated 5i-H bond. However, Deleo and Fowler find that in the pre

sence of a threefold-coordinated B atom, the 5i-H stretch frequency is 

lowered to a value in good agreement with the experimental results of 

Pankove et al, and of Johnson. 

The H-D isotope shift clearly proves that the observed infrared 

band involves H (D); furthermore, it may very well derive from the 

stretch mode of an 5i-H (5i-D) bond. Pankove et al, as well as John

son, assume that the mode must be that of an 5i-H located next to a 

threefold-coordinated B atom, because it does not match any infrared 

bands observed in pure 5i which has been implanted with H. It is 

interesting that none of those workers describe infrared measurements 

on pure 5i which has been exposed to a plasma-of H. It is quite 

possible that such measurements would reveal the same infrared bands 

which are found in B-doped 5i which has been exposed to a H plasma. 

There is therefore no proof that the observed infrared band originates 
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from Si-H bonds that are located directly adjacent to B atoms. As we 

see below, there are many electrically active H-acceptor complexes in 

Si and Ge about which one has microscopic information which is unam-

biguous (unlike the information available thusfar about B-H pairs in 

Silo In the electrically active complexes, there is no evidence that 

the acceptor atoms are not substitutional and fourfold-coordinated. 

Indeed, several of the H-acceptor complexes involve one or more H 

atoms which can freely tunnel (even at cryogenic temperatures) among 

all the asymmetric orientations which are equivalent under the opera-

tions of the tetrahedral group. Such unimpeded motion would be highly 

unlikely if it involved the continuous breaking and re-making of Si-H 

(or Ge-H) bonds. 

There is theoretical evidence that the passivated B-H complex in 

Si involves a fourfold-coordinated B, in the calculations of Assali 

and Leite [AL8S]. They performed self-consistent calculations on 

Watson-sphere-terminated clusters of 26 Si atoms, and found that in 

the tetrahedral interstitial site, isolated H is a hyper-deep donor, 

in agreement with the results of Pickett et al [PCK79], of Altarelli 

and Hsu [AH79], and of Corbett et al [C083]. Replacing the central 5i 

atom by B, Assali and Leite found that in the absence of H, a acceptor 

level was introduced 0.04 eV above the valence band, in good agreement 

with experiment. When they introduced an atom of H, that atom found a 

position of minimum total energy in the <111> antibonding direction, 
o 

108 A away from the B atom, and no levels were present in the gap. 

Their calculation is particularly interesting in that it points to the 

inadequacy of describing a passivated B-H pair in ionic terms, as 
- + B H 0 In fact, the H is bonded near the B site by a covalent 

74 



mechanism which includes the near-neighbor Si atoms, so that within a 

sphere around the H atom, of radius equal to the B-H separation, the 

integrated charge density is approximately equal to a full electronic 

charge. 

The passivation of Group III acceptors in Si has also been ob

served in samples exposed to plasmas of water (HPH84], in samples 

which have been boiled in water [TWP86], and even as a result of 

chemical polishing of wafers [SGJ86]. Recently, H-passivation has 

been extended to include shallow ZnGa acceptors in GaAs [J086]. 

Here, the passivation has been attributed to the formation of an As-H 

bond, adjacent to a threefold-coordinated Zn atom. Work is in pro

gress to look for passivation of Group III acceptors in Ge, but as 

mentioned above, this may have already been serendipitously observed 

[HHH77 ]. 

The H-passivation of shallow acceptors may seem to superficially 

resemble the Li-compensation of acceptors which occurs in the Li

drifting of Ge and Si [Pe60]. An important difference lies in the 

fact that unlike H, interstitial Li is a shallow donor. Therefore, at 

least at the low acceptor concentrations employed in practical appli

cation of the latter process, an essentially intrinsic semiconductor 

can result from the incorporation of Li donors in concentration equal 

to, but in no particular spatial relationship to, the shallow accep

tors. In contrast, the passivation of acceptors by H appears to 

require the close proximity, or pairing, of the two species. Under 

some conditions, such as at higher acceptor concentrations, the for

mation of Li-acceptor pairs does occur, and is most evident in a 

decrease in the scattering caused by ionized impurities. 
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2.3.2: Group II Acceptors 

We turn now to a discussion of the interaction of H (and of Li) 

with multivalent acceptors. Morin and Reiss diffused Li into Ge doped 

with the double acceptor Zn [MRS7]. They were able to create Zn-Li 

pairs, as well as Zn-Li 2 triplets, in relative concentration which 

depended on the detailed time-temperature history of the sample. 

Variable-temperature Hall measurements, including study of the ion

ized-impurity scattering contribution to the mobility, showed that the 

Zn-Li pair is a single acceptor with a binding energy of 9.5 meV, and 

that the Zn-Li 2 triplet is electrically inactive. Lo Vecchio stu

died the pairing of Li with several multivalent acceptors in Ge 

[Lo72]. Using Hall-effect, Lo Vecchio determined a more accurate 

value for the acceptor hole binding energy of the Zn-Li pair: it is 

11.0 = 0.4 meV. Through similar means, he studied the double accep

tors Hg and Mn, and found that the Hg-Li pair has an acceptor level 

with ionization energy of 32 % 1 meV, and that Mn-Li has an acceptor 

level with binding energy of 100 % 10 meV. Lo Vecchio also found 

through mobility analysis that Li pairs strongly with the t~iple 

acceptor Au, but was unable to determine the energies of any electri

cally active acceptor levels that resulted. 

Crouch et al diffused Li into $i doped with the substitutional 

double acceptor Be, and studied the resulting acceptor levels via 

linear absorption spectroscopy [CRG72]. They found that the Be-Li 

pair forms a single acceptor with an ionization energy of 106 meV, and 

with two (ls)-like levels separated by 1.4 meV. Because the Li is 

likely to be located at an interstitial site near the substitutional 

Be, but displaced slightly in the antibonding direction. they attri-
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buted the existence of two (ls)-like levels to the symmetry lowering 

Td ~ C3v ' which splits the rs(Td) acceptor level into 

J\4(C3v ) and AS,6(C3v ). Their conclusion apparently has 

never been verified by uniaxial-stress experiments. 

In another series of experiments, Crouch et al introduced H into 

Be-doped Si [Cr74]. Using linear absorption spectroscopy, they dis-

covered two new shallow acceptors, but were unable to obtain detailed 

information about their composition or structure. Very recently, Muro 

and Sievers [M5S6] co-doped 5i with Be and with H (or D), by evapo

rating Be onto pure Si and annealing for 20-60 min at 1300°C, under an 

atmosphere of H2 (or O2). This procedure created about 

1016 cm-3 single acceptors, which they found to be stable at room 

temperature, and which they studied via linear absorption spectroscopy 

in the mid- and far-infrared. The acceptor spectrum of samples an-

nealed under O2 was different from that of samples annealed under 

H2• In addition, samples annealed under mixtures of H2 and O2 
showed the sum of the other two acceptor spectra, but no new features, 

proving that the acceptors contain precisely one atom of H or. D. We 

might expect that a Be-H (or Be-D) complex should be a single accep-

tor, and accordingly, the acceptor spectra exhibited series spacings 

characteristic of normal Group III acceptors. 

The acceptor complexes A(Be.H) and A(Be.D) are very interesting, 

because they appear to be an experimental realization of acceptors 

with a single tunneling H atom. Although the theory of such acceptors 

[HJFSO] was developed originally to explain the complexes A(H,5i) and 

A(H,C) in Ge, it is sufficiently general to apply, with only a change 

of parameters, to other single-hole acceptor complexes for which the 
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potential energy of the nuclear complex has minima in the <Ill> direc

tions. Because the acceptors A(Be,H) and A(Be,D) in Si provide such a 

clear example of tunneling-H behavior, we examine them in detail here. 

Before discussing the experimental results of Muro and Sievers, it 

is instructive to look at the energy-level structure of the acceptors 

A(Be,H) and A(Be,D), which is shown schematically in Figure 7. These 

acceptors are coupled dynamic systems of a nuclear complex and a bound 

hole, and the energy levels shown are those of the total dynamical 

system. The manifold of levels labeled "0" are those associated with 

the (ls)-like envelope function of the bound hole, in conjunction with 

several different states of the nuclear complex. The manifolds of 

levels labeled "1", "2" and "4" are associated with various p-like 

excited states of the bound hole, again in conjunct jon with several 

different states of the nuclear complex. Those p-like levels are the 

final states of the similarly labeled transitions of Group III accep-

tors; in normal acceptors, "I" and "2" each transform according to 

r 8(Td), while "4" is actually two nearly degenerate levels of 

r6(Td) and r 7(Td) symmetry. 

We recall that in the tunneling-H model, if the electronic-nuclear 
.~ 

coupling V(r,R) vanishes, then a nuclear complex moving among four 

<111> minima has a single f11(Td) eigenstate of energy En - 3t~ 

and three degenerate eigenstates of energy En + t, which form a 

basis for "S(Td). The left-hand column shows the total symmetry 

of the acceptor states in that weak-coupling limit. We note that in 

this limit, the dynamic nature of the nuclear complex is not obser-

vable in optical transitions of the bound hole. This is because based 

on the Frank-Condon principle [Ha79a], we expect the tunneling state 
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Figure 7: Energy-level diagram of the dynamic acceptor complexes 
A(Se,R) and A(Be,D) in SiD Hole binding energy increases downwards. 
(Schematic, after [MS86]). 

to remain unchanged during the electronic transition. Although the 

total acceptor now has two complete manifolds of levels, those two 

manifolds each have the same energy level spacings, and do not commun-

icate with each other via optical processes involving the bound hole. 

The p-like excited states of the hole have nearly vanishing proba

bility in the region of the dynamic nuclear complex, so that for these .. -states, V(r.R) = O. In the real acceptor complex, the p-like excited 

states therefore are those which obtain in the weak-coupling limit, 

and we continue to label them according the notation in the left-hand 

column. On the other hand, the (ls)-like states have a strong coup-

ling to the nuclear complex, so that they form the five levels of the 

fully coupled acceptor system, according to the reduction (2.15). 
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These levels have been labeled on the right-hand-side of Figure 7. It 

is important to note that the r6 and r; levels come from the 

direct product rS ® ra, and so have only f'5 tunneling char-

acter. In contrast, the ~ levels come from the direct products 

r 1 ® rS and rS ® rB; because they mix when the interac-

tion V(r,R) is turned on, they all have both r 1 and rs tunneling 

character. Based on the Frank-Condon principle, when the hole is in a 

r6 or r7 (ls)-like level, optical transitions can only occur to 

the upper-lying set of p-like levels, those with rS tunneling 

character. But from a rs (ls)-like level, optical transitions of 

the hole may occur to both sets of p-like levels. Finally, we note 

that because the tunneling matrix element t depends strongly on the 

mass of the HID nucleus, the energy-level spacings, within both the 

(ls)- and p-like manifolds, will be different from A(Be,H) to A(Be,D). 

Muro and Sievers observed the optical transitions of the hole in 

the range 620-740 cm-1• At the lowest temperatures, only the lowest 

ra level is populated, and they observed the series labeled 11111 in 

Figure 7. Each line of series I occurs for A(Be,O) at an energy 

0.9S meV higher than the corresponding line for A(Be,H). The large 

size of this isotope shift (compare 0.051 meV for O(H,O)~O(O,O) in Ge] 

is the consequence of the large central-cell corrections for these 

acceptors: their 94-95 meV binding energies are about 24 meV deeper 

in energy than tne isocoric acceptor Al. At the lowest temperature. 

* Muro and Sievers also observed the high-frequency replica series I , 

blue-shifted by an energy equal to 4t. For A(Be,H), that shift is 

4.Bl meV, while for A(Be,OL, it is 2.01 meV. As the sample tempera~ 

ture was raised to temperatures of up to 15 K, Muro and Sievers 
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observed thermal population of the shallower levels in the (Is) mani

fold. Such thermal population made itself known by the appearance of 

the series II and 11* from the second ( ra) level, only the series 

111* from the third ( ~7) level, and a probably real series IV* 

from the fifth ( "6) level. As an indication of the energy separa

tions among the varlous (Is) levels, we note that 

* * III - I = 3.20 meV for A(Be,H), 1.23 meV for A(Be,D). 

Muro and Sievers also observed transitions from the lowest (ls)

like level, to other levels in the (Is) manifold; these transitions 

occur in the range 14-25 cm-1 for A(Be,H), and 6-13 cm-1 for 

A(Be,D). Here, the nuclear and electronic state may both change, so 

that transitions to all of the (ls)-like levels are allowed. For each 

of the two acceptors, they observed the transitions labeled in Figure 

7 as "A" and "B", which coincide in energy with the observed mid-in-

* * * * frared series separations II - I = II - I , and III - I , 

respectively. For A(Be,D), they also observed the far-infrared tran-

sition labeled He". 
The observed properties of the acceptors A(Be,H) and A(Be,D) 

appear to be completely consistent with the tunneling-H model. The 

energy separations between the two manifolds of p-like excited levels 

allow unambiguous determination of the parameter t: it is 1.20 meV 

for A(Be,H), and is 0.52 meV for A(Be,D). Values of Vo and VI 

were not quoted by Muro and Sievers, but the measured energy differ

ences in the (Is) manifold should allow calculation of those 

parameters. It would be extremely valuable to have piezospectroscopic 

data as verification of the symmetry assiqnments. It would be very 

useful if the levels assigned to r6(Td) and "7(Td) can be 
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confirmed to have those symmetries, but unfortunately, the peaks from 

those levels are weak, and would probably be obscured. It would be 

sufficient to confirm the assignment of r8(Td) for even one of 

the levels giving rise to stronger peaks, because the existence of 

full tetrahedral symmetry in an acceptor of complex internal structure 

is proof of a dynamic recovery of high symmetry. 

It is interesting to compare the properties of A(Be,H) and A(Be.D) 

in Si, with those of the acceptors A(Be,H) and A(Zn,H) in Ge [Mc86], 

which are discussed in Chapter 1. Of course, the same considerations 

apply to the fact that all of these centers are single acceptors. No 

isotope shift has yet been observed for the latter two acceptors, and 

they display only trigonal symmetry. Although the Be-H and Zn-H 

nuclear complex~s in Ge should in principle be able to tunnel among 

the four equivalent <111> orientations, that tunneling turns out to be 

extremely slow on the time scale of optical transitions of the bound 

hole. Because the tunneling matrix element depends exponentially upon 

the details of the nuclear potential energy, this slow tunneling is 

not too surprising. As seen in Chapter 4 for the copper-dihydrogen 

acceptors in Ge, the change from a CuH2 complex, to a CuHD complex 

is sufficient to drastically supress the effects of tunneling motion, 

despite the fact that the host and impurity chemical species remain 

unaltered. In Chapter 5, we examine in detail the piezospectroscopic 

behavior of Ge:A(Be,H) and Ge:A(Zn,H), and see that it can be quanti

tatively explained within a very simple model. 
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2.3.3: Group I Acceptors 

We are finally in a position to discuss the H- and Li-acceptor 

interactions most applicable to the work of this thesis: those which 

involve the triple acceptor Cu in Ge. These interactions were first 

successfully studied by Haller et al [HHH77, Ha78a]. These workers 

began with normal H2-grown high-purity Ge, which contains 

-1015 cm-3 atoms of H. After being Cu-plated and annealed at 

400°C for a time sufficient to allow homogenous permeation by Cu, 

samples were studied using variable-temperature Hall measurements. 

Two new acceptor levels were seen, with binding energies of 17 and 

17'5 meV, each in a concentration of the order of 1011 cm-3• PTIS 

measurements revealed a complicated spectrum of broad lines near 

110-140 cm-1, which were assigned to two acceptors, with ionization 

energies of 17.0 and 17.5 meV. The deep acceptor level at 175 meV 

could not be studied using optical spectroscopy. 

Haller et al also studied acceptor complexes involving Cu and Li. 

A thin layer of Li was diffused into H2-grown samples which had 

already been permeated with Cu. The samples were then maintained at 

400°C, until periodically performed low-temperature Hall measurements 

indicated that they had returned to p-type. Variable-temperature Hall 

measurements then indicated the presence of two new acceptor levels in 

such samples, with ionization energies of 25 and 270 meV, each in a 

concentration of the order of 1011 cm-3• PTIS measurements showed 

two new series of sharp, hydrogenically spaced lines, from acceptors 

with ionization energies of 20.41 and 25.30 meV. (These energies are 

taken from [Ha85a], and are slightly different than those quoted in 

the original paper [HHH77J; they are based on a more recent and 
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accurate value of the binding energy of the final state of the D-tran

sition.) Optical spectroscopy could not be applied to the study of 

the acceptor level near 270 meV. 

To interpret their measurements, Haller et al proposed a simple 

model for the complexing of acceptors with Hand/or Li. Each atom of 

H or Li is able to donate a single electron to the electron-deficient 

bonds that exist at the acceptor site, and therefore to reduce by one 

the number of acceptor levels in the gap. Any remaining acceptor 

levels would tend to be pushed toward the valence band. Because 

substitutional Cu is a triple acceptor, one would expect both CuH and 

CuLi to be double acceptors. Next, there would be three possible ways 

to make single acceptors: CuH2, CuHLi, and CuLi 2• Finally, there 

would be four obvious ways to produce electrically inactive com-

plexes. Based upon this model, Haller et al assigned the 17.0 meV 

acceptor level to the neutral charge state of CuH 2• They assigned 

the 17.5 and 175 meV levels to CuHO and CuH-, respectively. 

Similarly, the 20.41 meV acceptor level was assumed to arise from 

neutral CuLi 2, while the 25.30 and 270 meV levels were assumed to 

derive from CuLi O and CuLi-, respectively. 

One of the principal results of this thesis is that the CuH 2 
complex is indeed a monovalent acceptor, and that it gives rise not 

only to what appeared to be two acceptor levels at 17.0 and 17.5 meV, 

but also to a large number of other levels. The fact that the 20.41 

and 25.30 meV acceptors have perfectly hydrogenic excited states is a 

strong indication that they are monovalent acceptors, and they are 

likely to arise from CuHLi and CuLi 2 complexes [Ha85aJ. respectively 

(although those assignments could easily be reversed). The depth of 
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the 175 and 270 meV levels would tend to indicate that they arise from 

the singly ionized charge states of CuH and CuLi, respectively. If 

that is so, then it is curious that Haller et al did not observe any 

Hall freezeouts or optical spectra of the first ionization states of 

those acceptors. Besides the 175 and 270 meV levels, other deep 

acceptor levels have been detected using DLT5, and have been assigned 

to complexes involving Cu, as well as Hand/or Li [Ha79, 5i86J. 

Because little is known for sure about the composition or microstruc

ture of these deep acceptors, they are not discussed in detail here. 

The model of Haller et al predicted that the complex CuH 3 should 

be electrically inactive, and this prediction found support in Pear

ton's observation that the electrical activity of substitutional Cu in 

Ge could be completely passivated by the addition of atomic H [Pe82J. 

Pearton doped ultrapure Ge with Cu in concentrations of the order of 

1010_10 11 cm-3, and exposed the samples to plasmas of H. Using 

DLT5 to measure depth-resolved deep-level concentrations, he found 

that exposure at 300°C for 3 h was sufficient to passivate well over 

99 ~ of the Cu acceptors at the surf ace; 901. of those acceptors were 

passivated to a depth of 80 ~m. Treatment of the sample under identi

cal conditions in a molecular gas had no similar effect on the Cu 

concentration. Pearton found that the passivation process was rever

sible: heating a passivated sample at SOO°C in vacuum restored the 

original near-surface Cu concentration. All of his observations could 

be explained very simply under the assumption that when atomic H is 

available at the surface of a sample, and the sample is maintained at 

a temperature sufficient for the in-diffusion of H, then the monatomic 
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species may bind to near-surface substitutional Cu acceptors, produ

cing CuH 3 neutral complexes. 

A more extensive study in our laboratory proved that the passiva

tion of Cu by exposure to an H plasma is not an artifact of the non

eqilibrium conditions that exist within a plasma discharge (Pe84]. 

Exposure of Cu-doped samples to plasmas of He did not result in a 

reduction of the near-surface Cu concentration, as measured via DLTS. 

Conversely, electrolysis of samples in a hot bath of phosphoric acid 

was effective in producing passivation of Cu acceptors. We found that 

under the conditions of acceptor passivation in low temperature 

(-300°C) H plasmas, the effective diffusivity of atomic H is about two 

orders of magnitude below the value obtained from a downward extrapo

lation of (2.8), which is based on the high-temperature (BOO-910°C) 

measurements of Frank and Thomas [FT60]. This reduced diffusivity 

finds adequate explanation in the formation of immobile H2 molecules 

at low temperatures (KPH84]. The density of passivated Cu acceptors 

is many orders of magnitude in excess of a similar extrapolation of 

the equilibrium solubility (2.9), to the temperature of plasma expo

sure. This solubility enhancement must be caused by the availability 

to atomic H of low-energy binding sites at the Cu acceptors. We 

extended to lower temperatures the DLTS measurements on H-passivated, 

Cu-doped Ge samples, and proved that hydrogenation removed all Cu

related levels from the gap [Pe84]. For example, it does not merely 

transform all of the Cus into the CuH2 acceptors studied in this 

thesis. 

The previous studies of Cu-passivation via plasma hydrogenation 

provided important assistance to the research of this thesis. As 
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explained in Chapter 3, knowledge of the technology and empirical 

parameters of plasma hydrogenation made possible the synthesis of 

acceptor complexes which could not have been easily created through 

other means. 
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Chapter 3: Experimental Apparatus and Techniques 

This chapter describes the experimental conditions under which the 

results of this thesis were obtained. First, we discuss the creation 

of copper-dihydrogen complexes in Ge, especially the apparatus and 

techniques employed to synthesize those species which involve the 

radioactive isotope T. We briefly describe the preparation of Ge 

samples for PTIS, with emphasis on techniques which reduce the unde

sired strain on the samples, and thus lead to spectra of increased 

resolution. In preparation for the research of this thesis, the 

equipment necessary for PTIS was assembled, most notably a high-reso

lution Fourier transform spectrometer. The design and performance of 

that equipment is described here. Finally, a brief description is 

given of the experimental parameters used in the recording of the PTI 

spectra of this thesis. 

3.1: Synthesis of Copper-Dihydrogen Acceptor Complexes 

The purpose of these studies of copper-dihydrogen complexes was to 

investigate the physics of the acceptor states. For the complexes 

which involve the isotopes Hand/or 0, the conditions of complex 

creation simply duplicated those which had previously been proven to 

result in easily measured concentrations, and the only changes made 

here were too subtle to affect strongly the creation of the com

plexes. No effort was made to systematically study the parameters 

which control the creation of the complexes. such as annealing time, 

temperature, and so on. For the copper-dihydrogen complexes which 

involve the isotope T. the conditions of synthesis were varied until 
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the desired complexes could be created in measurable concentrations, 

while interfering species could be excluded. However, the parameters 

of creation were varied only to the extent necessary, and no systema-

tic study of the effect of all of those parameters was undertaken. 

3.1.1: Copper-Dihydrogen Acceptor Complexes involving Hand/or 0 

In the study of Haller et al [HHH77J the copper- and hydrogen-do

ping conditions employed were able to produce about 4 x lOll cm-3 

of those acceptors which the present study has identified as monova-

lent copper-dihydrogen complexes. The Ge samples employed by Haller 

et al were weakly p-type (a few times 1010 cm-3) prior to the 

creation of the copper-dihydrogen acceptor complexes. Those latter 

complexes appear to have smaller optical cross-sections than the 

shallower~ceptors, as eviden~ed in the PTI spectra of Haller et al: 

although the shallower acceptors (mostly Al) were perhaps only 10~ as 

abundant as the copper-dihydrogen acceptors, the photoionization 

continuunlof the shallower acceptors interfered seriously with the 

spectrum of the copper-dihydrogen acceptors, which appears in the 

range of 110-145 cm-1• The concentration of neutral shallower 

acceptors could be decreased somewhat by elevating the sample tempera-

ture to about 10 K, where they begin to thermally ionize. But that 

strategy had limited effectiveness, because the resulting generation

recombination noise quickly overwhelmed the PTIS signal. 

In this study, the neutral shallow acceptor concentration was also 

reduced by means of ionization, but that ionization was the result of 

compensation, not of temperature. The starting material was very pure 

n-type Ge, such that the following condition was satisfied: 
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(3.1) 

Here 9 CuXY represents all of the copper-dihydrogen complexes {more 

than one isotopic combination may be present in a given sample)9 and 

ASh' 0Sh are the shallow acceptors and donors. In practice9 the 

starting material was chosen by examination of the impurity concentra

tion profile of a crystal, as a function of position along its axis of 

growth [HHG8l, HH83J. Most of the high-purity crystals grown in our 

laboratory have a roughly constant acceptor concentration, caused by 

the non-segregating species Al. The donor concentration is dominated 

by the impurity P, which segregates to the melt, with an effective 

segregation coefficient of keff = 0.25 (specific to our growth 

conditions). In our high-purity crystals, the net impurity concentra

tion is usually p-type near the seed end, and remains roughly constant 

until a position lower in the crystal, where it drops to a very small 

value and then rises to n-type, over a distance of several cm. For 

this StudY9 crystals were chosen with a total shallow acceptor concen

tration [ASh] = 2-4 x 1010 cm-3• Samples were taken from an 

n-type region just below the junction, where typically 

[OSh] - [ASh] = 2-4 x 1010 cm-39 so that [Osh] = 4-8 x 1010 cm-3• 

Copper-dihydrogen acceptors were introduced under the same conditions 

as those used by Haller et al, resulting in a concentration [CuXY] of 

a few times 1011 cm-3• As measured at liquid He temperature and 

in the dark9 the samples contain the neutral concentration 

[CuXyO] = [CuXY] - ([OSh] - [ASh]). They also contain the 

ionized concentration [CuXY-] = [OSh] - [ASh]; all of the 

shallow donors and acceptors are also ionized, so that the total 
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ionized impurity concentration is 2[OSh J• As we see in Chapter 4, 

the infrared illumination that is present during PTrS changes those 

populations: the photoionization of neutral copper-dihydrogen 

acceptors creates free holes, some of which produce transient 

neutralization of the shallower acceptors. 

Besides being weakly n-type, the Ge used here was grown under an 

atmosphere of H2, of 02' or of a 1:1 mixture of H2-02, from 

melts contained in a synthetic silica crucible. No measurement of 

dislocation etch pit densities was made, but one would expect them to 

be of the order of 100-1000 cm-2, for the nominally dislocated 

crystals used. Finally, the starting material had been zone-refined 

in carbon-smoke-covered silica boats. This resulted in the incorpora

tion of a small concentration of C in the Ge. (The actual 

concentration lncorporated is not known, but is smaller than 

1015 cm-3.) This C led to the formation of the acceptors A(H,C) 

or A(O,C) in some samples, in a concentration equal to, or less than, 

that of Al. 

For most studies, slices of 2 mrn thickness were sawed from the 

crystals, perpendicular to the growth axis. For uniaxial stress 

studies, the crystals were oriented based on the known growth axis and 

crystal habit, and (2 x 6.3) mm2 strips were cut, with the desired 

stress axis along the 6.3 mm dimension. Subsequent back-reflection 

Laue measurements indicated that this procedure was accurate to within 

about 2°. 

The Ge pieces were etched for 15 s in a 7:2:1 solution of 

HN0 3:HF:(Red fuming HN03) (a procedure referred to hereafter as 

"polish-etching"), and rinsed with deionized water. They were then 
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electroplated with a mirror-like coating of Cu, in a standard CuCN 

solution [Gr62], being contacted electrically by stainless steel 

tweezers which were not immersed. The Cu-plated Ge samples were then 

rinsed in deionized water, followed by methanol, and blown dry with a 

N2 jet. They were placed on a silica paddle in the mouth of an 

Ar-purged, resistively heated tube furnace. After 1 h, the paddle was 

inserted into the 400°C furnace, where it was kept for about 24 h. 

The expression (2.5) shows that at 400°C, interstitial Cu has a diffu

sivity 0i = 1.4 x 10-5 cm2/s [HR64], so the annealing time is 

more than adequate to homogenously permeate the 2 mm thick samples 

with Cu, at least in the interstitial form. Haller et al found that 

such a procedure introduced about 4 x lOll cm-3 copper-dihydrogen 

acceptors [HHH77]. 

After the 400°C annealing cycles, the samples were quenched i.nto 

liquid N2• Although not as rapid as a quench into other media (such 

as ethylene glycol), this quenching procedure had the advantage that 

it did not result in the fracture of samples, and was found to be 

sufficiently rapid to maintain an adequate concentration of copper-di

hydrogen acceptors. Rapid quenching from this temperature can result 

in the creation of the donors O(H,O) or 0(0,0), in concentrations of 

up to 2 x lOll cm-3• These donors are stable at room temperature, 

so to remove them, the samples were heated on a hotplate at 140°C, for 

10 min. That treatment was often observed to preserve a measurable 

concentration of the acceptor A(H,C). Finally, it should be mentioned 

that although the CuCN plating solution was known to deposit some CN 

on the surface of the samples, that CN could not diffuse appreciably 

into the samples at 400°C. so that the CN-related shallow acceptor 
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species [HM83, Mc84] were never observed in samples annealed at that 

temperature. 

The Cu- and H-doping procedures outlined here were found to relia

bly introduce an adequate concentration of copper-dihydrogen 

acceptors. In samples thus treated, the only other acceptors ever 

detected with PTIS were Al, A(H,C) or A(D,C), and neutral Cus. No 

attempt was ever made to characterize the deeper acceptors that may 

have been present. 

3.1.2: Copper-Dihydrogen Acceptor Complexes Involving T 

In the study performed here, isotope-induced differences were 

found among the opt ical spectra of the three copper-dihydrogen accep

tors involving Hand/or D. As described in Chapter 4, those 

differences allowed us to unambiguously identify the three species 

A(CuH2), A(CuHD), and A(CuD2). Some of those differences were 

very puzzling, so to elucidate their origin, it became necessary to 

extend the investigation to those isotope combinations involving T. 

We will see that it was especially desirable to characterize the 

species A(CuT2). Ultimately, the successful creation of A(CuHT) and 

A(CuT2) allowed us to study isotope-induced differences in a family 

of five different species. [The species A(CuDT) was also probably 

created, but its acceptor ionization energy could not be unambiguously 

determined.] Previous studies of H-isotope-induced effects had fo

cused on systems involving only one H atom, and had only investigated 

the properties of two of the possible three species: those containing 

a sinqle atom of either H or D. 
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It is useful to keep in mind the physical properties of the hydro

gen isotope 3H, or T. The chemical properties of T are very similar 

to those of Hand D. However, T is radioactive: it has a half-life 

of Tl/2 = 12.4 y, and decays into 3He through the reaction: 

(3.2) 

At NTP, each cm3 of T2 has an activity of 2.6 Ci, where 

1 Ci = 3.7 x 1010 decays/so The 8- particles are emitted in a 

continuous energy spectrum up to 18.6 keV; this low endpoint energy 

makes T an isotope of choice for studies of the electron antineutrino 

mass. The low energies of these 8- particles also insures that they 

are easily stopped by even very thin layers of solid material, so that 

the radioactivity of T is easily contained. To avoid contamination 

from inhalation, one must simply make sure any T-containing apparatus 

is free of leaks, and is housed in a radiological ventilation system. 

One must be careful to avoid touching surfaces that have been in 

contact with T, particularly if tritiated hydrocarbon or water species 

may have been formed. 

In our laboratory. we had access to existing high-purity Ge crys-

tals which had been grown under H2 spiked with 110 T2 [HHL82]. 

However, such a small relative concentration of T meant that the 

acceptor species A(CuT2) would be extremely difficult to detect. 

Consider a mixture of atoms X and Y, which are two different isotopes 

of H. Suppose that species X is in fractional concentration fX (in 

terms of a fraction of the total of X and V); species Y is thus in 

fractional concentration (1 - f X). When two hydrogen nuclei random-
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ly bind at CU s sites to form copper-dihydrogen complexes, the three 

possible complexes will be in concentrations (expressed as fractions 

of the total concentration of copper-dihydrogen complexes): 

In crystals enriched with 1 ,. T2, the sought-after species A(CuT2) 

would comprise only 0.01 1. of the total copper-dihydrogen concentra-

tion, and would be very difficult to detect. 

(3.3) 

It would not have been possible to use existing apparatus to grow 

a crystal in a more highly T2-enriched ambient, because the required 

T2 inventory wOuld have had an activity of the order of 1 kCi, which 

is far too high for safety considerations. A crystal could have been 

grown under pure T2 if a sufficiently small crystal puller had been 

built. That option appeared to be too time-consuming, and would have 

been subject to the successful attainment of the required degree of 

purity under a new set of crystal growth conditions. 

To create Cu-T complexes, another approach was taken. It is easy 

to permeate Ge wafers with Cu by diffusion at 400-500°C, and had been 

demonstrated that subsequent exposure to a H plasma could form the 

neutral complexes CuH 3, as measured using DLTS. We found that if 

H-free, Cu-doped Ge is exposed to such a plasma, PTIS reveals that a 
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measurable concentration of the acceptor A(CuH2) is also created. 

We chose to employ the same technique for the creation of the copper

dihydrogen acceptors which contain T. In order to get appreciable 

diffusion of T into samples of about 1 mm thickness, we decided to 

perform plasma tritiation at temperatures close to 500~C. At these 

temperatures, the effective diffusivity of H had been determined to be 

about 4 x 10-9 cm2/s, based on the 130 ~m depth to which Cus is 

passivated (KPH84]. We decided to perform the pre-plasma Cu-doping at 

the same temperature so that the sample would have available as much 

Cus as possible~ but not in excess of the equilibrium SOlubility at 

the temperature of plasma exposure, which would lead to precipitation 

of Cus during that exposure. 

Because we anticipated forming the tritiated copper-dihydrogen 

acceptors only in thin layers, it became crucial here to have very few 

neutral shallower acceptors in the bulk; their signal would have 

interfered as described previously. We therefore chose the purest 

available n-type Ge which haa not been grown under H2 and/or 02: 

it was pulled in vacuum, out of a synthetic quartz crucible coated 

with pyrolytic graphite, and had a net shallow donor concentration 

(OSh] - [ASh] = 1 x 1011 cm-3• Slices of 1 mm thickness were 

sawed from the crystal, were polish-etched for 15 s, and rinsed with 

deionized water. Plating could not be performed in the CuCN solution 

used for samples to be annealed at 400°C: after annealing at 500~C, 

slices so-plated were observed to have [ASh] > [Osh]' because of 

the introduction of CN acceptors [HM83, Mc84]. Instead, the slices 

were electroplated in a l~ solution of CuS04; strong illumination 

from an incadescent lamp was required for plating to occur. The 

96 



slices were rinsed in deionized water, followed by methanol, and blown 

dry with a N2 jet. After annealing under flowing Ar, at 500°C for 

24 h, they were quenched into liquid N2• The slices were lapped 

with SiC compound, first with 600 grit and then with 1900 grit, and 

were cut into (7 x 7) mm2 samples using a wire saw. Prior to plasma 

exposure, they were polish-etched for 2 min, and then rinsed with 

deionized water, followed by methanol, and blown dry with N2• 

Hall-effect measurements at 77 K indicated a free-hole concentration 

of 1.0 x 1013 cm-3, equal to the equilibrium solubility of CUs 

at the diffusion temperature of 500°C [WT57] (at 77 K, each CUs 

gives rise to one free hole)_ Finally, PTIS measurements indicated no 

neutral acceptors shallower than Cu~. 

The apparatus used for plasma tritiation is shown schematically in 

Figure 8. In brief, the system is designed to be small in volume 

(-200 cm3), to minimize the required inventory of T2- It is 

altogether free of measurable leaks, and is 'housed in a box of ultra

violet-absorbing lucite, which is vented to a radiological exhaust 

system. When not in use, the T is stored within the system in a solid 

state t as uranium tritide. When plasma exposures are to be made, the 

system is evacuated and sealed, and T2 is thermally evolved from the 

tritide source. When the plasma exposure is complete, the T2 is 

essentially completely re-absorbed into the uranium tritide, so it 

need never be pumped out of the system. The T can be held indefinite

ly in solid form until the next use. 

We now describe the system in qreater detail. Q is a 1" diameter 

tube of synthetic quartz, selected for sub-ppm hydroxyl content. The 

tube Q is fused at one end, and at the other end, which is 9.75" away. 
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Figure 8: System for plasma tritiation of semiconductor samples 
(schematic). 

it is sealed to a stainless-steel plate, with an outside-diameter seal 

which employs a Viton O-ring. The Ge samples G rest on a susceptor S, 

which is a (5 x 15 x 30) mm3 piece of As-doped Ge. [As] 10 18 cm-3. 

That susceptor can be heated with up to 2.5 kW of power at 425 kHz, 

inductively coupled from the water-cooled Cu coil H. A carbon-black 

(Aquadag) spot on the susceptor allows its temperature to be measured 

to within %2°C, using the optical pyrometer O. The low-pressure gas 

in the system is ionized by up to 250 W of power at 13.5 MHz. 

capacitively coupled from the coil I. 

Outside the tube Q. the entire gas-handling system is of nominal 

(1/4)" size, and ;s of all-welded, stainless-steel construction, 
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excepting the demountable joints, which are sealed with Ni gaskets. 

VI' V2 and V3 are welded all-stainless-steel bellows-sealed 

valves, which have polished stems and seats. P is a convection-type 

pressure gauge, calibrated from 1 mTorr to 1000 Torr (for N2). C is 

a welded stainless-steel cell containing 5 9 of 238U, which is 

capable of absoroing up to 75 cm3 H2 or other isotopes (at NTP). 

The isotopes of hydrogen react exothermically to produce a uranium 

hydride which is stable at room termperature, as long as it is not 

exposed to air. Once the system is suitably evacuated and closed at 

VI' the furnace F is raised to heat the cell C to about 350°C. 

Using V2 and V3, a suitaole pressure of T2 ;s bled into the 

system. After the plasma treatment is complete, the furnace F is 

lowered; when the tritide cell C cools below about 100°C, the T2 is 

absorbed back into the uranium tritide source. 

Before the tritide cell was loaded with T2, the isotopes H2 

and O2 were used, and the parameters of plasma hydrogenation were 

optimized. It was found that if samples were exposed to plasmas of 

1 Torr pressure, at 500 to 550°C for 2 h, copper-dihydrogen acceptors 

could be produced in sufficient quantity. However, several different 

species of unknown shallow acceptors (with ionization energies in the 

range of 10-12 meV) were also produced, which often led to the un

desired condition (ASh] > (OSh]. Reduction of the temperature to 

470°C was found to reduce the creation of those spurious acceptors to 

an acceptable level, but still allow the introduction of a sufficient 

quantity of copper-dihydrogen acceptors. None of the unknown shallow 

acceptors could be identified with the limited information obtained 
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here, and once their production had been supressed, they were not 

further investigated. 

When plasmas of initially pure 0, at 1 Torr pressure, were run in 

the closed system, a large amount of contamination by H occurred. 

Based on PTIS measurements of the ratio of the acceptor complexes in 

the treated samples, the contaminating H was in roughly equal concen-

tration to the 0, in terms of its average over the 2 h plasma 

exposure. The source of the H contamination was suspected to lie in 

the residual OH in the quartz tube, or in residual H20 vapor in the 

vacuum system. Procedures were implemented to reduce H20 vapor in 

the vacuum system, and it was decided that during the plasma expo

sures, the T2 in the quartz tube would be exchanged with that in the 

tritide cell, thereby diluting the cont~minating H. The cell was 

filled with 5 cm3 (NTP) of pure T2, and it was estimated that each 

2 h plasma exposure would result in about 5'. contamination of the 

T2 by H. 

The procedure for actual plasma tritiation is now described. The 

quartz tube was etched with a 50~. HF solution, rinsed with deionized 

water, followed by methanol, and baked overnight at 100°C. The sam

ples and susceptor were briefly polish-etched, rinsed with deionized 

water, and soaked for 10 min in a 1 1. HF solution. After being rinsed 

in methanol, they were all blown dry with N2• After a carbon-black 

(Aquadag) spot was applied to the susceptor, and samples placed upon 

it, the susceptor was loaded into the quartz tube. After the system 

was sealed, it was He-leak tested as far as the valve V3' at a 

sensitivity of < 10-10 std-cm3 air-equivalent. Heating tapes were 

applied to the entire system, and it was baked at 150°C for 24 h, 
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while being evacuated as far as V3 by a liquid-N2-trapped diffu-

sion pump system. The system was then cooled to room temperature, the 

valve VI was closed, and a static leak test performed: the pressure 

rise was requirea to be less than 1 mTorr/h. After that test, the 

valve VI was re-opened to the vacuum pump, and V3 was opened to 

allow removal of the 3He decay product from the tritide cell. Then, 

all three valves VI' V2 and V3 were closed; VI was not to be 

re-opened until the entire plasma exposure cycle was complete. 

The furnace F was raised, and the tritide cell heated to 350°C, to 

evolve T2 which was bled into the tube to a pressure of 700 mTorr, 

through valves V2 and V3, which were then shut. RF power was 

applied through the coil H, and the susceptor heated to 470°C, causing 

the T2 pressure to rise to 1000 mTorr. ·A plasma was ignited with 

6 W of RF power applied through the coil I, sufficient to induce a 

visible glow along the entire length of the tube. At 15 min intervals 

throughout the plasma exposure, the T2 gas was exchanged as fol-

lows. During a 15 min period of plasma exposure, the furnace F was 

lowered, allo~ing the tritide cell to cool below 100°C. At the end of 

the interval, the valves V2 and V3 were opened, and the susceptor 

heating power at H was temporarily reduced. After about 1 min, the 

pressure fell to about 30 mTorr, and the furnace was raised again. 

T2 was bled in at 1000 mTorr, and the plasma exposure resumed. 

After the full 2 h had elapsed, the ionization and heating RF power 

was removed, and the susceptor allowed to cool in the T2 gas; it 

went from 470 to 250°C in about 2 min. The tritide cell was cooled 

and the valves V2 and V3 opened, and after 10 min, the pressure 

fell to about 30 mTorr. Some gaseous compounds remained which the 
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tritide could not absorb; VI was opened, they were pumped away. and 

were never identified. Finally, the system was vented with N2• 

The depth or quantity of tritiated copper-dihydrogen acceptors 

introduced through this process was not measured, but was found to be 

sufficient. A lower bound to the concentration is set by the fact 

that it at least exceeded the net shallow donor concentration 

[0 ] - [A ] = 1011 cm-3 The concentration of copper-dihy-sh sh • 

drogen acceptors probably did not exceed the equilibrium solubility of 

Cus at 500°C, which is 1013 cm-3• As explained further in 

Chapter 4, exposure of samples to nominally pure T plasmas resulted in 

the creation of three acceptor species, which were identified as 

A(CuT2), A(CuHT) and A(CuH2). The species A(CuH2) was often 

barely detectable, and A(CuHT) became less abundant when the T2 in 

the quartz tube was exchanged more of~en with that in the tritide 

cell, during the plasma exposure. When that exchange was carried out 

every 15 min, PTIS measurements revealed an effective ratio of 9010 T, 

to 101. H atoms in the samples. Subsequent exposure of the samples to 

H plasmas increased the relative abundance of A(CuHT) and A(CuH2), 

confirming the identity of the former species. Finally, some tritia-

ted samples were subsequently exposed to plasmas of flowing O. PTIS 

then revealed the presence of A(Cu02), A(CuT2), and presumably 

A(CuDT); traces of A(CuHD) and A(CuHT) were also found. 

3.2: Preparation of Samples for PTIS 

A crucial issue for PTIS sample preparation is the formation of 

suitable electrical contacts. In order to function as reservoirs for 

the injection and extraction of majority carriers, such contacts must 
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be degenerately doped regions which remain metallically conducting at 

low cryogenic temperatures. In addition, the contacts must not intro

duce excessive strain to the sample, which would result in the 

splitting or broadening of spectral peaks. For the p-type Ge samples 

studied here, various contacting schemes have been employed in the 

past. Liquid In-Ga eutectic can be scrubbed into the surface of the 

sample; after the excess liquid is removed, pure In foil is pressed 

onto the contact. These contacts have inconsistent electrical perfor

mance. Occasionally, the performance is very good, but most often, 

space-charge effects limit the usable bias to about 50-200 mV, which 

for typical sample geometries is about a factor of 10 below the limit 

imposed by breakdown from bulk impact-ionization. At suCh low bias, 

the sample responsivity is low, and the spectra obtained tend to be 

noisy. In addition, one may inadvertently leave on the sample a 

residue of liquid In-Ga which freezes into a brittle solid at low 

temperatures, stressing the sample. 

For p-type Ge, an improvement in electrical performance can be 

obtained by the use of In-alloy-regrown contacts. However, suCh 

contacts have a thick remaining layer of solidified In-Ge alloy, which 

can strain the sample. Contacts which have good electrical proper

ties, and are essentially strain-free, can be obtained by means of ion 

implantation. For example, room-temperature implantation of B+ ions 

at 25 keV, at a dose of 2 x 1014 cm-2, creates a contact which is 

found to function as implanted, and which retains good characteristics 

down to 1.2 K. Annealing can reduce the electrical resistance of such 

B-implanted contacts, but that reduction was not observed here to 

measurably improve the quality of the PTI spectra obtained. In the 
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past, ion-implanted contacts have been used, but often wires have been 

soldered to them with pure In. The lump of solder contains a brittle 

In-Ge alloy which can strain the sample, and it can easily break off, 

ruining the contact. One may sputter or evaporate over the contact a 

film of a metal such as Au. Although solder joints to these metal 

films are robust, the metal films introduce undesired strain. 

It has been concluded that the best contacts for PTIS are ion-im

planted layers, onto which one has pressed pure In foil. That foil is 

known to remain ductile even at low temperatures, so it introduces 

very little strain into the sample. In this study, clean Ge and clean 

In were found to stick very well, and to make excellent electrical 

contact. If the In ever pulls off of the Ge, it does not damage the 

contact, and can simply be pressed back on. It was not found.neces- . 

sary here to scrub into the implanted region a small amount of In-Ga 

eutectic, in order to make good contact between the In and Ge. Such a 

procedure is disadvantageous: any excess In-Ga can solidify at low 

temperature and strain the sample, and even a small amount can dis

solve the In foil, resulting in poor adhesion. 

All of the samples studied in this thesis were p-type Ge, so the 

sample preparation methods described here are specific to that case. 

For n-type Ge, a means other than implantation of B ions must be 

employed for formation of electrical contacts. Implantation of Pinto 

n-type Ge has proven to create contacts with good electrical charac

teristics, and which introduce little strain. However, unlike the 

B-implanted contacts used here, P contacts require post-implantation 

annealing at a temperature of at least 300°C. This annealing step is 

a complication that must be taken into account in sample preparation, 
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because it might result in the precipitation or dissociation of de-

sired impurity species. Keeping in mind the use of P rather than S, 

and the added requirement of post-implantation annealing, all of what 

follows can be applied to n-type Ge as well. 

3.2.1: Samples for Unstressed Measurements 

At this point, we begin with samples which have been annealed to 

introduce copper-dihydrogen acceptors; samples may also be as-grown, 

or may have undergone some other preparation conditions. The samples 

at this stage are normally (7 x 7 x 2) mm3, and have rough saw

damaged surfaces, except samples containing tritiated copper-dihy

drogen acceptors. Those latter samples are typically (7 x 7 x 1) mm3, 

and have already undergone polish-etching, a procedure that ;s not 

repeated prior to implantation, to avoid etching away the near-surface 

acceptor complexes. The rough samples are lapped with SiC compound, 

first with 600 grit, and then with 1900 grit. After being rinsed in 

deionized water, they are polish-etched for 2 min, and rinsed with 

deionized water. They are soaked for 10 min in a 1~. HF solution, 

rinsed with methanol, and blown dry with N2. 

The samples are then implanted into two opposing (7 x 2) mm2 [or 

(7 x 1) mm2] faces, with 25 keV S+ ions, to a total dose of 

2 x 1014 cm-2, at room temperature. The two implanted faces are 

masked with Picein wax (Sargent Welch), and the samples are polish-

etched for 10 s. They are rinsed in deionized water, followed by 

methanol, and trichloroethane is used to remove the wax. The samples 

are rinsed again with methanol, and are soaked for 10 min in a 1 ~ HF 

solution. Meanwhile, two strips of 0.005" thick In foil are cut, 
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about (7 x 15) mm2; these are cleaned in HCl solution, rinsed with 

deionized water followed by methanol, and dried on filter paper. The 

Ge samples are rinsed with methanol ana blown dry with N2• Onto 

each (7 x 2) mm2 [(or 7 x 1) mm2] implanted face, a (7 x 2) mm2 

[or (7 x 1) mm2] region at the end of an In strip ;s pressed, using 

a wooden stick. Finally, the overhanging portions of the two strips 

are taped to opposing faces of a (7 x 7 x 7) mm3 teflon block, which 

can be firmly squeezed to maintain good electrical contact during the 

PTIS measurement. However, the sample is supported only by In, and is 

thus free of appreciable stress. 

3.2.2: Samples for Uniaxial-Stress Measurements 

~e begin here with strips of length L, and of (2 x 6.3) mm2 

cross-section, with the 6.3 mm dimension along the desired stress 

axis. Each of tne (L x 6.3) mm2 faces is lapped with SiC compound, 

first with 600 grit, and then with 1900 grit. A face of 

(L x 6.3) mm2 is attached with wax to the face of a large Al cube, 

with the (L x 2) mm2 face overhanging the cube's edge by about 

75 ~m. In this way, each of the (L x 2) mm2 faces is lapped with 

1300 grit SiC compound. Samples are sawed from the strips, of final 

dimensions (2 x 3 x 6.3) mm2, and the newly cut (2 x 6.3) mm2 

faces are lapped with 1300 grit SiC compound. ~hen Laue back-reflec-

tion measurements have been performed, they indicate that the 6.3 mm 

dimension is parallel to the desired stress axis within about 2°. 

The samples are rinsed with deionized water, polish-etched for 

2 min, rinsed with deionized water, and soaked for 10 min in a 1 ~ HF 

solution. After rinsing in metnanol and blowing dry with N2• the 
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samples are implanted at room temperature into one (3 x 6.3) mm2 

face with 25 keV S+ ions, to a total dose of 2 x 1014 cm-2• 

After implantation, Picein wax (Sargent Welch) is used to paint two 

strips onto the implanted (3 x 6.3) mm2 face, perpendicu)ar to the 

6.3 mm dimension (stress axis). Each strip is 1 mrn wide, and they are 

separated by a region of 2 mm width, at the central region of the 

face. Such masked samples are polish-etched for 10 s, rinsed with 

deionized water and then with methanol. The wax is removed with 

trichloroethane, the sample is rinsed in methanol, and left to soak 

for 10 min in a 1~ HF solution. Pieces of (1 x 3) mrn2 are cut from 

0.005" thick In foil, cleaned in HCl solution, rinsed with deionized 

water followed by methanol, and dried on filter paper. The samples 

are rinsed with methanol and blown dry with N2, and a (1 x 3) mm2 

piece of In foil is pressed onto each contact. Pieces of enamel-insu

lated 40 qauge Cu wire are cut to a length of 30 mm, and are stripped 

of the insulation within 3 mm of each end, with the use of 88~ formic 

acid solution. After the wires are rinsed and dried, one wire is 

pressed into the In pad on each contact of the sample. Another 

(1 x 3) mm2 piece of In foil is pressed over each existing pad. and 

the contacting procedure is complete. 

3~3: Experimental Practice of PTIS 

As mentioned in Chapter 1, the measurement of PTI spectra requires 

the following equipment: (a) a cryostat and the associated apparatus 

required to maintain the sample at the appropriate cryogenic tempera

ture; (b) an electronic circuit capable of measuring the conductivity 

of the sample; (c) an energy-resolved infrared source which can supply 
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photons, with sufficient intensity and energy resolution over the 

appropriate energy range; and (d)·a data acquisition system, whose 

purpose is to record the conductivity measured by (b), as a function 

of the energy of the photons supplied by (c). It is clear that all of 

the same equipment is capable of recording linear absorption spectra 

as well. 

We first turn our attention to a discussion of the energy-resolved 

infrared source, which is a crucial part of the apparatus required for 

PTIS. Lasers are clearly a superior spectroscopic tool: they provide 

very narrow-band radiation which allows high resolution, and have a 

very high brightness, so that spectra can be recorded quickly, and 

often multi-photon spectroscopies can be performed. In favorable 

cases, lasers can be tuned freely over a wide spectral range, but 

~asily accessiole turiable lasers have not yet been developed for the 

wavenumber range of interest in the study of shallow impurity levels 

in Ge. There do exist lasers (alcohol lasers, for example) with 

discrete lines in the far-infrared. When the highest resolution is 

required for special studies, such as linewidth measurements [NHK86, 

HNK86J, it is worthwhile to use the available far-infrared laser 

lines, and to tune the impurity transitions into resonance by means of 

an external perturbation, such as an applied magnetic field. 

However, for most studies, it is convenient to have a broad-band 

infrared source, and the usual alternatives consist of grating spec

trometers and Fourier transform spectrometers [Be72J. Now that 

computers are inexpensive, grating spectrometers are not often used 

for the far-infrared, because Fourier spectrometers possess two very 

important advantages, which dramatically reduce the time required for 
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the recording of a spectrum with given resolution and signa1-to-noise 

ratio. The first advantage is called the Jacquinot or "throughput" 

advantage [Ja60J. The interferometer used for Fourier spectroscopy 

can have a large circular aperture at the source or entrance of the 

optical system, with no strong limitation on the resolution. In 

contrast, the resolution of a conventional grating spectrometer de-

,pends linearly on its slit width, and the detected power depends on 

the the square of the slit area (for equal entrance and exit slits). 

A grating spectrometer requires long and narrow slits which, for the 

same resolving power, can never have the same area as the interfero

meter source. For high resolution, a grating instrument also requires 

large radii for the collimation mirrors; this in turn dictates large 

f/numbers or small solid angles. In comparison to the best grating 

spectrometers, interferometers have a throughput which is about 200 

times higher. The noise in an far-infrared detector or PTIS sample is 

often independent of the signal intensity; under such conditions, an 

interferometer can record a spectrum about 200 times faster than a 

grating spectrometer, for equal resolution and signa1-to-noise ratio. 

The second important advantage of interferometers is the Fe11gett, 

or "multiplex" advantage [Fe58J. An interferometer collects informa

tion from the entire range of a given spectrum during each time 

element of a scan, whereas a conventional grating instrument receives 

information from only the very narrow region that lies within the exit 

slit of the instrument. In the case that the detector noise is inde-

pendent of the incident intensity, the multiplex advantage results for 

equal observation time in a signa1-to-noise ratio which is enhanced by 

a factor of Ml/2, where M is the number of resolved spectral ele-
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ments, assumed to be the same for both kinds of instruments. Because 

the signa1-to-noise ratio is proportional to Tl/2, where T is the 

total time of observation, the multiplex advantage implies that for 

equal signal-to-noise ratio, an interferometer can record a spectrum M 

times faster than a grating spectrometer. Because M can range up to 

104 or higher, the multiplex advantage can be extremely important. 

This advantage is less important when one seeks information over only 

a very narrow range of wavenumbers. In addition, it is completely 

absent in the visible region, where photon-noise-1imited detectors can 

be easily obtained. Nonetheless, the Jacquinot. or "throughput", 

advantage persists in those cases. 

3.3.1: Fourier Transform Spectrometer System 

For the work of this thesis, a Fourier transform spectrometer was 

constructed. It is a high-resolution instrument (instrumental line

width about 0.025 cm-1), and can cover the entire range of 

5-1000 em-I. Although instruments with similar (or superior) speci

fications are commercially available, this instrument possesses some 

unique advantages. First, it has a beam size of a full 4", which 

results in a throughput nearly twice that of available commercial 

machines. Our spectometer is of the "step-and-integrate" type, in 

contrast to the rapid-scanning commercial instruments. Thus, the 

present design adds versatility to the modes of detection and signal

processing techniques one can employ. 

The heart of the present Fourier transform spectrometer is the 

far-infrared Michelson interferometer shown schematically in Figure 

9. We now briefly describe the characteristics of this interferome-
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Fi~ure 9: Optical layout of the far-infrared Michelson interferometer 
bUllt for the studies of this thesis (schematic). 
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ter, but before looking in detail at the design parameters, it will be 

necessary to discuss the principles of Fourier transform spectroscopy. 

The entire interferometer is housed in a vacuum enclosure, for 

reasons that will be explained. The optical system of the interfero

meter begins with the source L, which is a Hg arc lamp. A variable 

aperture wheel A is in front of the source, along with a chopper C to 

periodically interrupt the beam; the reasons for those items are made 

clear later. S1 is a spherical reflector, which collimates the beam 

into approximately parallel rays, and Rl is a flat reflector which 

serves simply to bend the optical path for compactness. A beamsplit

ter B serves to divide the amplitude of the beam into two components; 

it bisects the two flat mirrors FM and MM, which are mutually perpen

dicular. Initially, FM and MM are equidistant from B, but MM is 

mounted on a translation stage T, which allows it to be moved away 

from B. The beam reflected from B strikes FM, and upon its return to 

B, a portion is transmitted, and the rest is reflected back to the 

source. Similarly, the beam initially transmitted through B strikes 

MM, and upon its retun to B, it divides into two beams; one is trans

mitted and returns to the source, and the other is reflected. We are 

interested in the two beams which do not return to the source. Those 

beams recombine to form a single beam, which impinges on the flat 

reflector R2, and is focused by 52 to an image of the source 

aperture. F is a wheel containing filters which may be used to re

strict the wavenumber range of the light leaving the instrument, and W 

is a window, required to maintain the vacuum integrity. A lightpipe P 

is used to couple the light output to a detector or to an optical 

cryostat. 
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Suppose that a detector is placed at P, and the spectral density 

of detected radiation is G(s), where s = llA represents wavenumber. 

We are interested in the intensity of detected radiation as a functio~ 

of the position of MM. When the separation between MM and B is grea

ter than that between FM and B by an amount x, then upon returning to 

B, the waves which struck MM have undergone a relative optical delay 

of ~ = 2x. The measured intensity I(~) is called the interferogram. 

If the source is monochromatic and of wavemumber sl' so that 

G(s) = Glo (s - sl)' then I(~) = I(O)cos(2wsl~)' where 1(0) is 

the intensity measured when ~ = O. When the source contains a contin

uous distribution of wavenumbers, then G(s) is a superposition of an 

infinite number of o(s - s'), corresponding to its Fourier components 

s· 0 If one measures I(~), then each component s· gives rise to a 

contribution proportional to cos(2ws'~). At ~ = 0, each Fourier 

component s· interferes constructively, and the intensity 1(0) is a 

maximum. As ~ is increased, each cOS(2WS'~) oscillates at a different 

rate, resulting in an interferogram which contains complicated beat 

patterns. Eventually, for large enough ~, the phases of the various 

cos(2ws'~) take on many different values, and the beat patterns 

decay. For large ~, the interferogram 1(00) settles to a value 

(1/2)1(0), because the phases of the various cos(2ws'~) take on all 

possible values. 

It can easily be shown [Be72] that the interferogram I(~) is the 

autocorrelation function of the optical electric field. Because G(s) 

is the spectral density of that electric field, it can be obtained as 

the inverse Fourier transform of 1(6). (This follows from a general 

statement called the Wiener-Khinchine theorem. That theorem is ex-

113 



treme1y powerful, because it allows one to obtain the spectral density 

of any measured quantity, in the temporal or spatial frequency domain, 

by first measuring its autocorrelation function as a function of a 

temporal or spatial delay variable, and then performing an inverse 

Fourier transform. Fourier transform optical spectroscopy is part of 

a general class of correlation spectrometries; another important 

example forms the basis for the operation of modern electronic fre

quency analyzers.) Because 1(6) is a real, and is an even function of 

A, G(s) can be obtained merely from the Fourier cosine transform of 

I(A), measured for 6 ~ 0: 

6(s) = j~I(A) - I(oO)]cOS(Z.SA)dA • 

o 

Here, the quantity 1(00) is the intensity measured for very long 

optical delay; it is subtracted from 1(6) to remove from G(s) a 6-

function at zero wavenumber. 

In a real interferometer, the optical delay can never be made 

(3.4) 

infinite, and we need to consider the effect on the measured spectrum 

of extending the integration in (3.4) to only a finite maximum delay 

L. For a monochromatic source with G(s) = G16(S - sl)' the mea

sured spectrum is well approximated by: 

(3.5) 

where sinc(x) = [sin(x)]/x. The effect of a finite optical delay is 

to transform the spectrum of a 6-function of wavenumber into one with 

finite width: the full-width at half-maximum of (3.5) is 
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6S = 1.21/2L. The measured peak has a width inversely proportional to 

the maximum delay, as one would expect: the further the mirror MM is 

translated, the more interference fringes can be counted, and thus the 

wavenumber of the 6-function can be more accurately determined. The 

lineshape function (3.5) has the undesirable (and unphysical) charac

teristic that away from the central wavenumber s1 9 it has 

. oscillating sidelobes, which take on both negative and positive 

values; the negative values are as large as 22~ of the value at 

sl. The oscillating sidelobes can be reduced in magnitude, and can 

be made positive-definite, by multiplying I(A) by a smoothly decrea

sing function which goes to zero at A = L. This process is called 

apodization, and most commonly one employs the apodization function 

(1 - AIL). For a monochromatic source, such linear apodization re

sults in a lineshape: 

(3.6) 

To reduce the undesired sidelobes. one has sacrificed resolution: 

this lineshape has a full-width at half-maximum of 6S = O.90/L, which 

is 48~ wider than the linewidth without apodization. 

When the actual spectrum G(s) contains a continuous distribution 

of wavenumbers, then the measured spectrum Gmeas(s) is a convol~tion 

of G(s) with the instrumental lineshape function. If the maxumum 

delay L is made sufficiently long that the instrumental lineshape is 

much narrower than the features in G(s), then Gmeas(s) becomes 

essentially equal to G(s). 

Another effect which can degrade the instrumental resolution of a 
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Fourier spectrometer is the use of a source of finite diameter. 

Paraboloidal mirror collimation optics can stigmatically image a point 

source to a parallel beam. Howeve~, any finite extension of the 

source will cause the beam to also contain rays which are not parallel 

to the optical axis. The rays will take on a continuous distribution 

of angles with respect to that axis, ranging from zero, to some maxi-

mum angle which increases as the source subtends a larger solid angle 

at the collimating mirror. Off-axis rays undergo optical delays which 

are smaller than the nominal delay A, so that such rays produce expan-

ded contributions to the interferogram. Upon Fourier-transformation~ 

such an expanded interferogram produces a contribution to the spectrum 

which is shifted to lower wavenumber. For a monochromatic source 

spectrum G(s) = G1~(s - sl)' and an infinite-maximum-delay, 

single-sided interferogram: 

(3.7) 

Here e is a Heaviside step function, and!l is the solid angle subten

ded by the source at the collimating mirror, given by.n= nh 2/4f2, 

where h is the source diameter, and f is the focal length of the 

collimator. The lineshape is rectangular, and has a width 

~s = (s1/8)(h/f)2. In contrast to a finite maximum delay L, which 

introduces a wavenumber-independent linewidth, an extended source 

broadens a line by an amount which is proportional to the wavenumber. 

In addition, the lineshape (3.7) is not centered at the wavenumber 

sl' but is shifted to lower wavenumber by an amount 

(sl!16)(h/f)2. 
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In order to digitally compute G(s) from I(~), one must sample I(~) 

at discrete pOints. Each wavenumber s gives to the interferogram I(~) 

a contribution proportional to cos(2ws~). One must sample that cosine 

at least twice per cycle of oscillation, or it will appear to origi

nate from the interference of light of a lower wavenumber. If smax 

is the maximum wavenumber of light which is present in a spectrum, the 

sampling interval must satisfy: 

(3.8) 

If the sampling interval is not sufficiently small, then spectral 

features of higher wavenumber will "alias" into spectral regions of 

lower wavenumber. To maximize the sampling interval, and thus mini

mize the total number of sampled points required for the attainment of 

a given resolution, it is useful to limit smax through the use of 

longpass filters. We discuss below the specific filters which are 

appropriate to the far-infrared region. 

We are now in a position to discuss the design characteristics of 

the interferometer shown in Figure 9. Because it is designed for 

far-infrared operation, it must be evacuated, to prevent attenuation 

of the beam by atmospheric H20 vapor and CO2• Evacuation also 

eliminates acoustic coupling to the beamsplitters, which are thin 

films of mylar. The entire optical assembly is housed in a vacuum 

enclosure consisting of three Al boxes which are bolted together. The 

enclosure is evacuated with a rotary mechanical pump to a pressure of 

200 mTorr, and is then transferred to a large liquid-N2-cooled 

cryopump. which brings the ultimate pressure below 10 mTorr. 
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Most of the optical elements are mounted on a key-shaped optical 

bench, made from a 1.25" thick steel plate, which has been annealed to 

relieve residual stresses, and ground flat. That plate is supported 

at three widely spaced points which are disposed in a triangular 

arrangement, by ball-bearing-tipped bolts which rest on hardened steel 

pads. The Hg arc lamp l and chopper C are mounted off of the optical 

bench, to eliminate the coupling of heat and vibrations into the 

optical system. The entire vacuum enclosure is mounted on six pneu

matically damped, self-leveling, anti-vibration mounts, which gives it 

a natural oscillation frequency of the order of 1 Hz. Because this is 

such a mismatch to the -1 kHz natural frequency of the optical bench" 

essentially no outside vibrations can be coupled into the optical 

system. 

To operate efficiently in the far-infrared, where available radia

tion is relatively weak, the interferometer has been designed with 

fairly large optics, of 4" diameter. To allow for operation over a 

broad range of wavenumbers without absorption or chromatic abberation, 

all of the optical elements are mirrors (except the beamsplitter). 

The mirrors have been given a 2 ~m thick coating of Au, which ;s 

sufficient to comprise about ten skin depths at 5 cm-1, so that they 

can reflect very efficiently even at such low wavenumbers. 

The source L is a low-pressure Hg arc lamp, Hanau model 5t-75, 

which is known to be a stable, efficient far-infrared source. It is 

mounted in a water-cooled Cu block, and is powered by 90 VDC at 1.0 A, 

supplied by a regulated supply, Oriel model 8510-4. Directly in front 

of the source is an aperture wheel A, which includes a (1 x 1.5) cm2 

rectangular aperture, and circular apertures of diameter 1.0, 0071, 
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0.50, and 0.35 cm. That aperture wheel may be rotated from outside 

the vacuum enclosure, by means of a rotary-motion feedthrough and 

flexible coupling. For reasons that are explained below, the source 

output can be mechanically interupted by the chopper C. The chopper 

motor is a 120 V, 60 Hz, three-phase hysteresis synchronous motor, 

powered by a variable-frequency three-phase power supply. The beam 

can be interrupted at rates between 13 and 200 Hz, with very little 

phase jitter. A light-emitting diode/phototransistor pair is con

figured so that the rotating chopper blade periodically interrupts the 

path between them; the phototransistor output provides a reference 

signal with a well-defined phase relation to the chopped infrared beam. 

The collimation optics have been configured so as to minimize the 

angle between the normal to the source, and the optical axis of the 

interferometer. Because a suitable off-axis parabaloid could not be 

obtained as a non-custom item, a 20 cm focal-length spheroidal mirror 

was used instead. A ray-tracing calculation indicates that this 

astigmatic collimator introduces off-axis rays, such that a point 

source has an effective diameter of 0.25 cm. With an extended source 

of diameter h, one obtains the square of the total effective diameter 

as hiot = (0.25 cm)2 + h2• For the commonly employed source 

apertures of 1.0 and 0.71 cm, the spherical collimator increases the 

source-limited linewidths by 6~ and 127., respectively. The total 

fractional linewidths are 3.3 x 10-4 and 1.8 x 10-4, respectively, 

corresponding to linewidths of 0.033 and 0.018 cm-l at 100 cm-l • 

To compute the nominal throughput of the interferometer optical sys

tem, we consider a source which is not restricted in size. We pick a 

point on that source and trace its chief ray (that ray which strikes 
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the collimating mirror at its center) through the entire optical 

system. Through this means, we find that the chief ray escapes 

vignetting if it originates from within a 0.5 cm radius the center of 

the source. The vignetting-limited source subtends a solid angle of 

2.0 msr at the collimator. The collimator has an area of 76 cm2, so 

that the throughput E = Ar.l is 0.15 sr-cm2• The vignetting-limited 

source size just matches the diameter of the aperture normally em

ployed, showing that the throughput is not strongly limited by 

vignetting. 

The next important optical element is the beamsplitter B. In the 

far-infrared, it is convenient to employ a self-supporting dielectric 

film, which splits the beam by means of dielectric reflection. Be

cause it has a sufficiently high reflectance, is strong, and is fairly 

'transparent throughout most of the far-infrared, mylar is the most 

commonly employed material, and has been used here. Even with an 

ideal beamsplitter whose reflectance is 0.50, half of the light in an 

interferometer returns to the source, so that the absolute efficiency 

cannot exceed 501.. In comparison to an ideal beamsplitter, a dielec

tric film has a relative efficiency given approximately by: 

(RE) = 8(1 - R)2Rcos2 [2lf[sl (n2 - 1/2)1/2 + 1/4J} , (3.10) 

where s is the wavenumber, 1 is the film thickness, n is the index of 

refraction, and R is the reflectance, given approximately by 

R = [(n - l)/(n + 1)J2. The relative efficiency is an oscillating 

function of wavenumber, because of the effect of multiple-internal

reflections in the dielectric film. The relative efficiency is zero 
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at zero wavenumber and has successive zeros whose wavenumber depends 

upon the film thickness and refractive index; the minima occur at 

higher wavenumber for thinner films of a given material. Midway 

between the zeros, the relative efficiency reaches its maximum value, 

which is 8(1 - R)2R• For mylar in the far-infrared, n = 1.85, so 

that R = 0.089. The maximum relative efficiency is 59~, compared to 

the ideal case of R = 0.50. Ten different interchangable beamsplit-

ters, with different film thicknesses, are used in this interferometer 

to obtain maximum relative efficiency near various wavenumber ranges 

of interest. The thickest film is 250 pm, which has its first maximum 

near 5 cm-l~ and a zero at 10 cm-1• The thinnest film is 3 pm, 

which has its first maximum near 500 cm-1, and a zero near 

1000 cm-I • 

The mylar films are stretched on rings of 1" thick jig plate"Al, 

chosen as a material which is relatively free of residual stress. The 

rings are machined with an annular protrusion of semi-circular cross-

section. They are then rubbed against a granite surface plate which 

is flat within =2 pm, to produce an extremely flat circular region, at 

the top of the semi-circular profile. The mylar film is placed on the 

ring, and stretched taut with a second thin annular ring. Each beam-

splitter ring is supported by a horizontal rod attached to the ring 

just above where the top of the beam passes through. The support rods 

are machined to have spherical ends, which rest in two hardened-steel 

v-blocks which are attached to an Al support bracket which is mounted 

to the optical bench. Each sphere in a v-block effectively defines a 

single point of support. The third support point is along the flat 

face at the back side of the beamsplitter ring, near the bottom. The 
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weight of the beamsplitter ring holds that face against an adjustment 

screw, the end of which is hemispherical. The beamsplitter mounting 

scheme has been found to be very successful: a beamsplitter can be 

removed and replaced, and optical re-alignment is not found to be 

necessary. 

The mirrors FM and MM are flat within A/4 ~t Hg green light, which 

is quite adequate for use in the far-infrared. The fixed mirror FM is 

mounted on a dual-axis mount equipped with differential micrometers, 

to allow for tilt adjustments to compensate for differences among the 

various beamsplitters. After one changes the beamsplitter and re

evacuates the instrument, the mirror MM is moved to d = 0, and the 

tilts adjusted to maximize the intensity detected at the output. For 

this purpose, two rotary-linear motion feedthroughs are provided. One 

slides the shafts in, to engage the micrometers with detachable coup

lings; after adjustment, the shafts are retracted, to prevent direct 

coupling of vibrations to the mirror FM. 

The moving mirror MM is mounted on a translation stage, Klinger 

model MT-160.250, which allows a maximum single-sided travel of about 

25 cm, for a theoretical unapodized resolution of 0.012 cm-1• That 

travel is designed to deviate from straightness by no more than 

14 ~rad over its entire length, so that over the entire 4" diameter 

beam, mirror alignment is maintained to within AII0 at wavenumbers as 

high as nearly 1000 cm-1 (including the doubling of alignment error 

caused by the retroreflection geometry). The translation stage is 

moved by means of a 1 mm pitch lead screw, coupled to a gear reducer 

and stepping motor. This allows 0.1 ~m positional resolution (0.2 ~m 

in optical delay), which allows one to easily find the point d = 0, 
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and thus to eliminate phase error in sampling the interferogram. The 

lead screw is supposed to have an absolute pOint-to-point accuracy of 

~2 ~m over its entire range (~4 ~m in optical delay), including both 

linear and non-linear errors. A linear error results in an overall 

wavenumber calibration error; for typical PTI spectra, where most of 

th~ information is obtained during the first 4 cm of mirror travel, a 

2 ~m linear lead error would result in a fractional wavenumber cali

bration error of about 5 x 10-5, or 0.005 cm-1 at 100 cm-I , 

which is extremely small. If non-linear errors are periodic, they 

result in frequency-modulation of the interferogram, which introduces 

Rowland ghosts into the spectrum. 

The entire translation stage has been modified for operation in 

vacuum, including the use of molybdenum disulfide dry lubricant. The 

stepping motor is driven by a preset indexer, Superior Electric model 

SP153BX, which has been modified so that when the motor is held in a 

fixed position, the current in the motor windings is reduced, to 

prevent excessive heating. 

The output optics are housed in an Al chamber attached to the main 

vacuum enclosure of the interferometer, and consist of a flat reflec

tor R2 and a spherical reflector S2' which serve to focus the 

output beam to an image of the source. The output optics housing can 

be rotated so that the converging beam emerges sideways, or so that it 

emerges downwards. The beam focus lies outside the housing, so that 

one may couple a window-type optical cryostat to the housing, and 

image the source onto a sample. Usually, the housing is rotated so 

that the beam emerges downwards, and an adapter is used, which places 

at the beam focus the end of a (1/2)" diameter polished brass light-
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pipe [ORTS8], which can then be coupled to a detector, or to another 

lightpipe which descends into a cryostat. This adapter includes a 

wheel containing twelve filters which can be selected using a rotary

motion feedthrough. It also contains a polyethylene window at the top 

of the lightpipe, to maintain the integrity of the interferometer 

vacuum. 

The rest of the Fourier transform spectrometer system is shown in 

the block diagram of Figure 10. The system is shown with a PTIS 

sample in a cryostat; the sample is attached to a bias source and to a 

trans;mpedance amplifier. For the time being, one can think of all of 

those items as a detector which produces an output voltage in response 

to incident infrared radiation. 

The spectrometer system is controlled by the microcomputer, Digi

tal Equipment model LSI-11/23. That computer controls the motion of 

the mirror MM by means of a digital interface to the preset indexer. 

After the mirror is moved to a given sampling position, it is halted, 

and the detector output is recorded at that position. That output is 

inherently a DC quantity, but contains noise due to fluctuations in 

the infrared source, noise in the detector or PTIS sample, stray 

pickup, and amplifier noise. We might hope to remove that noise by 

narrowing the bandwidth to a region close to DC, by means of low-pass 

electronic filtration. But that strategy would not be very success

ful: many of the important noise sources have a Ilf spectrum, and 

low-pass filtration can actually make the integrated noise worse. 

Also, low-pass filtration cannot remove the often-large DC component 

of the detector output, which is caused by stray infrared radiation 

(from warm sections of the lightpipe, warm filters, and radiation 
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Figure 10: Block diagram of the Fourier transform spectrometer sys
tem. which is comprised of a Michelson interferometer and associated 
electronics. 
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accepted from the room), and is caused also by thermally generated 

charge carriers in the detector or PTIS sample. 

The above noise problems can be most effectively dealt with using 

lock-in detection, a method which restricts the measurement bandwidth 

to a narrow range centered about the frequency of the detector output 

signal, but allows that frequency to be at a finite value, rather than 

at DC. One chooses a frequency fc which is high enough to be well 

removed from the important 11f noise, and which is not close to 60 Hz 

or its harmonics. Using the chopper, one interrupts the interferome

ter's infrared source at the frequency fc' so that the response of 

the detector to the interferometer's infrared beam ;s also modulated 

at fe' with a definite phase relation to the chopped radiation. (We 

see that fc must be low enough that the detector or PTIS sample can 

respond to the changes in illumination within a fraction of a chopping 

cycle; a typical frequency employed here is 167 Hz.) In contrast, the 

noise has no particular phase relationship to the chopped infrared 

beam, and DC offsets have no amplitude at f c ' The chopper is equip

ped with a positional encoder which produces a square wave reference 

signal Vref , of frequency fc' and which is in a definite phase 

relation to the chopped infrared beam and thus to the modulated signal 

of interest. The reference signal is input to the lock-in amplifier, 

along with the modualated detector signal Vine The lock-in ampli

fier allows one to selectively detect that portion of Vin which is 

at the frequency fc' in the correct phase relationship to Vref • 

After appropriate filtration, the signal thus detected is Vout ' and 

is proportional to the detector's response to the interferometer's 

infrared beam. 
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The lock-in amplifier employed here is a Princeton Applied Re-

search model 124A. At the input, it contains a switchable-gain 

preamplifier which has an extremely high dynamic range. The 

preamplifier gain is adjusted so that the modulated portion of V. 
1n 

has a suitably large amplitude. Next, the lock-in amplifier provides 

options for several types of prefilters. Normally, a Q = 10 passband 

filter is employed, which serves to strongly reject components of the 

signal which are not at frequencies close to f c' so that the subse

quent synchronous rectification stage is not overloaded. (When no 

danger of such overload is present, it can prove advantageous not to 

use a passband prefilter, because it converts the chopped signal, 

which is usually close to a square wave, to a sine wave. In so doing, 

it reduces the Fourier component at fc by a factor of up· to 4/'IT; 

thus reducing the output signal.) 

The next stage in the lock-in amplifier rectifies the prefiltered 

signal in synchrony with the reference signal Vref • That synchro

nous rectification essentially consists of multiplying the signal by 

+1 during the first half of a cycle, and by -1 during the second half 

of a cycle. The phase of the synchronous rectifier can be varied at 

will relative to that of Vref , between 0 and 360°, and is adjusted 

to maximize the synchronously rectified signal (it often proves easier 

to minimize the signal, and then switch the phase by gOO). In con

trast to the chopped signal, DC offsets and asynchronous noise have no 

definite phase relationship to Vref , and thus tend to cancel them

selves during successive rectification cycles. The synchronously 

rectified signal is filtered by a low-pass exponential filter; usually 

a 2-pole (12 dB/octave) filter with 30 ms time constant is employed. 
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This filter cuts the ripple on the synchronously rectified signal, and 

limits the excursions of the signal to lie within the range of the 

subsequent analog-digital conversion circuitry. It is disadvantageous 

to employ too long a post-filter time constant, because that limits 

the speed with which the final output Vout can change in response to 

changes in the amplitude of the chopped signal. 

The most important post-rectification filtering is performed 

digitally. The output voltage Vout is sampled and held, and digi

tized by a 16-bit accuracy, 40 kHz ana10g-to-digital converter. 

Normally, the signal is sampled once per ms, and 1000 samplings are 

averaged over a 1 s period. This digital averaging sets a bandwidth 

of 1 Hz, but can respond to changes in the chopped signal much faster 

than a 1 s analog low-pass filter. After the signal at one mirror 

position is measured and the mirror is moved to the next position, 

averaging of the signal can begin after only 200 ms. That period is 

sufficient for settling of any mechanical vibrations caused by the 

mirror drive, and allows the 30 ms analog filter to reach the new 

signal level, within about 0.1'1 •• 

The microcomputer is equipped with software to control the move

ment of the mirror, to perform the signal-averaging procedure 

described, and to record the interferogram in a buffer, which may 

consist of up to 4096 points. The software can perform fast Fourier 

transforms of up to 4096 points using the Cooley-Tukey algorithm 

[CT65], returning up to 2048 points in the computed spectrum. The 

software can display interferograms or spectra on a cathode-ray-tube 

display, or direct an x-y recorder to plot them. It can also store 

and retrieve data files to and from disk storage. In addition. the 
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software can: (a) perform linear apodization of the interferogram; 

(b) correct for phase errors which result when the interferogram is 

not recorded beginning precisely at ~ = 0; (c) remove linear baseline 

drifts from the interferogram; (d) compute the ratio of two spectra; 

and (e) compute the negative logarithm of the ratio of two spectra, 

for the determination of linear absorption coefficients. The only 

strong limitation posed by the software is that at present, it can 

only acquire 4096 data points, and can return only 2048 points after a 

Fourier transform. The first limit restricts the attainable optical 

delay, and thus the attainable resolution in a properly sampled, 

unapodized interferogram. Ignoring source-limited effects, for 

smax = 100 cm-1, the optical resolution is limited to 

oS = 0.030 cm- l , while for s = 250 cm- l , max it is 1 imited to 

oS = 0.074 cm- l . The limit on computed points in the spectrum is 

more restrictive, because for s = 100 cm- l , the resolution in a max 
computed spectrum is limited to oS = 0.049 cm- l per point, while for 

s = 250 cm- l , it is limited to oS = 0.122 cm- l per point. If max 
a peak is close in width to the wavenumber range covered by only a 

single point, then its wavenumber cannot be determined with an ac-

curacy better than the width of the peak, and the true linewidth and 

lineshape cannot be discerned. 

When the interferometer shown in Figure 9 was assembled, the 

optical system was aligned by means of a conventional procedure 

[Be72]. An adapter was inserted in place of the lamp L, to allow the 

beam of a HeNe laser to duplicate the path of the chief ray from the 

source. It is then easy to align all of the optical elements so 

that: (a) the collimation axis is parallel to the optical axis of the 
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interferometer (defined by the axis of mirror travel); (b) the laser 

beam strikes each optical element in its center; (c) the mirrors FM an 

MM are very close to being mutually perpendicular; (d) the beamsplit

ter B is close to bisecting FM and MM; and (e) the output optics place 

the image of the source in the center of the lightpipe P. The only 

remaining problem is to find the two tilt settings for FM, and the 

position of MM at which A = 0; this task is time-consuming, because 

the three independent parameters must be determined for ten different 

beamsplitters. A simple means was found to allow the tilt settings 

for each beamsplitter to be determined independently of the position 

of A = 0, by exploiting the fact that a HeNe laser can produce inter

ference fringes at optical delays larger than even the maximum delay 

available. With the HeNe laser in place, a Si photodiode detector is 

placed in the path of the beam emerging from the lightpipe, and the 

detector output is monitored on an oscilloscope. When a given beam

splitter is inserted, the vacuum chamber is left open to the air, and 

one adjusts the two tilt settings on FM until one observes strong 

audio-frequency modulation of the detector output; the mylar beam

splitter forms the sensitive element of an interferometric 

microphone. Once the tilt settings are determined in this way and 

recorded, the laser is replaced by the Hg arc lamp, and a a far-infra

red detector is used. The beamsplitters are re-inserted, and the 

location of A = 0 can easily be found for each one. 

Some simple experiments were performed to test the optical perfor

mance of the interferometer. In one test, a simple method was devised 

for obtaining narrow-band near-infrared radiation: the hroad-band Hg 

arc source was employed, its output was filtered with a room-tempera-
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ture Si wafer, and a Si photodiode detector was used. The detected 

radiation lies in a narrow band which is the overlap between the 

cut-on of the detector response at the band-edge, and the cut-off 

provided by the Si filter, which absorbs relatively weakly right at 

the band edge. With a 3 ~m thick beamsplitter, scores of interference 

fringes could be detected, corresponding to radiation at about 

10 000 cm-1• 

Other tests were performed in wavenumber ranges more characteris-

tic of the interferometer's intended use. For some of these, a Golay 

cell detector was used; this is a room-temperature detector of far

infrared radiation which has a fairly flat spectral response, and 

which provides a calitrrated signal proportional to the incident 

power. With a 1.0 cm source aperture, a 12 ~m thick mylar beamsplit

ter, and with the output restricted by a 200 ~m thick black 

polyethylene filter and a LiF Yoshinaga-type filter (YMY62], the 

output power (at large optical delay) was determined to be 23=11 ~W. 

Under the same conditions, an interferogram yielded for the ratio of 

intensity at A = 0 to that at large A: I(O)/I(DO) = 1.98, close to 

the ideal value of 2. 

In another test, the pure rotational absorption spectrum of H20 

was used to measure the resolution of the spectrometer. A 0.71 cm 

diameter source aperture was used, in conjunction with a 25 ~m thick 

mylar beamsplitter. The detector was a stressed-Ge:Ga photoconductor 
-1 (KRH77] operated at 4.2 K, with a response cut-on at about 50 cm • 

That response was cut off at 100 cm -1, by a cold 200 ~m thick black 

polyethylene filter and a cold, mixed-salt Yoshinaga-type filter. The 

detector was coupled to the interferometer using a 30 cm long light-
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pipe, filled with H20 vapor at 600 mTorr pressure. The pure 

rotational absorption spectrum of H20 was thus recorded between 50 

and 100 cm-I • The sampling appropriate to smax = 50 cm could be 

used: since no information below 50 cm-1 was present, the range 

50-100 cm-1 could be aliased onto the range 0-50 cm-1 without 

causing any ambiguity. A total optical delay of L = 40.8 cm was 

attained, for an expected unapodized instrumental resolution of 

6S = 0.015 cm-I , not including the effect of the finite source and 

astigmatic source optics. Including the latter effects, the anticipa

ted instrumental resolution varies from 0.018 cm-I at 50 cm-1, to 

0.023 cm-I at 100 cm-1• Unfortunately, the software prevented 

accurate determination of the resolution obtained: each point in the 

computed- spectrum included a wavenumber range of 0.024 cm-1, and the 

measured H20 absorption peaks each appeared below the baseline at 

only one computed point. Because none of the H20 peaks were no

ticeably spread over more than one computed point, the optically 

attained resolution must have been very close to the value of 

0.024 cm-1 = 3 ~eV. The actual resolution could have been deter-

mined if the spectrum had been further undersampled, but that has not 

been done. 

It can be concluded that the present spectrometer system, with 

modification of the software to allow for the acquisition and com-

puting of more data points, has sufficient resolution for almost all 

PTIS measurements of pure Ge. A notable exception is for studies of 

the ultimate linewidths of the narrowest transitions. For example a 

recent study [NHK86, HNK86] employed far-infrared alcohol lasers to 

measure the homogeneous linewidths of transitions of the donor 
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O(H,O). The narrowest linewidths measured were 6 peV, a factor of 

about two larger than the resolution of the present instrument. In 

measurement of a transition which has a width of 6 peV, the present 

instrument would have yielded a somewhat-inaccurate linewidth of about 

7 ~eV. 

3.3.2: Other Equipment Required for PTIS 

Aside from the spectrometer system, the other equipment used for 

the present PTIS study is the same as, or similar to, equipment used 

in past studies. Since it has been already described in detail 

[Mc84], we provide only a brief description here. 

The PTIS samples are cooled to temperatures close to that of 

liquid-He in all-pyrex immersion-type dewars. Those dewars contain an 

inner liquid-He vessel which is 40" deep, and either 2" or 3" in inner 

diameter. The liquid-He vessel is surrounded with another vessel 

containing liquid-N2• Using a high-speed rotary vacuum pump, one 

can reduce the vapor pressure over the liquid-He bath to about 1 Torr, 

so that the bath temperature is reduced to about 1.2 K. 

For measurements without uniaxial stress, the PTIS samples are 

housed in a brass cavity placed near the bottom of the liquid-He bath, 

and coupled to output lightpipe of the spectrometer using a thinwall 

stainless-steel liqhtpipe of (1/2)" diameter. The sample cavity and 

lightpipe are separated from contact with the liquid-He bath by a 1" 

diameter thinwall stainless-steel tube, which is sealed at the bottom 

with a welded-on cap, and filled with He gas at 100 to 1000 mTorr 

pressure. That gas constitutes a weak thermal link, and allows the 

sample to be heated to temperatures of up to about 20 K, without 
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excessive boiloff of liquid-He. At the top, this He-gas-filled tube 

is sealed with a polyethylene window which separates the stainless

steel lightpipe inside from the output lightpipe of the spectrometer; 

that latter lightpipe is evacuated. The sample cavity also includes: 

(a) provision to mount cold filters in front of the sample; (b) a 

resistor to heat the sample; (c) a 6811 Allen-Bradley carbon-composi

tion resistor, for sensing the sample temperature; (d) a GaAs 

light-emitting diode, to allow above-band-gap radiation to be shone 

upon the sample; and (e) In pads to electrically contact the sample; 

the pads connect to coaxial cables which carry the signal to a herme

tically sealed connector at the top of the cryostat. 

For measurements which involve uniaxial stress, the sample is 

contained in a brass holder" inside the glass dewar, just above the 

surface of the liquid-He bath, and is optically coupled to the spec

trometer output using a thinwall stainless-steel lightpipe. A Cu 

coldfinger provides relatively weak thermal coupling between the 

sample holder and the bath, and heater and temperature-sensing resis

tors are provided in the sample holder. Provision is made for the 

insertion of cold filters in front of the sample, and for extraction 

of the PTIS signal through two coaxial cables. The stress is applied 

to the sample by a brass plunger, to which pressure is applied by a 

force-multiplying lever. In turn, the lever is pulled on by a thin 

stainless-steel piano wire, which is attached at the top of the cryo

stat to a room-temperature tensioner which employs a calibrated 

spring. The stress is applied along the 6.3 mm dimension of the 

(2 x 3 x 6.3) mm3 samples, and the ends of the samples are cushioned 

with thin cardboard pads, which serve to evenly distribute the loading. 
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The PTrS samples are heated to slightly elevated temperatures in a 

controlled fashion by a modified furnace controller which has been 

adapted to the characteristics of the temperature-sensing and heating 

resistors employed here. That temperature controller contains rate 

and reset circuitry which prevent temperature oscillations and droop. 

In the sample holders used, the PTrS samples are attached to two 

separate coaxial cables, so that both sides of the sample float above 

ground. One contact of the sample is biased relative to ground by a 

variable-bias source which consists of a filtered and regulated DC 

supply, reduced in value with potentiometric voltage dividers whose 

resistance is small in comparison to that of the samples. From the 

other contact of the sample, the photocurrent is returned to the 

virtual-ground input of a transimpedance amplifier. The input stage 

of that amplifier is buffered with a dual source-follower wh.ich em

ploys a matched-pair of 2SK147 JFET's. Amplification is performed by-

a OP-27 low-noise operational amplifier, with a metal-film feedback 

resistor which can be switched among values ranging from 1 kit to 

100 Mr.t. In this arrangement, the output signal voltage is given by 

V = - iRf' where i is the photocurrent, and Rf is the feedback 

resistance. The signal-lead and amplifier arrangement employed here 

is completely insensitive to ground loops, except those in the ground

ing path between the bias source and the trans impedance amplifier; in 

practice, those loops are eliminated by placing those two items in the 

same shielded box. Finally, because both contacts of the sample are 

held at constant potentials with respect to the cable shields, the 

signal bandwidth is not restricted by the requirement that as the 
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signal level changes, the sample must charge and discharge the cable 

capac itance. 

3.3.3: Experimental Parameters Employed 

In the PTIS experiments of this thesis, unless stated otherwise~ a 

1.0 cm diameter source aperture was used, resulting in a fractional 

source-limited resolution oS/s = 3.3 x 10-4, corresponding to 

0.033 cm-1 at 100 cm-1• The average wavenumber of each peak is 

also shifted from its real position by half of that amount. During 

PTIS measurements, the beam has been chopped at a frequency of 

167 Hzo Unless stated otherwise, a 12 pm thick mylar beamsplitter has 

been employed. This has maximum relative efficiency at about 

125 cm-1, and a zero at 250 cm-1• The infrared flux incident on 

the PTIS samples has been filtered with a 200 pm thick black polyethy-

1 ene f i Her. In conjunction with that, a liF Yoshinaga-type fi 1 ter 

[YMY62] has been used; together with the black polyethylene, this 

excludes all infrared flux above 250 cm-1• Those filters have been 

placed direcly in front of the sample inside the cryostat, because 

cooling them reduces their emission of infrared radiation, and also 

sharpens the cutoff of the Yoshinaga-type filter. Under the specific 

optical conditions described, the sample receives a chopped infrared 

flux of 23*12 pW, as measured at large optical delay. Despite the use 

of cold filters, the sample also receives a substantial DC background 

infrared flux from the laboratory environment, from the interferometer 

optics, and from warm portions of the lightpipe. As a result, the 

chopped component of a sample's conductivity is typically in the range 
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of only 5-30~. of its background conductivity, even when few thermally 

generated carriers are present. 

The sample temperature employed for PTIS depends upon the applica

tion. For standard measurements of shallow acceptors with ionization 

energies in the range of 10-12 meV, a temperature in the range of 

around 6-8 K is most suitable, while for studies of thermal popula

tion, this is often extended to the range of 4.2-10 K. For the 

copper-dihydrogen acceptors studied here, ionization energies of about 

18 meV allow the temperature range to be extended upward to 14 K. 

Occasionally, photoconductivity measurements have been performed at 

temperatures as low as 1.2 K, to allow approximate determination of 

the photoionization edge. 

The optimum bias for each PTIS sample is chosen to maximize the 

signal-to-noise ratio. The signal of interest is the sample's photo

conductive response to the chopped radiation, at a fixed mirror 

position, after all analog and digital filtering. The noise on this 

quantity can be simply determined by comparison of successive measure

ments of the photoresponse at the same mirror position. Normally, ten 

measurements are taken, the linear drift is subtracted, and the frac

tional standard deviation is computed. The bias is varied until that 

latter quantity is minimized. For ion-implanted contacts with the 

geometries employed here, the optimum bias lies typically in the range 

of 200-2000 mV. The optimized fractional standard deviations range 

from about 5 x 10-5 for the best samples, to about 10-3 for those 

that proved minimally acceptable. If the optimized signal-to-noise 

ratio for a given sample was too poor with 1 s digital averaging, most 

often no high-resolution spectra were recorded; it proved more worth-
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while to prepare a better sample, than to try to beat the noise 

through longer signal averaging. 

For the room-temperature feedback resistance Rf used in the 

transimpedance amplifier circuit, the Johnson noise per unit bandwidth 

is proportional to R;/2, while the amplifier output itself is 

proportional to Rfc Therefore, the largest possible value of Rf 
is used, as long as the output of the transimpedance amplifier does 

not closely approach either the positive or negative supply voltage, 

and the chopped photoresponse does not exceed the input range of the 

lock-in amplifier. The lock-in amplifier input preamplifier gain is 

set at the highest possible value such that the synchronously recti-

fied signal does not cause overload of the output circuitry. Normal

ly, a Q = 10 passband prefilter is employed, with a Q = 20 used to 

prevent overload of the synchronous rectifier when the signal posses-

ses a great deal of broad-band noise. The synchronous rectifier phase 

is set to produce a zero response to the chopped signal, and then 

switched by 90°, to produce the maximum positive signal. A 30 ms, 

2-pole post filter is used, and the signal is digitally averaged 1000 

times over a 1 s time interval. After the mirror is moved, a 200 ms 

waiting time is employed. 

When the mirror is moved, the sampling interval is chosen to be as 

large as possible without undersampling; for studies of copper-dihy

drogen acceptors, the sampling interval used corresponds to 

s max 
-1 = 250 cm • The starting position of the mirror is adjusted 

so that the point 6 = 0 is sampled within 1-21. of a sampling inter-

val, so that phase correction of the interferograms is not necessary. 

In the stUdies of copper-dihydrogen acceptors, a maximum optical delay 
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of about 8 cm is used, for an instrumental resolution of about 

0.08 cm-1, including the source-limited contrDution appropriate to 

the wavenumber range where the spectra appear. Because this instru

mental linewidth is considerably narrower than the linewidths observed 

for those acceptors, apodization of the interferogram has not been 

employed here. The number of spectral points computed by the existing 

software has not been a limitation in these studies, since the peaks 

of copper-dihydrogen acceptors span at least four to five computed 

spectral points. 

In performing Quantitative analysis of the strength of PTIS tran

sitions, the Quantity of interest is R(s), the photoresponse at a 

given wavenumber, defined as the number of carriers liberated through 

the PT! process, for every photon which enters the sample. In abso

lute terms, R(s) is difficult to extract from measured spectra, 

especially because R(s) depends on the square of the free-carrier 

lifetime, a Quantity which can vary from one sample to another, and 

varies for a given sample with experimental conditions such as temper

ature. However, it is easy to obtain values of R(s) which can be 

compared among different peaks in a spectrum of one sample, obtained 

under one set of experimental conditions. The raw measured PTI 

spectrum is: 

GpTJ(s) = A R(s) N(s) , (3.11) 

where A is a constant and R(s) is the number of carriers per photon 

created through the PTJ process. N(s) is the number of photons per 

unit wavenumber which emerge from the source, are transmitted through 
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the interferometer optics and filters, and enter the sample. If under 

the same optical conditions, a Golay cell detector (or equivalently, 

any detector with a wavenumber-independent output voltage proportional 

to the incident power) is used in place of the sample, the measured 

spectrum is: 

GGolay(s) = B N(s) s 9 (3.12) 

where B is a constant. The spectrum is proportional to s because the 

power at each photon energy is N(hw) hw. Within a multiplicative 

constant, R(s) can be determined by taking the ratio of GpTr and 

GGolay' and multiplying by the wavenumber: 

(3.13) 

where C is a constant. This division procedure has been performed for 

some of the thermal population studies in Chapter 4. Unless otherwise 

stated, all other PT! spectra have not been so divided. One should 

bear in mind that N(s) does not vary by much over small wavenumber 

ranges; for example, spectral division is not necessary for analysis 

of the relative intensities of peaks which have been split apart by 

small uniaxial stresses. 

To illustrate the overall performance of the experimental appara

tus employed here for PTIS, we look in detail at the spectrum of an 

ultrapure p-type Ge sample, number 611-5.1 H. The crystal was grown 

under a D2 atmosphere, from a melt contained in a synthetic quartz 
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crucible coated with pyrolytic carbon. A (7 x 7 x 2) mm3 sample was 

heated to 400°C for 15 min and quenched into liquid N2• A Hall

effect measurement at 77 K revealed that the sample had in this state 

a net acceptor concentration of 6 x 1010 cm-3• After being con

tacted by means of the procedures described earlier, a PTr spectrum 

was recorded under the following conditions: (a) a source aperture of 

1.0 cm; (b) a 25 pm thick mylar beamsplitter; (c) cold filters con

sisting of 200 pm thick black polyethylene and a mixed-salt Yoshinaga 

filter with a cutoff wavenumber of 100 cm-1; (d) a sample tempera

ture of 705 K; .(e) a sample bias of 1.5 V over a distance of 0.7 cm; 

(f) a feedback resistor of 280 k!L; (g) a signal integration time of 

1 s per data point; (h) a sampling interval appropriate to a maximum 

wavenumber of 125 cm-1; and (i) a total optical delay of 16.38 cm, 

resulting in an instrumental resolution of 0.044 cm-1, including 

source-limited effects appropriate to 75 cm-1• 

The first half of the interferogram recorded is shown in Figure 

11, as a function of the mirror travel, which is half the optical 

delay. The computed spectrum, which is shown in Figure 12, shows that 

the sample contains the acceptors Al and A(D,C), each at a concentra

tion of about 3 x 1010 cm-3, as well as the acceptor B, at a 

concentration of about 2 x 109 cm-3• Transitions from the ground 

level of A(D,C) are indexed with the template labeled "A(D,C)2"' 

while those from the thermally populated, shallower (ls)-like level 

are labeled "A(D,C)l". The latter transitions are seen to be much 

broader than the former, presumably due to a lifetime broadening of 

A(D,C)l' caused by rapid decay to A(D,C)2" 
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Ge sample. 
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Interferogram of the PTI spectrum of a p-type, ultrapure 
Only the first half of the interferogram is shown. 

For the acceptor levels Al, and A(D,C)2' all transitions pre

viously observed in PTIS are seen in this spectrum. For A(D,C)2' 

three I transitions are seen here in additition to the eight reported 

previously [HH74], so that a total of nineteen different transitions 

are seen from that acceptor level. The narrowest lines'seen here are 

some of the I lines of Al and A(D,C)2' which have full-widths at 

half-maximum of 0.09 cm-1 = 12 peV. These linewidths are a factor 

of two larger than the instrumental resolution, and their source has 

not been investigated here. The largest peaks of Al and A(D,C)2 are 

at least 250 times higher than the noise level, indicating that in the 

absence of spectral interference, shallow acceptors could be detected 

in this spectrum down to a limit of 1.2 x 108 cm-3• 
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Figure 12: PTI spectrum of a p-type, ultrapure Ge sample, obtained by 
Fourier transformation of the interferogram shown in Figure 11. The 
sample contains the acceptors B, Al and A(O,C), in a total concentra
tion of 6 x 1010 cm-3• The narrowest lines are 0.09 cm-1 = 
11 ~eV wi de. 
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Examination of the largest peaks in Figure 12 shows that to the 

left and right of each peak, positive and negative sidebands are 
\ 

present. They appear at =0.40 cm-1 of the main peak, and have a 

fractional amplitude of about 3'.. They appear to be Rowland ghosts, 

caused by periodic errors in the lead screw. Their amplitude and 

spacing suggests that in terms of mirror travel (half of the optical 

delay), they originate from a lead error with an amplitude of =7 ~m, 

and a period of about 1.25 cm. The amplitude is in excess of the 

error expected from the manufacturer's specifications, and the period 

is not commensurate with any of the nominal mechanical parameters of 

the mirror drive. It is possible that the period is commensurate with 

some parameter of the machine used to grind the lead screw; 1.25 cm is 

v~ry close to (1/2)". 
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Chapter 4: Copper-Dihydrogen Acceptor Complexes' 

In this thesis, the largest body of new experimental results 

concerns the copper-dihydrogen acceptor complexes in Ge. The observed 

PTr spectrum of these acceptors exhibits a remarkable dependence on 

the specific isotopes of hydrogen that are present in the crystal. 

These isotope-induced changes allow unambiguous identification of the 

complexes as copper-dihydrogen monovalent accceptors. Along with the 

behavior of the various acceptor levels under uniaxial stress, the 

isotope-induced differences show that the copper-dihydrogen acceptors 

are strongly coupled dynamic systems of two hydrogen nuclei and a 

hole, bound at the site of a substitutional Cu atom. The properties 

of the observed acceptor states are strongly influenced by the nature 

of the motion of the two hydrogen nuclei. For the acceptor complex 

A(CuH 2), that motion involves the rapid tunneling of the H-Cu-H 

complex among several equivalent orientations; the result is that 

A(CuH 2) has tetrahedral symmetry despite its asymmetric internal 

structure, and has a complicated manifold of (ls)-like levels. The 

nuclear motion is drastically supressed when deuterons or tritons are 

substituted for one or both protons; the result is that the acceptors 

A(CuHD), A(CuHT), A(CuD 2) and A(CuT2) each exhibit only a single 

acceptor level, of symmetry lower that tetrahedral. In priciple, the 

model for acceptors with a single tunneling hydrogen nucleus [HJFBO] 

can be generalized to treat the case of two tunneling hydrogen nuclei, 

by inclusion of the additional complications in the nuclear motion and 

in its coupling to the bound hole. The isotope-induced differences in 

nuclear motion can perhaps be explained in terms of a hindered-rotor 
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picture. The motion of the H-Cu-H complex may be viewed as hindered 9 

but still rapid rotation. In contrast, all other copper-dihydrogen 

complexes ha~e moments of inertia which are too high to allow rota

tion; these complexes undergo only librational motion. 

4.1: Identification of the Complexes and Their Acceptor Levels 

4.1.1: The Acceptor Levels of A(CuH 2) 

An ultrapure Ge sample was taken from a crystal grown under an 

ambient of pure H2 gas, and was doped with Cu via the procedures 

outlined in Chapter 3. As a result, an acceptor with an ionization 

energy near 18 meV was introduced; it is the same acceptor which was 

observed in the studies of Haller et al [HHH77], and of Darken 

[Oa82]. This acceptor is called A(CuH2) here, and the compositional 

assignment is justified in the next section. Prior to the introduc

tion of Cu, the sample was weaKly n-type: [OSh] - 2 x lola cm-3, 

and [ASh] - 1 x lOla cm-3• The acceptor A(CuH 2) was intro-

duced at a concentration of about 4 x lOll cm-3, so that in the 

finished sample, the following condition was satisfied: 

[A(CuH2)] + [ASh] > [Osh] > [Ash]. At low temperatures, and 

in the dark, all of the shallower acceptors are ionized by compensa-

tion, and only the slightly deeper acceptors A(CuH2) are neutral; 

this was verified with variable-temperature Hall-effect measurements. 

The PTI spectra of tnis sample are shown in Figure 13. As ex

plained in Section 3.3.3, these spectra have been divided by the 

spectrum obtained when a Golay-cell detector was employed under 
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Figure 13: PTI spectra of a sample which contains the acceptors Al, 
A{H,C) and A(CuH2), as well as traces of B and Ga. In thermal 
equilibrium, the shallower acceptors are completely ionized by 
compensation. Under illumination, holes are liberated from A(CuH2) 
acceptors; some of the free holes are trapped at (see next page) 
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similar optical conditions. The spectra exhibit a complex series of 

overlapping acceptor line series, which appear in the range of 

110-140 cm-1• We see below that all of those series originate from 

the center A(CuH2). Somewhat surprisingly, we also see in Figure 13 

the line series of several shallower acceptors: Al and A(H,C) 

[HJF80], as well as traces of B and Ga. Although in the absence of 

illumination the shallower acceptors are completely ionized by compen

sation, some of them are found to be neutral during the PTIS 

measurements. When neutral A(CuH2) acceptors are photoionized or 

photothermally ionized, some of the holes thus freed are eventually 

trapped at the sites of ionized shallower acceptors, making them 

neutral. Because the acceptors are all in suCh low concentration, a 

hole bound at a shallower acceptor is, spatially well separated from a 

deeper A(CuH2) acceptor, and will not tunnel to such a site of lower 

energy. Instead, the transiently neutralized shallower acceptors must 

be re-ionized via photo-, thermal- or photothermal-excitation. This 

hole population inversion has been quantitatively analyzed in extrin

sic photoconductors [Ha85b]. 

There are several different temperature-dependent processes evi

dent in Figure 13. The acceptor center A(CuH2) has associated with 

it a manifold of (ls)-like levels. Below, we discuss in detail the 

thermalization of the levels in the (Is) manifold of A(CuH 2). 

Although the populations in the (Is) manifold are redistributed, the 

acceptors A(CuH2) are not substantially thermally ionized at any of 

the temperatures at which the spectra shown in Figure 13 have been 

recorded. Given the concentrations of the various donor and acceptor 

species present, the acceptors A(CuH 2) can become at most about 570 
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ionized by compensation. Therefore, the total rate at which holes are 

photoionized from copper-dihydrogen acceptors is approximately con

stant over the temperature range in which these spectra have been 

recorded. The heights of the copper-dihydrogen continua have been 

made equal in these spectra, so that all of these spectra correspond 

to the PTIS response per unit photon power, up to a multiplicative 

constant which is approximately the same for all of the spectra shown 

here. 

An important temperature dependence shown in Figure 13 is that of 

the PTIS process itself, as discussed in Chapter 1. There are many 

different (ls)-like acceptor levels present, and their relative popu

lations change with temperature; the overall strength of the line 

series from each level follows these changes in population. But the 

temperature dependence of PTIS can be seen by comparing the relative 

strengths of different optical transitions from the same (ls)-like 

level. For example, at 4.2 K, one of the I-lines of Al (near 

85 cm-1, but not labeled in the figure) is at least as strong as the 

C-line; the D-line is only about a fourth as strong as either of those 

two. Already at 6.0 K, the D-line is approaching the strength of the 

C-line, and both are larger than the strongest I-line. By 10 K, the 

D-line is about as strong as the C-line, and by 14 K, the D-line is 

actually stronger. 

One of the most interesting temperature dependent processes il

lustrated in Figure 13 is that of the population of the transiently 

neutralized shallower acceptors. Based on above considerations. the 

temperature dependent population of the shallower acceptors can be 

approximately followed simply by comparing the height of their over-
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lapping photoionization continua. At 4.2 and 6.0 K, the population of 

the shallower acceptors is roughly constant with temperature. After 

the shallower acceptors capture free holes from the valence band, the 

available thermal energy is insufficient to detrap them rapidly. 

Instead, the shallower acceptors are emptied mainly via photo- and 

photothermal-ionization. The free holes come from the photo- and 

photothermal-ionization of A(CuH2) acceptors whicn are about 40 

times as abundant as the shallower acceptors, and so are able to 

neutralize rapidly the latter acceptors after they are ionized. Most 

of the shallower acceptors are thus neutral, and the shallow donors 

are compensated instead via the partial ionization of the A(CuH2) 

acceptors [Ha85bJ. This is in strong contrast to the ionization 

states that obtain in the dark, where the snallower acceptors are 

completely ionized via compensation. 

At hlgher temperatures, the rate of thermal ionization of the 

snallower acceptors becomes faster than the rate of capture of free 

holes, and the shallower acceptor ground states become depopulated. 

This depopulation is noticeable in the 8 K spectrum of Figure 13, and 

increases with further increases in temperature. It is interesting to 

see that although the shallower acceptor ground states are all Quite 

close together in binding energy, they do not become depopulated 

uniformly [Oa82J. Instead, those of smaller binding energy are depop

ulated at noticeably lower temperatures. One can obtain a good 

indication of the relative populations of the ground states by com

parison of tne strengths of optical transitions to tne same excited 

state. For example, the O-line of B is almost as strong as that of Ga 

at 6 K; by 10 K, the O-line of B is almost invisible, wnile that of Ga 
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is still quite easily seen. In a similar fashion» the O-line of Al is 

about five times as high as that of A(H,C) at 6 K; at 8 K. the ratio 

is reduced to about four, and at 10 K, it is reduced to about three. 

At the highest temperature of 14 K, the 0- and C-lines of Al and 

A(H,C) are still visible (though those of the latter acceptor are 

barely seen). In normal samples where [Ash] > COsh]' it is ex

tremely difficult to observe PTIS from such shallow acceptors at this 

high a temperature, because they become ionized, and the generation

recombination noise completely overwhelms the PTIS signal. In the 

present sample, no large increase in dark current occurred up to about 

14 K; the compensation-induced ionization merely shifted from the 

A(CuH2) acceptors to the Shallower ones. Above about 14 K, the 

A(CuH 2) acceptors themselves begin to ionize, and PTIS rapidly 

becomes impossible. 

TranSiently neutralized shallower acceptors were observed in all 

samples used in this study, provided that the condition 

[A(CuXY)] + [ASh] > [OSh] > [ASh] was satisfied. where 

X,Y = H,D,T. The presence of the shallower acceptors proved to be 

extremely useful in experiments where uniaxial stress was used to 

characterize the copper-dihydrogen acceptors. Because their behavior 

under stress is well known. the Shallower acceptors provided an inter

nal calibration of the magnitude of the applied stress, as well as a 

check of its uniformity. The neutral population of shallower accep

tors could be easily adjusted with temperature to the optimum value, 

where the peaks were visible, but the continuum did not interfere with 

the peaks of the copper-dihydrogen acceptors. 
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We now look in detail at the temperature dependence of the spec

trum of A(CuH2). Figure 14 shows a portion of each of the PTI 

spectra of Figure 13, with the horizontal scale expanded. These 

spectra have also been divided by the spectrum obtained using a Golay 

cell, and the heights of the A(CuH2) continua have also been made 

equal for comparison purposes. The spectrum of A(CuH 2) consists of 

many line series, which originate from many different (ls)-like le

vels. When more than one line from a given series can be resolved, 

there is no evidence that the series spacing deviates from the hydro

genic spacing characteristic of shallow, single-hole acceptors. A 

notable feature of the spectrum of A(CuH2) is the broad linewidths 

of at least some of the series: where the linewidths can be deter

mined, they are about 0.7 cm-1 (full width at half-maximum), as 

opposed to the 0.12-0.15 cm-1 widths observed here for the shallower 

acceptors. There is no evidence that the linewidths of the series 

from A{CuH 2) depend on temperature. 

As we now see, the observed temperature dependence of the spectrum 

of A(CuH2) is consistent with the assumption that all of the (ls)

like levels originate from a single center. At the lowest tempera

tures only the deepest (ls)-like levels are populated, and can 

therefore give rise to observable optical transitions. In the 4.2 K 

spectrum of Figure 14, only the series labeled "A{CuH2)1" and 

"A(CuH2)2" are visible; the O-lines of those two series are too 

weak to be visible above the noise level. As the temperature is 

raised, shallower levels in the (Is) manifold of A(CuH 2) become 

thermally populated. and give rise to line series at lower photon 

energy. The shallowest (ls)-like level gives rise to the series 
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labeled "A(CuH2)11"' the D-line of which becomes clearly visible 

at about 10 K. The thermalization of the (ls)-like levels associated 

with the center A(CuH 2) was first observed by Darken [Oa82], who 

noticed that the O-line of A(CuH2)11 was thermally activated with 

respect to the O-lines of other acceptor series. Apparently he did 

not record spectra at temperatures sufficiently low to depopulate 

noticeably some of the levels between A(CuH2)2 and A(CuH2)11' 

and thus to make it clear that all of the accceptor series originate 

from a single center. 

The line series labeled in Figure 14 were assigned as follows. 

The spectra were analyzed in order of increasing temperature. At 

4.2 K, two series are seen, and there is no evidence for any other 

series; the positions of the lines of A(CuH2)1 and A(CuH2)2 

were recorded. As spectra of increasing temperature were examined, 

the possibility was considered that each new peak was the G-line of a 

series at higher photon energy, but that was never found to be the 

case. It was also considered that a new peak might be the C-line (or 

B-line, etc.) of a series at lower photon energy. If no such series 

at lower photon energy appeared in a spectrum, or in spectra at higher 

temperature, then a new peak was tentatively assigned to the O-line of 

a new series. Once all of the tentative series were determined in 

this way, the spectra at various temperatures were compared, to check 

for self-consistency of the assignments. Only those series were 

retained for which the D-line satisfied the following conditions: (a) 

it was not allowed to correspond to the position of another transition 

of a different series; (b) it had to appear in some form (if only as a 

shoulder on another peak) in spectra recorded at three or more temper-
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atures; (c) it had to be sufficiently free of interference that its 

position could be identified within =0.02 meV in spectra recorded at 

two or more temperatures; and (d) the positions determined in differ-

ent spectra had to agree to within =0.02 meV. 

Eleven sets of acceptor line series met the stated criteria. [In 

addition, several other acceptor series are probably present: at 

least one additional D-line is evident on each side of the D-line of 

A(CUH2)11' and another D-line can be seen at 12 and 14 K, near 

111.5 cm-1• Because they did not meet the stated criteria, they 

have not been labeled in Figure 14, or tabulated in Table 2.] In 

order to assign the observed line series to a set of initial and final 

levels~ the possibility had to be considered that more than one set of 

p-like final-state levels exists. We recall that this has been ob

served for the acceptors A(Be,H) and A(Be,D) in Si [MS86]; in those 

acceptors, two sets of identically spaced p-like levels are present, 

corresponding to the two different energy levels of the tunneling H or 

D nucleus. In the acceptor A(CuH2), no evidence was found for a 

common set of spacings among the line series, that might allow them to 

be explained in terms of, for example, transitions from six (ls)-like 

levels, to two sets of p-like levels. Each of the observed line 

series was therefore assigned to a transition from a different (ls)-

like level, to only a single set of p-like levels. The binding ener

gies of the acceptor levels thereby obtained are given in Table 2. We 

see below that more than one set of p-like levels may exist, but they 

probably lie close together in energy. Therefore, although they 

apparently do not cause more than one well resolved series to origin-
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Table 2: Hole binding energ;es* of copper-dihydrogen acceptor levels 

Acceptor Level E - Ev (meV) Uncerta i nty (meV) 

A(CuH2)1 17.81 0001 

A(CuH2)2 17070 0.01 

A(CuH 2}3 17.29 0.02 

A(CuH 2)4 17.21 0.02 

A(CuH2)5 17.14 0.01 

A(CuH 2)6 17.08 0001 

A(CuH2)7 17003 0.01 

A(CuH 2)8 16.96 0.01 

A(CuH2)9 16.92 0.02 

A( CuH 2) 10 16.81 0.01 

A( CuH 2) 11 16.42 0.01 

A(CuHD) 18.098 0.002 

A(CuHT) 18.123 0.002 

A(CuD2) 18.201 00002 

A(CuT 2) 18.239 0.002 

*All energies are taken as the observed energy of the 0 transition 
plus 2.880 mev (BL76]. To facilitate accurate relative comparison of 
ground state energies, we disregard here the =D.Ol meV uncertainty in 
the calculated value of the D-transition final-state energy. 

ate from a single (ls)-like level, they could be responsible for the 

unusually broad linew;dths of the transitions of A(CuH 2). 

If all of the observed line series originate from ~ifferent levels 

in the (Is) manifold of the center A(CuH 2). then that should be 

evident in the temperature dependence of the PTI spectrum [HJF80]. 
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The population in a (ls)-like level "j", which is shallower than the 

ground level 11111, should simply be given by the Boltzmann expression 

Ajexp(-AEj/kT). Here, AE j is the difference in hole binding 

energy between the level 11111 and the level IIj II , which should closely 

equal the optically observed energy separation of the two series. The 

prefactor Aj takes into account the degeneracy of the level IIjll 

relative to that of the level 11111. 

The temperature dependence of the PT! spectra of Figure 14 were 

analyzed as follows. Within a given PTI spectrum (which was divided 

by the Golay-cell spectrum as already described), the relative inte

grated photoresponse of a line was obtained as the product of the 

height of the line, the full-width at half-maximum of the line, and 

the wavenumber of the line [see (3.13)J. (No attempt was made' to 

subtract the background due to other peaks, because the necessary 

computer software was not available, which might have made possible 

the systematic and self-consistent 'performance of such subtractions.) 

The temperature dependence of the PTIS process should be the same for 

transitions in different series which proceed to the same final-state 

level. Thus, the integrated photoresponse of a given transition in 

the series IIjll, relative to the integrated photoresponse of the 

corresponding transition in the series 11111, should have the same 

temperature dependence as the population of the (ls)-like level IIjll, 

relative to that of the level 11111. For each series IIjll where 

integrated photoresponses could be obtained reasonably free of inter

ference, the integrated photoresponse of the D-line R(D j ), was 

compared to that of the D-line of of the series 11111. An Arrhenius 

plot of In[R(Dj)IR(Dl )] versus lIT was used to extract values of 
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~Ej and Aj . A similar procedure was followed for the C-lines, 

whenever possible. 

In this way, the temperature dependence of eight D-transitions 9 

and of six C-transitions, was analyzed. The observed ratios of photo

response showed a great deal of scatter, and the energies obtained 

from the Arrhenius plots agreed with the observed optical energy 

separations within no better than 10-20~ (the agreement was often 

substantially worse than that). Despite the lack of quantitative 

agreement, it was consistently observed that the activation energies 

for line series at lower photon energies were greater than those for 

line series at higher photon energies. The lack of quantitative 

agreement between thermal activation energies and optical transition 

energy differences could in each case be attributed to the effects of 

interference by other spectral peaks; there was no evidence for the 

systematic deviation of the observed thermal activation energies 6E. 
J 

from the optically determined separation of a level "j" from the 

ground level "1". Unfortunately, the analysis was unable to produce 

any meaningful values for the relative degeneracies A.; even small 
J 

errors in the energies ~Ej can lead to substantial errors in Aj • 

It is concluded that all of the observed line series originate 

from different levels in the (Is) manifold of the acceptor A(CuH2). 

Samples prepared separately from different crystals give spectra of 

the A(CuH 2) which are identical to those shown in Figure 14, pro

vided the samples are sufficiently free of strain. This observation 

provides additional support for the assumption that a single center 

gives rise to all of the observed line series. If the various series 

were related to different centers it is unlikely that those centers 
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would always be created in the same relative concentrations. Rather, 

one would expect to observe spectra which would vary with the pre

paration of the sample. 

4.1.2: Identification ofA(CuH2), A(CuHD) and A(CuD2) 

Samples of ultrapure Ge from crystals grown under an ambient of 

nearly pure D2 gas were doped with Cu, according to same procedures 

used for the creation of the acceptor A(CuH 2). In such samples, 

PTIS reveals the spectrum shown in Figure 15(c). This spectrum is 

dominated by a single set of lines which has been labeled "A(CuD2)" 

in the figure; that series has spacings which are indistinguishable 

from the hydrogenic spacings of the line series of Al. In addition, 

eaCh peak of A(CuD2) shows a small satellite at slightly lower 

energy. The series A(CuD2), as well as the satellite series, appear 

at photon energies higher than any of the series observed for 

A(CuH2). The spectrum of A(CuH 2) is shown for comparison in 

Figure 15(a), and the two series at the highest photon energy are 

indicated. 

The observed difference between the PTI spectrum of Cu-doped 

samples grown in H2, and those grown in D2, provide direct evi

dence that H is somehow involved in the center which has been called 

A(CuH2), and that D is somehow involved in A(CuD 2). The PTI 

spectrum of a Cu-doped sample of Ge which was grown under a 1:1 mix

ture of H2 and D2 gases is shown in Figure 15(b). It exhibits the 

complicated spectrum of the center which contains H, as well as the· 

single line series of the center which contains D. But now another 
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Figure 15: PTI spectra of the copper-dihydrogen acceptors that appear 
in samples which were grown under atmospheres of different hydrogen 
isotopes. (a) Pure H2, showing the complex spectrum of A(CuH2); 
(b) a 1:1 mixture of H2 and 02, showing A(CuH2). A(CuHO) and 
A(Cu02) in a 1:2:1 ratio; (c) nearly pure 02, showing A(CU02) 
and a trace of A(CuHO). 

hydrogenically spaced line series dominates the spectrum, presumably 

due to a center which contains both Hand O. That line series was 

observed as a low-energy satellite to the A(Cu02) series, in the 

spectrum of Figure 15(c). 

We can estimate the relative concentrations of the three acceptor 

centers in the mixed-gas sample, by comparing the integrated areas of 

peaks corresponding to the same optical transition, in spectra which 

have been normalized to represent photoresponse per unit photon num-
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berG For A(CuH2), it is necessary to include the transitions from 

all of the different levels in the (Is) manifold. For both the D- and 

C-transitions, we obtain the following relative concentrations: 

[containing H]:[containing Hand O]:[containing 0] = 1:2:1. (The 

average of the relative concentrations obtained separately from the 

0- and C-transitions is 0.84:2.00:0.98.) It immediately follows that 

the centers are A(CuH2), A(CuHO) and A(Cu02)' respectively. Given 

a random mixture of equal numbers of Hand 0 atoms, there are twice as 

many ways to make the combination HO, as there are to make either H2 

or O2• The center A(CuHO) was observed in a sample grown under 

supposedly pure O2 gas, because the O2 became contaminated by 

residues of H in the Pd-diffusion apparatus used to purify it. Figure 

15(c) shows that in that sample; A{CuHO) is about 10,," as abundant as 

A{Cu02); using (3.3), we can estimate that the crystal contains 0 

and H atoms in a relative concentration of about 951:. to 57.. 

The acceptor transitions from A{CuHO) and A{Cu02) have line

widths (full-width at half-maximum) of about 0.25 em-I; this is much 

smaller than the -0.70 cm-1 widths observed for the transitions from 

the acceptor A(CuH 2). The observed linewidths of A(CuHO) and 

A(Cu02) are about twice as large as those observed for shallower 

acceptors contained in the same samples (0.12-0.15 em-I). However, 

they are not unusually broad for transitions from acceptors with 

binding energies near 18 meV; this is about 1.6 times as large as the 

-11 meV binding energies of the shallower acceptors. Neutral substi

tutional Cu has a hole binding energy of 43.25 meV [SFS85], and the 

associated acceptor transitions have linewidtns of about 0.80 cm-1 

[Oa82]. Therefore, the observed linewidths of A(CuHD) and A(CuD2) 
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obey fairly well the empirical rule that acceptor transition line

widths scale linearly with binding energy. 

The binding energies of the observed ground-state levels of 

A(CuHO) and A(Cu0 2) are given in Table 2. No other (ls)-like accep

tor levels have ever been observed for these complexes. Transitions 

from the ground-state levels have been observed with signal-to-noise 

ratios (SNR) of more than 300, at temperatures of 10 K. Let us assume 

that any other (ls)-like levels have linewidths, degeneracies and 

transition probaDilities equal to those of the observed ground 

levels. In that case, to have escaped detection, they must lie shal

lower in energy by an amount of at least ~Emin = kT In(SNR), which 

is about 5 meV. However, any shallower (ls)-like levels might be 

Droadened considerably, because of a lifetime effect caused by rapid 

transitions to the ground levels. For instance, examination of Figure 

12 shows that for the acceptor A(O,C), optical transitions from the 

Shallower (ls)-like level A(O,C)l are more than twice as broad as 

those from the ground level A(O,C)2. If any shallower (ls)-like 

levels of A(CuHD) and A(CuD2) are broader by a factor f, than the 

observed linewidths of transitions from the ground levels, then the 

lower limit to ~E is reduced to ~Emin = kT In(SNR/f). 

It is highly improbable that these acceptor complexes involve two 

atoms of hydrogen isotopes in conjunction with an impurity other than 

Cu. There is no other commonly present impurity species which can 

diffuse rapidly in Ge at temperatures as low as 400°C, and which can 

combine in a straightforward way with two atoms of hydrogen isotopes 

to produce a snal low acceptor. At the relatively low concentrations 

at which Cu is present in these samples, it is unlikely that more than 
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one Cu atom is involved in these complexes. Based on the information 

available on the Cu triple acceptor, we must assume that the Cu atom 

occupies a substitutional position. Each atom of hydrogen would add 

its electron to the triply deficient bonding environment of the Cu 

atom, and transform the triple acceptor into a single acceptor 

[HHH77J. There is strong independent evidence that these copper-dihy-

drogen acceptors are monovalent acceptors, in the observation of 

hydrogenic spacing in the line series of all species. In general, 

deviations from such spacing occur when more than one hole is present 

in the acceptor ground state; for example, it occurs in the case of 

neutral, substitutional Be and Zn [RRS1], which are double acceptors. 

We see below that in at least one species, the hydrogen atoms are 

able to rapidly tunnel among a full set of positions which are equi-

valent under operations of the tetrahedral group. Such rapid, 

athermal motion would be unlikely to occur if it involved the con-

tinuous breaking and remaking of bonds between the hydrogen atoms and 

other atoms in the lattice; the natural assumption is that the hydro-

gen atoms are interstitial. To lowest order, one can perhaps think of 

a neutral copper-dihydrogen acceptor as a (Cu3- + x: + Y:)-s 1 1 

complex which binds a single hole, where X and Yare two isotopes of 

hydrogen. Prior to the addition of the two atoms X and Y, the neutral 

Cu acceptor consisted of a Cu~- which bound three holes; in the 

copper-dihydrogen acceptors, two of those holes have been replaced by 
. + + 

the nuclei X and Y. This simple picture has limited validity, 

in at least two respects. First, it assumes the extreme ionic limit 

in which the atoms X and Y become bare nuclei. We have discussed 

theoretical evidence that for passivated BsHi complexes in 5i, the 
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Hi is bound by means of a covalent mechanism [AL85]. Second, a 

detailed understanding of the properties of neutral Cus has little 

bearing on the problem of a neutral copper-dihydrogen complex: the 

system involving three holes has very different physics than that 

which involves two hydrogen nuclei and a hole. 

The 103 peV isotope shift between A(CuHD) and A(CuD2) is larger 

than other shifts which have been previously observed for shallow 

centers in Ge; compare 21 pev for A(H,Si)~A(D,Si) [HJF80], and 51 ~ev 

for D(H,O)~D(D,O) [JHF80]. However, the larger magnitude here is 

easily understood in terms of an enhanced probability density for the 

bound hole, in the central cell region. This is caused by the 

presence of the deep-level impurity Cu, and is reflected in the con

sideraole central-cell correction to the ground-state ~nergy:· the 

copper-dihydrogen acceptors have ionization energies about 7 meV 

greater than the -11 meV values found for shallow Group III acceptors. 

A puzzling aspect of the copper-dihydrogen acceptors is the radi

cal qualitative difference between the (ls)-like energy levels of 

A(CUH 2), and those of the other two acceptors. There are only two 

possible sources for this difference. The H nucleus (proton) has a 

mass of about 1 amu, and a spin of 1/2. The o nucleus (deuteron) has 

a mass close to 2 amu, and a spin of 1. The acceptor A(CuH2) can 

differ from A(CuHD) and A(CuD2) for one of two reasons (or perhaps a 

comOination of them): (a) the system of two protons is light enough 

to execute some form of motion in which the other two isotope combina

tions are too heavy to participate; or (b) A(CuH 2). with two 

protons, is the only copper-dihydrogen acceptor which has an identi

cal-fermion nuclear system, and this affects the observed properties 
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of the acceptor by some means. The actual reason can be determined if 

one studies the properties of the acceptor A(CuT2). The T nucleus 

(triton) has a mass of about 3 amu (even heavier than a deuteron), and 

a spin of 1/2 (like a proton). If A(CuT2) has properties similar to 

A(CuHD) and A(CuD2), the mass dependent mechanism (a) is dominant. 

Conversely, if If A(CuT2) has properties similar to A(CuH 2), then 

the spin dependent mechanism (b) is dominant. 

4.1.3: Identification of A(CuHT), A(CuT2) and A(CuDT) 

Samples of ultrapure Ge were taken from crystals which had been 

pulled in vacuum, and which were thus free of hydrogen isotopes. The 

samples were doped with Cu, and were exposed to plasmas of nominally 

pure T, according to the procedures described in Chapter 3. Because 

of contamination by H, those plasmas actually consisted of mixtures of 

Hand T. PTIS measurements of these samples revealed two new, hydro

genically spaced acceptor line series, which are shown in Figures 

16(a) and 16(b). For comparison purposes, Figure 16(c) shows the 

spectrum of the acceptors A(CuHD) and A(CuD2). [The samples shown 

in Figures 16(b) and 16(c) also exhibit the spectrum of A(CuH2), 

which has not been labeled in the figure.] 

The sample used to obtain the spectrum in Figure 16(a) was exposed 

to a plasma of nominally pure T for 2 h. During the plasma exposure, 

the T2 gas in the plasma tube was exchanged with that in the uranium 

tritide reservoir at 15 min intervals, so that any contaminating H 

should have been significantly diluted. The sample leading to the 

spectrum of Figure 16(b) was also exposed to a nominally pure plasma 
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Figure 16: PTI spectra of the copper-dihydrogen acceptors that appear 
in samples which contain different hydrogen isotopes. (a) 10"0 Hand 
907. T, showing A(CuT2) and a trace of A(CuHT); (b) 407. Hand 607. 
T, showing A(CuHT) and A(CuT2); (c) 507. Hand 507. 0, showing 
A(CuHo) and A(Cu02). The spectra (b) and (c) also exhibit A(CuH2), 
which has not been labeled in the figure. 

of T for 2 h, but the T2 gas was exchanged less frequently, at 

30 min intervals. The second sample also received a subsequent 2 h 

exposure to a flowing plasma of pure H. The sample of Figure 16(b) 

should contain more H than the sample of Figure 16(a) and indeed, this 

difference is reflected in two PTI spectra. The sample with less H 

contains mostly the acceptor which appears at higher energy; the 
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sample with more H contains more of the lower-energy acceptor than the 

hi gher-energy acceptor, and a 1 so contains the acceptor A( CuH2). 

It is clear that the lower-energy acceptor is A(CuHT), and that 

the one at higher energy is A(CuT2). The binding energies of these 

acceptors are given in Table 2. Both A(CuHT) and A(CuT2) have 

linewidths that are comparable to those of A(CuHD) and A(CuD2), 

although the spectrum shown in Figure 16(b) was broadened by strain 

which was inadvertently applied to the sample during PTIS measure

ment. Using (3.3), we can estimate that in the copper-dihydrogen 

centers probed by the PTIS measurements, the sample of Figure 16(a) 

contains about 10.,. Hand 90 '7. T, while the sample of Figure 16( b) 

conta ins about 40 % Hand 60 To T. 

In an attempt to create the acceptor A(CuDT), several samples were 

exposed to plasmas of fairly pure T, followed by plasmas of pure, 

flowing D. The PTJ spectra of these samples were dominated by a 

single broad series of lines, which straddled the positions of both 

A(CuD2) and A(CuT2). [It is clear from examination of Figure 16 

that A(CuD2) and A(CuT2) are so close in energy that if they are 

both present in a spectrum, they cannot be resolved from one ano

ther.] No new line series were seen, indicating that A(CuDT) probably 

has a ground-state energy somewhere between the energies of A(CuD 2) 

and A(CuT2) • 

For the five copper-dihydrogen complexes which have been unambigu

ously identified, Figure 17 shows a plot of the hole binding energies 

of the acceptor levels, versus the reciprocal reduced mass of the two 

hydrogen nuclei. The acceptors A(CuHD), A(CuHT), A(CuD2) and 

A(CuT2) show a remarkably monotonic dependence of binding energy 
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Figure 17: Hole binding energies of the copper-dihydrogen acceptor 
levels, versus the reciprocal reduced mass of the two hydrogen nuclei 
X and Y. Inset: schematic structure of the copper-dihydrogen acceptor 
complexes, viewed slightly off a <110> direction. 

upon this quantity. Their ground-state energies are fitted within 

0.001 to 0.014 meV by the expression: 

E - E (meV) = 18.3641 - 0.17796 u-1 , v (4.1) 

for u in amu. This is strong evidence for a relationship between the 

observed isotope shifts and motion of the two hydrogen nuclei. We 

note that for diatomic molecules of constant internuclear separation, 

but of different isotopic content, the rotational energy quantum is 
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proportional to ~-1. The inset of Figure 17 shows the schematic 

structure of a copper-dihydrogen complex: the two hydrogen nuclei X 

and Yare located in interstitial positions somewhere near the site of 

a substitutional Cu atom. It is evident that for the four acceptors 

which fit the systematics of (4.1), the isotope shifts relate to some 

kind of correlated motion of the two nuclei, rather than their indi

vidual, uncorrelated motions. 

Examination of Figure 17 shows that A(CuH2) is a puzzling anoma

ly. None of its acceptor levels fits the systematic dependence on 

reduced mass which the other four acceptors follow. In addition, 

A(CuH2) has a manifold of associated (ls)-like levels, which are 

spread over an energy range much greater than that of the isotope 

shifts of the other acceptors. Because A(CuT2) is not qualitatively 

like A(CuH 2), but rather is much like the other acceptors, the 

anomalous characteristics of A(CuH2) probably do not relate in an 

important way to the spin of the two protons. The system of two 

protons is light enough that it has available to it some kind of 

motion which is qualitatively different from that available to other 

isotope combinations. What is surprising is the drastic difference 

between A(CuH 2) and A(CuHD), which is induced via the addition of a 

single neutron to one of the H nuclei. We see below that this abrupt 

change in the nuclear motion relates to th~ process of tunneling, 

which has a rate that depends exponentially on the mass of the tun

neling system. 
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4.2: Piezospectroscopy of the Acceptor Complexes 

In order to determine the microscopic structure of these com

plexes, and the symmetries of the acceptor states, it is necessary to 

lower the symmetry of the environment in which they are present, and 

observe how the acceptor levels split and/or shift. The single most 

usef~l technique for this purpose is piezospectroscopy, or optical 

spectroscopy in conjunction with the application of uniaxial stress. 

In Chapter 5, we discuss this topic in a systematic and detailed 

fashion. Here, we confine our discussion to those concepts necessary 

for understanding of the results on copper-dihydrogen acceptors. 

It is useful to review briefly the properties of shallow, single

hole acceptors in Ge under uniaxial stress [BP74, RRal]. A substitu

tional Group III acceptor has a single (ls)-like le~el, which is 

fourfold degenerate, and which tranforms according to the f1a repre

sentation of the group Td• When uniaxial stress is applied along 

any axis of the crystal, the symmetry of the impurity site is reduced 9 

and the ra level splits into two dOubly degenerate levels, with a 

stress-dependence that is linear at small stresses. (The double 

degeneracy of the two stress-induced sublevels is the so-called Kra

mers degeneracy; it is required by time-reversal invariance, and can 

be lifted only by application of a magnetic field.) The magnitude of 

the splitting depends on the specific acceptor species, and on the 

specific axis along which the stress is directed. The center of 

gravity of the two stress-induced sublevels also shifts with stress s 

by one-third the amount that the r'a level would shift under hydro

static pressure. For shallow centers in Ge, the hydrostatic shift is 

the same for the (ls)-like levels and the p-like bound-excited-levels; 
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both types of levels simply follow the shift of the valence-band 

edge. Therefore, in optical transitions, one observes the (ls)-like 

level to evolve into two levels which undergo equal and opposite 

shifts from the zero-stress energy, with a stress dependence that ;s 

linear at small stresses. 

The p-like bound-excited-levels undergo stress-induced splittings, 

in addition to their hydrostatic shifts. We focus upon the final 

level of the D-transition, which is known to consist of a single ~B 

level. For stress along <111> directions, that level does not split 

by an observable amount. For stress along any other directions, the 

final level of the D-transition splits into two levels which move 

apart by equal and opposite amounts from the zero-stress position, 

with a stress dependence that is linear at small stresses. The split

ting of the final level of the D-transition is maximal for stress 

along <100> directions; the splitting for <110> is half of that for 

<100>. When the optical spectrum of a tetrahedral acceptor is recor

ded with unpolarized radiation, one observes two D-lines for stress 

directed along a <111> direction, and four D-lines for stress along 

any other directions, such as <100> and <110>. 

For shallow acceptors of a more complex nature, the piezospectro

scopic behavior of the p-like bound-excited-levels is identical to 

that of the substitutional Group III species. A hole bound in such a 

state does not significantly sample the central-cell region, where the 

complex structure results in a modified effective potential for a 

bound hole. However, the piezospectroscopic behavior of the (ls)-like 

levels is affected by this complex internal structure. If the inter

nal structure involves rapid tunneling motion [HJFBO, MSB6], then the 
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acceptor center may have full tetrahedral symmetry; in that case~ it 

has (ls)-like levels which transform according to the representations 

~6' r7 and ~8 of the group Td• Such a r'8 level will 

split under stress into two levels, though in general with a deforma

tion potential different from the ~ ground level of a Group III 

acceptor. Any levels of ~6 and r; symmetry do not split under 

stress; they possess only Kramers degeneracy. 

If a shallow acceptor center has a static structure of symmetry 

lower than tetrahedral, then the lowering of symmetry splits the 

~8(Td) ground level into two levels which have only Kramers 

degeneracy, and cannot be split by application of stress. However, 

those levels do shift under stress by amounts which differ from the 

hydrostatic shift experienced by the p-like excited-levels. The shift 

of a (ls)-like level of a low-symmetry acceptor depends on the or;en-

tat ion of the acceptor complex with respect to the direction of the 

applied stress; (ls)-like levels of differently oriented complexes 

undergo different shifts. These different shifts of differently 

oriented centers are often referred to as the "lifting of orientation-

al degeneracy". 

Piezospectroscopy is capable, in principle, of unambiguously 

determining the symmetry properties of any shallow acceptor center. 

In general, it is necessary to study the behavior of the (ls)-like 

levels under small stresses applied along the three major crystallo-

graphic directions. Systematic analysis, based on the kinds of 

considerations just described p is then sufficient to determine the 

symmetry of the acceptor states. 
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Piezospectroscopic measurements on the copper-dihydrogen acceptors 

were performed with unpolarized radiation~ at temperatures in the 

range of 7.0-7.5 K; some shallower acceptors thus remained neutral, 

and were visible in the spectra. In all samples, the acceptor Al was 

observed~ along with A(H,C) and/or A(D,C), depending on the isotope(s) 

of hydrogen which was (were) present in the sample. As explained in 

Section 5.1.2, the observed splittings of the Al D-line were used as a 

calibration, to determine the magnitude of the stress, by means of the 

known deformation potential constants of Group III acceptors [Ma83J. 

The possible errors resulting from this procedure are discussed in 

that section. 

4.2.1: Piezospectroscopy of A(CuH 2) 

The study of A(CuH2) under uniaxial stress is complicated by the 

fact that so many overlapping line series are present: even when the 

stress is sufficiently uniform that the peaks do not appreciably 

broaden under stress, the overlap of stress-split peaks makes most of 

the individual peaks very difficult to resolve. Thus, successful 

results have been obtained only for stress directed along [lllJ, for 

which the splitting of most of the p-like levels is small. Also, only 

the levels A(CuH2)1 and A(CuH2)2 have been successfully stu-

died; their peaks are the only ones which are sufficiently intense to 

be clearly discernible, above the background presented by so many 

overlapping peaks. 

Figure 18 shows the piezospectroscopic behavior of the levels 

A(CuH2)land A(CuH2)2' under [111] stress. The D- and C-lines 
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Figure 18: PTr spectra of the 0- and C-transitions of A(CuH2)1 
and A(CuH2)2, under uniaxial stress applied along the [lllJ direc
tion. These spectra were recorded at 7.5 K. 

of A(CuH2)1 are observed to split into two peaks of approximately 

equal intensity. In contrast, the 0- and C-lines of A(CuH2)2 are 

not observed to split, and relatively little broadening of the peaks 

is apparent. The stress-dependent energies of the O-transitions are 

shown in Figure 19. The splitting of the level A(CuH2)1 is non

linear at low stresses, but above about 0.1 kbar, both of the stress-

induced sUblevels appear to move with slopes of about =0.35 meV/kbar. 

The behavior of A(CuH2)2 is also observed to be somewhat non-

linear. The possible origin of these effects is discussed below. 

There are several different interpretations of the observed piezo-

spectra of A(CuH 2). One possibility is that A(CuH2) is a tetra-

176 

.. 



.. ,.. 

T.J. ............... 
...... "'[.1. ...... 

15.00 ...... > 'I... ......... " ...... ~ : "" z 14.95,/ A(CuH 2 h 
: 4:.-------+ ....... 

:;-
G 
e 

F 1/ [111J 15.05 

o ...... 
j: 14.90 ...... .r 
iii r-..... 
z 
c 
a:: 
~ 

A(CuH 2 )2 
14.85 

...... f ..... 

Q ----!---------~ ~---- ~------i-

14.800=------:-0.+10=-----::0~.2:-::0------:0:-J.3~0 

STRESS (kbar) 

Figure 19: Energies of the O-transitions of A(CuH2)1 and A(CuH2)2, 
under uniaxial stress applied along the [111] direction. The dashed 
lines are provided only to guide the eye. 

gonal center, which would be the case if the two interstitial H atoms 

were oriented along opposing <100> di.rections. Because a tetragonal 

center exhibits no "lifting of orientational degeneracy" under <111> 

stresses (Ka64], the non-splitting of A(CuH2)2 would be explained 

under the assumption that it consisted of a single Kramers-degenerate 

doublet, of X6 or X7 symmetry in the group D2d • The observed 

splitting of A(CuH2)1 would then require that this level consist 

of two aCCidentally degenerate doublets, which transform according to 

X6 and/or X7 of 02d. 

Another possible interpretation of these data is that although 

A(CuH2) is a single center, it has several different low-symmetry 

configurations, at least some of which have different types of reduced 
7 

symmetry. As assumed above, the level A(CuH Z)2 would arise from a 

tetragonal center, in order to explain its lack of splitting under 
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[IIIJ stress. In contrast, the level A(CuH2)1 would arise from a 

rhombic I configuration, which would occur if the two H atoms occupied 

equivalent position somewhere in the same <110> plane through the Cu 

atom, but not along opposing <100> positions. (The configuration 

drawn in Figure 17 has rhombic I symmetry.) The level A(CuH2)1 

would then have the symmetry AS of the group C2v ' a representation 

which has only Kramers degeneracy. The observed splitting of 

A(CuH2)1 would be the result of the "lifting of orientational 

degeneracy"; differently oriented rhombic I centers split into two 

inequivalent classes under a <111> stress [Ka64]. 

Both of the above interpretations have a problem in that they 

assume the different energy levels in the (Is) manifold of A(CuH2) 

to correspond to different static configurations of the CuH2 com

p1ex9 each resulting in a different energy for the bound hole. Each 

static configuration would give rise to n.o more than two of the ob

served levels; precisely two levels would be associated with each 

configuration, although some of the levels might not lie close enough 

to A(CuH 2)1 to be observable. In order to produce the eleven 

observed levels in the (Is) manifold, at least six different static 

configurations would be required, each inequivalent to the other, 

under the operations of the tetrahedral group. But for each of the 

six or more inequivalent orientations, there would also exist a set of 

orientations which were equivalent under those operations. It is 

virtually impossible to have so many different local minima in the 

potential energy surface of the two H atoms. 

We discuss below what seems to be a much more likely explanation: 

despite its internal structure. A(CuH2) has tetrahedral symmetry. 
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This would occur if the two protons were free to tunnel rapidly among 

a full set of equivalent positions [HJF80J, and would produce a mani

fold of (ls)-like levels. The level A(CuH2)1 would thus transform 

according to the orbitally degenerate representation r8 of Td, 

and A(CuH 2)2 would transform according to one of the orbitally 

nondegenerate representations, ~6 or ~7' 

4.2.2: Piezospectroscopy of A(CuD2) and A(CuHD) 

The acceptor A(CuD2) was studied under stress applied along 

[Ill], [lOOJ and [llOJ, as well as along an arbitrary axis of low 

symmetry (of higher, unknown Miller indices). In order to understand 

the behavior of the ground level of A(CuD 2), it is sufficient to 

examine the behavior of the D-transition; the PTI spectra of the 

O-lines are shown in Figure 20. One should bear in mind that a trace 

of the acceptor A(CuHD) was also present in the sample, and it gives 

rise to some of the observed peaks. 

Under [lllJ stress, the final level of the D-transition does not 

split, and the ground level of A(CuD2) evolves into two levels, so 

that two 0-1 ines ar_e observed. These are labeled 110 II and 110 II in 1 2 

the figure; the unlabelea peak to the low-energy side of 01 is the 

01 line of A(CuHD). 

When stress is applied along [lOOJ, the final level of the D-tran-

sition splits into two levels. The ground level of A(Cu0 2) evolves 

into two levels, so that altogether, four D-lines are observed for 

[100J stress. Th~ energy separation 02 - 01 = 04 - 03 is the 

result of the final-level splitting, and matches that observed for the 
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Figure 20: PTr spectra of the D-transition of A(CuD2), under uniaxial 
stress applied along the [lllJ, [100] and [110] directions, as well as 
along an arbitrary direction of low symmetry. These spectra were 
recorded at 7.0 K. 

shallower acceptors which were simultaneously present. Although the 

shift magnitudes and line intensities are different in the spectrum 

recorded under [llOJ stress, precisely the same remarks are appropri

ate as those made for [100] stress. In the [llOJ spectra, the 

unlabeled peak to the left of Dl is the Dl peak of A(CuHD). 

The low-symmetry stress axis was fairly close to a <110> axis, and 

the stress values have been approximately calibrated based on the 

observed splittings of the Al D-lines, making use of the calibration 

factors appropriate to [110J stress. Under this randomly oriented 

stress, the final level of the D-transition splits into two levels. 
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At least eight O-lines are observed for A(Cu02), indicating that the 

ground level evolves into at least four different levels. 

For stresses along the three major directions, the energy shifts 

of the O-lines of A(Cu02) are shown in Figure 21. The data points 

indicate the shift of the observed peak positions from the zero-stress 

value. It is evident that all the transition energies shift linearly 

witn stress, and that all of the shifts can be accurately extrapolated 

back to the zero shift that occurs at zero stress. The heavy lines 

indicate the shifts of the ground-state levels. For [111J, these have 

been obtained by means of a least-squares fit to the positions of 01 

and 02' including the zero-stress point 0(0). For [100] and [110J 

stress, the ground-level shifts were determined via least-squares fits 

to [(1/2)(01 + 02) - O(O)J and [(1/2)(03 + 04) - O(O)J, also 

including the unshifted zero-stress point. The ground-level shifts 

are given in Table 3, where they are expressed in terms of hole bind-

ing energy. Also given are the ratios between the shifts of the 

levels which move to larger hole binding energies, to those of the 

levels which move to smaller hole binding energies. For the respec-

tive stress directions, we note that the shift ratios are quite close 

to 1:1, 2:1 and 5:1. 

The ground level of A(Cu0 2) clearly does not behave under stress 

like the rB level of an acceptor which has tetrahedral symmetry. 

The ground-level shifts are equal and opposite for [111J stress, but 

not for [100J and [110J stress, so that it is impossible to explain 

them in terms of a common hydrostatic shift, plus an anisotropic 

splitting [BP74, RRBIJ. Also, when stress is applied along an axis of 

low symmetry, the ground level of A(CuD2) evolves into at least four 
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Figure 21: Energy shifts of the O-transition of A(CU02) under uni
axial stress. The points 01, ••• ,04 are the observed peak positions. 
The heavy lines indicate the shifts of the ground-state levels; the 
final-state splittings 04 - 03 = 02 - 01 are observed for [100J 
and [llOJ. 

levels; a tetrahedral acceptor level can evolve into no more than 

two. We therefore attempt to fit the observed piezospectroscopic 

behavior of A(Cu0 2) to some class of reduced symmetry. 

When a single atom of H or 0 forms a complex with a double accep

tor (at least in Ge), the H or 0 atom occupies a position along a 

<111> axis, probably in the antibonding direction. Thus, the accep

tors A(Be,H) and A(Zn,H) are observed to have trigonal symmetry 

[Mc86J. In an analogous fashion, we might imagine the center 
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Table 3: Stress-induced shifts* of the A(CuD2) ground-state level 

Stress Shifts (meV/kbar) Shift 
Direction Ratios 

(111J + 0.46 • 0.02 - 0.43 • 0.02 1.07 • 0.07 

[100J + 1.697 • 0.009 - 0.905 • 0.013 1.88 • 0.03 

(110] + 1.07 • 0.04 - 0.217 • 0.004 4.94 • 0.21 

*Oifferently oriented defects shift in different directions. The 
numbers given are the shifts of hole binding energies. The errors 
given reflect scatter of the data points. Because of the stress cali
bration used, the shift magnitudes for the various stress directions 
are subject to uncertainties of 2, 14, and 71.respectively. Those 
errors do not affect the accuracy of the shift ratios~ 

A(CuD2) to involve two interstitial 0 atoms along different <Ill> 

directions, as indicated in Figure 17 (with X = Y = 0). The result is 

a complex of rhombic I symmetry [Ka64], with a ground level which 

transforms according to the 6 5 representation of the group C2v 
(and thus has only Kramers degeneracy). Actually, the two D atoms can 

relax toward or away f~om each other to any equivalent positions in 

the <110> plane in which they sit, without a further reduction of the 

rhombic I symmetry (although if they occupy opposing <100> positions, 

the symmetry is raised to tetragonal). Such a rhombic I complex would 

have six equivalent orientations in the lattice. Under the applica-

tion of stress, the ground levels of differently oriented centers 

would undergo different energy shifts. For [111] stress, the six 

orientations break into two classes of three each, whose ground levels 

undergo equal and opposite shifts. For [100] stress, the six orienta-

tions break into a class of two and a class of four, whose ground 

levels undergo shifts of opposite sign, in a 2:1 ratio. Finally, for 
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[110] stress, the six orientations break into three classes of one, 

four, and one; the sign and relative magnitude of the shifts for [110J 

can vary from one type of center to another. In principle, it is 

possible for the six orientations to break into a class of one and a 

class of five under [110] stress; in that case, the shifts are of 

opposite sign, and in a 5:1 ratio. 

The shifts in Figure 21 and Table 3 might superficially seem to 

fit rhombic I symmetry, but in fact, they do not. According to a 

general group-theoretical treatment [Ka64], all of the shifts for a 

rhombic I center depend upon three parameters; these are reduced to 

only two parameters if the ground level has a hydrostatic shift equal 

to that of the series of excited levels. Within the constraints posed 

by those three parameters,. the sign of the shifts observed for [100J 

and [110] are mutually inconsistent, and thus cannot be fitted to 

rhombic I symmetry. Surprisingly, the observed shifts cannot be 

fitted even to the six parameters possible for triclinic symmetry 

(which is the lowest class). Those six parameters cannot fit the six 

observed shifts because of the cyclic way in which they enter into the 

analytical expressions for the energy shifts: the shifts for differ

ent directions of applied stress are related by purely geometrical 

constraints. 

To determine the symmetry class of a center, it is generally 

sufficient to analyze the stress-induced shifts of the ground level. 

Study of the relative intensities of the stress-split transitions can 

provide additional useful information [Ka64J. We return to the piezo

spectra of A(CuD2), shown in Figure 20. Under [111] stress, the two 

D-lines are of essentially equal intensity, which corresponds in a 
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simple way to the fact that they undergo energy shifts of equal magni

tude. For [100J stress s the ground level which gives rise to the 

components 01 and 02 shifts half as much as that which 9ives rise 

to 03 and 04. For a static complex with no hydrostatic shift, we 

would expect that the initial level of 01 and 02 corresponds to 

twice the number of defect orientations as the initial level of 03 

and 04. However, no simple 2:1 intensity ratio is evident in the 

[100J spectrum. Under [110J stress, the shift ratios might be taken 

to indicate that the initial level of 01 and 02 corresponds to 

five times as many orientations of the complex as does the initial 

level of 03 and °4" Agains this is not easily evident in the 

relative intensities observed. It is quite possible that the 

A(Cu02) complexes undergo temperature-dependent reorientation, so 

that the intensities of transitions from some orientations are dimi-

nished at lower temperatures. These spectra were recorded at 7.0 K, 

and the temperature dependence of the relative intensities was not 

studied. 

Finally, the behavior of A(CuHO) under [lllJ stress, is indi

stinguishable from that of A(Cu02), as shown in Figure 22. Any 

additional reduction in symmetry, caused by the inequivalence of the H 

and ° atoms, does not give rise to an effect which can be observed 

here. The piezospectroscopy of A(CuHO) was also studied under [100J 

and [110J stresses, but the results were difficult to interpret. 

Because of the simultaneous presence of A(Cu02), eight overlapping 

D-lines were observed. 
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Figure 22: PTI spectra of the acceptors A(CuHD) and A(CuD2)9 under 
uniaxial stress applied along the [111] direction. 

4.3: Discussion of the Experimental Results 

4.3.1: Discussion of A(CuHD), A(CuHT), A(CuD2) and A(CuT2) 

In order to understand in general terms the electronic structure 

of the ground state of A(CuD2), we observe that the acceptor complex 

has the same number of protons and electrons as a substitutional Ga 

acceptor. The Ga acceptor has full tetrahedral symmetry, and binds a 

single hole in a fourfold-degenerate ground level» which transforms 

according to the "8 representation of Tdo We can imagine crea-

ting the acceptor A(CuD2) from Ga, by reaching into the Ga nucleus 
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and pulling out two deuterons. We leave the deuterons somewhere 

within a few angstroms of the central-cell atom, which is now a sub

stitutional Cu atom. The overall result is still an acceptor which 

binds one hole, but the symmetry is now lower than tetrahedral. The 

original ~(;rd) ground level has been split into two levels which 

have only Kramers degeneracy. One of those levels has been shifted 

from the position of the Ga ground level, at Ev + 11.32 meV, to that 

of the observed ground level of A(CuD2), at Ev + 18.20 meV. The 

second level must also exist, but has been pushed to an energy where 

it cannot be observed. The available evidence suggests that the 

second (ls)-like level of A(CuD2) is probably at least as shallow as 

Ev + 15 meV; it could easily be much shallower. 

For each of the seven classes of reduced symmetry [Ka64] possible 

for a low-symmetry defect in a cubic crystal, the allowed 

stress-dependent energy shifts can be reduced to a few free 

parameters. Those parameters are derived under two fundamental 

assumptions. The first assumption is that of linear response; in 

principle, one can always find a stress sufficiently small that the 

dominant response of the energy levels is linear in the stress, unless 

the linear response is precisely zero. The second assumption is that 

the energy level in question has no electronic degeneracy which can be 

lifted by the application of stress. 

The acceptor A(CuD2) would appear to satisfy both of these 

assumptions. The stress-dependent shifts in Figure 21 are quite 

linear, and because they can be extrapolated to a zero shift at zero 

stress, there can be no nonlinear stress dependence at finite stresses 

smaller than those examined. In addition. it has just been argued 
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tnat the ground level of A(CuD 2) can have only the Kramers degen

eracy. It is thus very surprising that the stress-induced shifts of 

A(CuD 2) cannot be fitted using the parameters available ~or any 

class of reduced symmetry. The only apparent explanation lies in the 

dynamic nature of the A{CuD2) complex, as evidenced by the isotope

induced shifts of the ground-state energies. The nature of these 

dynamic effects are discussed in general terms below. However, with

out a theoretical description of the dynamic properties of the copper

dihydrogen acceptors, the piezospectroscopic behavior of A(CuD2) 

cannot be understood in detail. 

At least for (lllJ stress, the piezospectroscopic behavior of 

A(CuHD) is the same as that of A(CuD2). Indeed, it is highly likely 

that tne physical properties of the four acceptors, A{CuHD), A{CuHT)9 

A(CuD2) and A(CuT2), are all qualitatively similar. The evidence 

for this similarity includes: (a) the observation for each one of 

only a single {ls)-like level; (b) the similar linewidths of the 

observed transitions; and (c) the monotonic dependence of the acceptor 

binding energy on the reciprocal reduced mass of the two hydrogen 

nuclei (Figure 17). We recall that for a diatomic molecule, the 

rotational energy quantum is proportional to p-l, if the interatomic 

distance is held constant. The fact that the acceptor binding ener

gies show a linear dependence on p-1, as expressed in (4.1)s does 

not literally suggest that the two hydrogen nuclei move as a free-

space diatomic molecule. The observed isotope shifts are relatively 

small. so that the expression (4.1) snould be taken to represent the 

dominant term in a Taylor-series expansion of the acceptor binding 

energies. in terms of the nuclear masses mx and my. 
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Whatever the nature of the nuclear motion that gives rise to the 

isotope shifts, it is apparently unable to effect a complete recovery 

of tetrahedral symmetry. It would thus appear to involve the oscil

lation of each of the two nuclei about a single point of equilibrium. 

The monotonic dependence of binding energy on ~-l tends to suggest 

that the dominant mode of motion is of a cooperative nature, involving 

a strong interaction between the two hydrogen nuclei, as opposed to 

the motion of the two nuclei in independent potential wells. Several 

cooperative modes of motion are possible, and it is difficult to 

determine a priori which one(s) would give a dominant contribution to 

the isotope shifts. For example, the dominant motion could consist of 

a "scissors" mode, in which the angle formed by the X-Cu-Y complex 

oscillates in time. Another possibility is a librational mode, in 

which the angle of the X-Cu-Y complex remains roughly constant, and 

the dominant motion is that of the complex as a whole» in which it 

oscillates as a rigid pendulum. We see below that if the mode is 

assumed to be librational in character, then the nuclear motion in 

these four acceptors can perhaps be explained within the same frame

work as the the nuclear motion in the acceptor A(CuH2). 

Given some kind of motion for the copper-dihydrogen complex in 

these four acceptors, we must now examine how a mass-dependent qround

state energy could result. The observed isotope shifts are far too 

large in magnitude to originate from a simple reduced-mass effect, 

such as that which causes the Rydberg of a free-space H atom to devi

ate from the Rydberg of a 0 atom. In the copper-dihydrogen acceptors, 

such a reduced-mass effect could account for isotope shifts of no more 
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than 1 peV over the range of isotopic masses present, compared to the 

141 peV range of observed binding energies. 

There are two other mechanisms which might serve to explain the 

coupling of the nuclear motion to the bound hole. In the first mech

anism [HH75, K079], we assume that the copper-dihydrogen complex 

undergoes some kind of zero-point librational or vibrational motion. 

In an optical transition at the complex, both the initial and final 

states include that nuclear zero-point energy. When the bound hole 

goes from a (ls)-like state to a p-like state, its probability density 

in the region of the complex is reduced~ producing a small change in 

the force constants which determine the motion of the complex, and 

thus in the nuclear zero-point energy. The energy of the observed 

optical transitions of the hole includes this difference in nuclear 

zero-point energy. When the isotopic mass of the nuclei is changed, 

the nuclear zero-point energy is altered •. In particular, the isotope 

substitution changes the difference in nuclear zero-point energy, 

between the initial and final states of the optical transitions. This 

changes the observed energy of those transitions. 

In the second mechanism [K079], we assume that the potential 

energy of the copper-dihydrogen complex contains anharmonic terms, so 

that the amplitude of the zero-point oscillations depends on the 

isotopic mass. Therefore, isotopic sUbstitution can alter the effec

tive structure of the complex as seen by the bound hole, and thus the 

ground-state binding energy. 

It is also possible that the observed isotope shifts derive from 

the effect of the tunneling [HJFBO] of the copper-dihydrogen complex 

among several equilibrium positions, as we discussed previously for 
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the acceptors A(Be,H) and A(Be,D) in Si [MS86]. However, in the 

present case that tunneling cannot be rapid on the time scale of 

optical transitions, because it is not observed to result in a re

covery of tetrahedral symmetr~. Theoretical work is needed to see if 

tunneling can produce observable isotope shifts, but still allow an 

acceptor complex to behave under stress as though it had reduced 

symmetry. If tunneling is responsible for the isotope shifts among 

these four copper-dihydrogen acceptors, then perhaps it is also re

sponsible for the failure of the stress-dependent energy shifts to fit 

any known class of reduced symmetry. 

4.3.2: Discussion of A(CuH2) 

We have seen that there are striking differences between A(CuH 2) 

and the other copper-dihydrogen acceptors. These differences are 

unlikely to arise from a chemical bonding structure for this complex 

which is very different from that of the other complexes. They are 

also not likely to arise from the existence for A(CuH2) alone of a 

multitude of different static configurations of the copper-dihydrogen 

complex. The (1s) manifold of A(CuH2) spreads over at least 

1.39 meV, an energy spread far too large to be caused by hyperfine 

effects of the two protons. Because A(CuT2) is not like A(CuH2), 

the anomalous properties of A(CuH2) cannot be attributed to any 

effect solely dependent on nuclear spin. 

A natural explanation for all of the differences is found in the 

assumption that in A(CuH 2), the H-Cu-H complex is light enough to 

tunnel rapidly among several equivalent orientations in the lattice 
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[HJFBO]. The acceptor A(CuH2) is thus a strongly coupled system 

consisting of the H-Cu-H complex and a bound hole; all of the acceptor 

states are those of the coupled dynamical system. That acceptor 

complex has a manifold of many (ls)-like levels, much like the many 

levels observed for the dynamic D(LiO) donor [HF7B]. In A(CuH 2), 

the multiplicity of levels in the (Is) manifold results because the 

coupled system has more degrees of freedom than a static acceptor 

center; these degrees of freedom include the motions available to the 

H-Cu-H complex, and the interaction between the complex and the bound 

hole. The complex tunnels so rapidly that on the time scale of the 

optical transitions it displays full tetrahedral symmetry. "The energy 

levels of the coupled acceptor therefore transform according to vari

ous double-valued representations of the group Td• This is consis

tent with the piezospectroscopic results shown in Figures IB and 19. 

The level A(CuH2)1 is a rB level, which splits into two levels 

under stress. In contrast, A(CuH2)1 has ~6 or r; symmetry, 

so that it does not split under stress. The nonlinear piezospectro

scopic behavior of the two levels might be the result of their stress

induced interaction with each other, and with other levels in the (Is) 

manifold. That nonlinearity could also be the result of the effect of 

stress on the tunneling of the H-Cu-H complex [Be75]. 

In acceptors with tunneling hydrogen atoms, a general phenomenon 

is the existence of more than one set of p-like levels [MS-B6], each 

one with hydrogenic spacing. Each different set corresponds to a 

different energy level for the tunneling nucleat system. In the case 

of acceptors with a single tunneling hydrogen atom, we recall that 

there are two sets of p-like levels, separated in energy by 4t, where 
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t is the tunneling matrix element for the nuclear complex (see Figure 

7). In the case of the acceptor A(CuH2), the nuclear motion is 

necessarily more complicated. The number of different energy levels 

of the non-interacting, tunneling H-Cu-H complex is not known, but 

must reflect itself through the existence of an equal number of sets 

of hydrogenically spaced p-like levels. The different sets of p-like 

levels would be reflected in the multiplicity and spacing of the 

observed series of optical transitions. Consider the case for which 

the energy spacings between the different sets of p-like levels is of 

the same order of magnitude as the spacings in the (Is) manifold. In 

this case, a given (ls)-like level might give rise to several differ-

ent observable line series. We have already seen that no common 

patterns were detected in the spacings between the different series 

oeserved for A(CuH2), so that each series has been assigned to a set 

of transitions from a different (ls)-like level. 

For A(CuH2), the existence of several different sets of p-like 

levels seems to be manifested in a different way. We recall that the 

observed transition linewidths of A(CuH2) are about 0.70 cm-1, 

compared to the -0.25 cm-1 linewidths observed for the other copper

dihydrogen acceptors. This difference is naturally explained as a 

consequence of the tunneling of the H-Cu-H complex, if the two or more 

energy levels of the non-interacting, tunneling complex are assumed to 

lie within about 0.4-0.5 cm-1 (50-60 ~eV) of each other. Such 

tunnel spacings are too small to result in an additional multiplicity 

of the number of resolved line series, but would account for the broad 

linewidths of A(CuH2). If we heuristically speak of the H-Cu-H 

complex in the language of a single tunneling H atom, we can equate 
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the observed tunnel-splitting between the sets of p-like levels with 

"4t", where "tIl is the tunneling matrix element. Then for A(CuH2), 

the parameter "t" would have a value in the range of 12-15 ~eVo This 

is of the same order of magnitude as the tunneling matrix elements for 

other complexes in Ge: D(LiO) has t = 27.7 ~eV [HF7B], and D(H,O) has 

t = 60 ~eV [NGHB6]. The value of "t" for A(CuH2) is much smaller 

than what has been observed for complexes in S1: t = 1.20 meV for 

A(Be,H), and t = 0.502 meV for A(Be,D) [MSB6]. It is important to 

recognize that this parameter has an exponential dependence on the 

mass of the tunneling complex, and on the potential energy in which 

the complex moves [HJFBOJ. In going from one physical system to 

another, the potential energy can change by an amount sufficient to 

cause t to vary over orders of magnitude. For A(CuH2), it makes 

sense to assume that "t" is quite small, because the addition of even 

a single neutron to the H-Cu-H complex (to make it an H-Cu-D complex) 

appears sufficient to curtail drastically the tunneling motion. 

An alternative explanation is that the broad linewidths of 

A(CuH 2) originate from simultaneous transitions from more than one 

closely spaced level in the (Is) manifold. For example, assume that 

the transitions from A(CuH2)2 are broad because that "level" 

actually consists of two nearby (ls)-like levels, of "6 and/or 

~7(Td) symmetry. In that case, under (111] stress, those two 

levels would both be of the symmetry J\4(C3v )' and would probably 

begin to repel. The 0- and C-lines of A(CuH 2)2 do not appear to 

broaden much under [lllJ stress, suggesting that their zero-stress 

width originates from spacings between different sets of p-like ex-

cited levels. The spacings between those sets of p-like levels would 
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change with stress only insofar as the stress affected the energy 

spacings of the non-interacting, tunneling H-Cu-H complex. 

4.3.3: Overview of the Copper-Oihydrogen Acceptors 

The copper-dihydrogen acceptors are strongly interacting systems 

of two hydrogen nuclei and a hole, bound at the site of a substitu

tional Cu atom. In order to understand the isotope-induced 

differences between the different species, an important first step is 

to provide a description of the motion of the non-interacting X-Cu-Y 

complex, where X,Y = H, 0, T. That X-Cu-Y complex constitutes a rotor 

moving in a potential of tetrahedral symmetry. Unfortunately, the 

minima of that potential are not known, since we have been unable to 

characterize simply the symmetry class of the four species which 

display reduced symmetry. Also, the important modes of motion are not 

known in detail. Nonetheless, it may be useful to consider the fol

lowing idealization: the X-Cu-Y complex has a rigid bond angle and 

rigid bond lengths, and the important motion is that of the complex as 

a whole, in the angular (rotational) coordinates. The modes we con

sider therefore include rotational tunneling, and also librational 

oscillation. 

Under these simplifying assumptions, a long-standing model may be 

able to shed light on the copper-dihydrogen acceptors. The Devonshire 

model [Oe36, Sa66, NP70] treats the energy levels of a linear molecule 

(rigid rotor), whose rotation is hindered by a crystal-field potential 

of octahedral symmetry. This model has been successfully used to 

explain some of the observed properties of the tunneling states of 

impurities in alkali halide crystals, such as Li in KC1, and CN in KCl 
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and RbCl. Although in the copper-dihydrogen acceptors we study here, 

the hindering crystal potential has only tetrahedral symmetry, the 

Devonshire model provides a useful insight. 

Devonshire (De36] considered a rigid rotor with moment of inertia 

Is which moves in a potential which is the lowest-order surface har-

monic of octahedral symmetry: 

v = _2(4w/21)1/2K((7/12)1/2y + (S/24)1/2(y + Y )] (402) Dev 4,0 4,4 4,-4 

Here, the Yl,m are the usual spherical harmonics, and K is the 

parameter which measures the strength of the potential. For K > 0, 

VDev has six minima in the <100> directions (tetragonal minima), and 

has eight maxima in the <111> directions (trigonal maxima). For 

K < 0, the minima and maxima are reversed. For all finite values of 

K, VDev has saddle points in the twelve <110> directions, so that 

when tunneling between two minima occurs, it will occur via a path 

which passes through the <110> directions. 

Figure 23 shows the eigenvalues of the Schrodinger equation of a 

rotor moving in the hindering octahedral potential. The energies are 

expressed in units of ~2/2I, and are given as a function of the 

2 parameter k = 2KI/ff. For k = 0, the energy levels are those of a 

free rotor, and have the familiar form of EJ = J(J + 1)~2/2I; the 

level for each J has a degeneracy of (2J + 1). 

For finite values of k, the energy levels are classified according 

the irreducible representations of the group 0ho The levels Al 

and A2 are non-degenerate, E is doubly degenerate, and TI , T2 

are triply degenerate. The octahedral potential has inversion sym-
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metry, so that the-levels are also labeled "u" and "g", according to 

whether they have even or odd parity. It is important to recognize 

that in the absence of interaction with some outside system, all of 

the eigenstates of the hindered rotor system have full octahedral 

symmetry. Even when the hindering potential is strong, the eigen

states have equal probability density at all of the potential minima • 

In the absence of any disturbance such as a measuring probe, the rotor 

is not localized at anyone of the potential minima. 
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For small, finite values of k, the states of the weakly hindered 

rotor are similar to those of a free rotor, except that the degeneracy 

of some of the free-rotor levels is broken, due to the octahedral 

potential. The rotor is relatively free to rotate, but the probabil

ity density begins to concentrate itself near the potential minima. 

As the magnitude of k becomes larger, the eigenstates of the rotor 

are modified greatly. At a given value of k, the states most strongly 

affected are those lying lowest in energy. The states of the rotor, 

particularly those of lowest energy, are now better described as 

librational states, or states of oscillation in angular coordinates. 

They begin to bunch up into so-called librational levels; in Figure 

23, the numbers in parenthesis give the total number of states in the 

librational levels. As the magnitude of k increases, the spacing 

between the different librational levels increases. The potential 

wells at each minimum become deeper, and it requires more energy to 

excite a quantum of angular oscillation. 

Within the groups of librational levels, the individual levels are 

separated by the so-called tunnel splitting. As the magnitude of k 

gets larger, the tunnel splitting gets smaller, and it approaches zero 

exponentially in the limit of large Ikl. The tunnel splitting is 

perhaps best understood as follows. For very large Ikl, one can 

calculate the lowest-lying librational energies by starting with 

wavefunctions which are confined to isolated, harmonic wells. As the 

overlap between wavefunctions centered at different wells is in

creased, corresponding to a decrease in Ikl, the tunnel splitting 

increases. For a given Ikl, the tunnel splitting ;s larger for tri

gonal minima than for tetragonal minima, simply because there are more 
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minima in the former case, and it is thus easier for the rotor to 

tunnel from one minimum to another. 

Prior to any coupling to an outside system, the stationary states 

of the hindered rotor do not involve any localization about a specific 

potential minimum. There is thus no meaning to the concept of the 

rotor tunneling from one minimum to another. When the hindered rotor 

is coupled to an outside probe system [GF76], as in the process of 

observation, the states of the rotor become admixtures of the zero

coupling eigenstates. If a probe system involves quanta of sufficient 

energy, it can produce an admixture of rotor eigenstates which in

volves the localization of the rotor in one potential minimum. Once 

that admixture of eigenstates is produced, each individual eigenstate 

oscillates in phase, with a frequency. proportional to its energy. The 

total probability denSity of the perturbed rotor system thus oscil

lates in time, corresponding to tunneling motion from one minimum to 

another. The rate at which this amplitude oscillates among the minima 

depends upon the energy differences between the individual eigenstates 

in the localized admixture. For small Ikl, a relatively large probe 

energy is required to produce an admixture of eigenstates which is 

localized at a single potential minimum. The tunnel splitting is 

large, so that the probability density oscillates rapidly from one 

minimum to another. In other words, the rotor tunnels rapidly. For 

larger Ikl, a smaller probe energy is required to localize the rotor; 

once localized, it will tunnel slowly to other minima. 

In the copper-dihydrogen acceptors, the X-Cu-Y complex has more 

degrees of freedom available to it than does a rigid rotor. The 

X-Cu-Y complex does not move in a potential of octahedral symmetry, 
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but rather one of only tetrahedral symmetry. Also, the directions of 

the potential minima for the complex are not known, since we have been 

unable to determine the symmetry of A(CuD2). Finally, in the cop

per-dihydrogen acceptors, we do not observe the energy levels of the 

nuclear complex separately; rather, we observe the energy levels of 

the coupled acceptor system [at least in the (Is) manifold]. Depite 

these differences, the Devonshire model may help us to understand the 

copper-dihydrogen acceptors. Our motivation is to try to understand 

the isotope-induced differences in the nuclear motion in terms of 

changes in the moment of inertia of the complexes. We do not expect 

that as the isotopic mass is changed, the potential acting on the 

nuclear complex is changed; in terms of the Devonshire model, we hold 

K constant, and vary I. 

In the acceptor A(CuH2), the H-Cu-H complex can be understood as 

a rotor of relatively low moment of inertia: the motion of the non

interacting rotor is that of hindered rotation. In each of the p-like 

states of the acceptor system, the existence of several different, 

closely spaced rotational levels means that there are several differ

ent energies of the total acceptor system. The result is that the 

hydrogenic p-like levels of a static acceptor are replaced by several 

sets of p-like levels, displaced from one another by the rotational 

energy spacings of the H-Cu-H complex. When the bound hole is in a 

(ls)-like state, it interacts strongly with the complex, and the 

motion of the coupled system is of a coherent, cooperative nature. 

The motion is rapid on the time scale of optical transitions, so that 

the acceptor A(CuH2) has tetrahedral symmetry despite its internal 

structure. The (Is) manifold of A(CuH2) contains many levels, which 
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are created by the coupling of the tunneling motion of the complex to 

the bound hole, via electrostatic interactions. 

For those copper-dihydrogen acceptors which involve heavier iso

topes, the X-Cu-Y complexes can be understood as rotors of higher 

moments of inertia. Between the complexes H-Cu-H and H-Cu-D, the 

increase in moment of inertia is sufficient to produce a decrease in 

the tunnel splitting which is large in its effect on the resulting 

acceptor states. The mass-induced change may seem rather abrupt, but 

apparently the tunnel splitting is in a regime of exponential depen

dence on moment of inertia. For the species involving heavier 

isotopes, the tunnel splitting is too small to produce a measurable 

separation of the p-like acceptor levels associated with the lowest 

librational level, into a manifold of several sets of levels. The 

p-like acceptor states which are associated with the first excited 

librational state are too far removed to be accessible via optical 

transitions from the acceptor (Is) ground state. The result is that 

from a (ls)-like level, only a single set of transitions is observed, 

and these transitions are not unusually broad. 

For the copper-dihydrogen acceptors involving heavier isotopes, 

the ground state of the total acceptor involves a strong coupling 

between the bound hole, and the zero-point librational motion of the 

complex. That coupling mixes the eigenstates of the uncoupled X-Cu-Y 

complex, apparently producing states in which the nuclear complex 

appears localized in one potential minimum. Although it is still 

possible for the complex to tunnel to other equivalent minima, that 

tunneling is slow on the time scale of optical transitions, and the 

acceptor appears to have a symmetry lower than tetrahedral. The 

201 



zero-point librational motion of the nuclear complex produces isotope 

shifts of the acceptor transition energies, via one or both of the two 

mechanisms described in the previous section. 

With the appropriate generalizations, it should be possible to 

apply the "tunneling H model ll [HJFBO] to the copper-dihydrogen accep

tors. Unfortunately, the available experimental evidence may not 

prove sufficient to allow a unique selection of the relevant para

meters. 

The first step in generalizing the model would be to treat the 

motion of the non-interacting X-Cu-Y complex. The Devonshire model 

shows that with a single choice of potential energy, it is possiole to 

include the regime of rapid, hindered rotation, as well as that of 

librational oscillation. It would seem natural to attempt to neglect 

modes of motion other than these two, and to try to reproduce what is 

observed. To this end, one must construct a potential energy function 

which satisfies several requirements: (a) it must have tetrahedral 

symmetry; (0) it needs to have a sufficient number of minima to repro

duce the observed energy levels for A(CuH2), when the rotor is 

allowed to tunnel; (c) for A(CuH2), the energy levels of the non

interacting H-Cu-H rotor should be compatible with the observed energy 

separations between the different sets of p-like levels (at present 

those separations appear to be of the order of 50 ~eV); and (d) the 

minima need to be correctly chosen so as to fit the stress-induced 

shifts of those species which exhibit reduced symmetry. To satisfy 

the requirement (d), it mlght prove necessary to choose a potential 

energy function, and carry out the full calculation of the energy 
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levels and piezospectroscopic behavior of the interacting acceptor 

system, in order to determine the suitability of the potential. 

In treating the motion of the nuclear complex, it might also prove 

necessary to include modes of motion other than hindered rotation and 

libration; such as a "scissors" mode of the X-Cu-Y complex. But if it 

is not necessary to consider any additional modes, they should pro

bably be neglected; one does not want an excessive number of free 

parameters. 

The "tunneling H" model would need to be generalized to include 

the interactions between the X-Cu-Y complex and the bound hole. In 

the treatment of an acceptor with a single tunneling H atom, those 

interactions are parameterized in terms of Vo and V1 (see Chapter 

2). We recall that Vo corresponds to the reduction of symmetry 

which is caused by the asymmetric structure of the complex, in the 

absence of motion. For the copper-dihydrogen acceptors, Vo would 

perhaps need to be generalized to at least two parameters, because in 

the absence of any dynamic effects, it might be reasonable to assume 

that a copper-dihydrogen complex would have rhombic I symmetry. To 

describe a rhombic I distortion [~B(Td) ~ 2~5(C2v)J, two 

parameters are needed. One parameter gives the size of the splitting 

between the two resulting Kramers doublets, and the other tells the 

particular way in which the rB(Td) level is projected into the 

two ~5(C2v) levels. To reproduce the isotope shifts in those 

copper-dihydrogen acceptors which appear not to tunnel, it might be 

necessary to make the first one of these parameters dependent on 

hydrogen isotopic mass. Physically, this corresponds to the fact that 

if the amplitude of librational motion depends on the moment of iner-
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tia of the X-Cu-Y complex, then the magnitude of the rhombic I 

distortion can be isotope dependent. 

In the model for an acceptor with a single tunneling H atom, the 

parameter VI describes the interaction of a bound hole in the eigen

state of one trigonal distortion, with the nuclear complex which is in 

another trigonal distortion. That interaction is assumed to be the 

one which dominates the breakdown of the Born-Oppenheimer approxima

tion. It is not clear at present how that interaction would be 

generalized to the copper-dihydrogen acceptors. If A(CuH2) is the 

only species which tunnels, then ~uch an interaction is physically 

meaningful for that species alone. The interpretation advanced here 

is that the tunnel-splitting of the energy levels of the non-interact

ing H-Cu-H complex is small; the total spread of those levels is 

assumed to be only 50-60 ~eV. If this interpretation is correct, then 

the (Is) manifold of A(CuH2) contains levels spread over a range of 

at least 1.39 meV. It might seem unusual for such a small nuclear 

tunneling interaction to result in such a large effect on the energy 

spacings within the (Is) manifold. However, there is precedent for 

this in the donor D(LiO) [HF78]. In that donor complex, the nuclear 

tunnel splitting is 4t = 111 ~ev, while the total (Is) donor manifold 

spreads over an energy range of about 1.04 meV (at zero stress). 

In the model for acceptor complexes with a single tunneling H 

atom, the zero-point energy of the nuclear complex has the value En' 

prior to the consideration of tunneling motion. If that zero-point 

energy depends on whether the bound hole is in a (ls)-like state, or 

is in a p-like state, it might give rise to an observable isotope 

shift. We have already discussed this as a possible mechanism for the 
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coupling that gives rise to the isotope shifts in the copper-dihydro

gen acceptors. 

Finally, it is necessary to generalize the "tunneling H model" to 

include the effect of uniaxial stress on the copper-dihydrogen accep

tors. The formalism of Bir and Pikus [BBP63, BP74] can be used to 

treat the piezospectroscopic behavior of a static, sustitutional, 

tetrahedral acceptor. We have already seen that in a certain sense, 

the copper-dihydrogen acceptors can be modeled as a perturbed form of 

the Ga acceptor. In principle, a treatment of the piezospectroscopic 

behavior of the copper-dihydrogen acceptors could begin with the 

realistic behavior of Ga, and could then consider all of the distor

tionsand dynamic effects as perturbations. For the copper-dihydrogen 

acceptors, all of the parameters we have considered could depend on 

stress. For example, stress is known to affect the behavior of tun

neling nuclear complexes [Be75]. That effect could be responsible for 

the observed nonlinear stress behavior of A(CUH 2). A major 

unanswered question concerns the origin of the anomalous piezospectro

scopic behavior of the acceptor A(CuD2) (and presumably, of the 

other species which appear to have reduced symmetry). It is possible 

that the unusual stress-shifts originate because of dynamic effects 

which go beyond librational motion. For example, the nuclear motion 

in these complexes might actually involve tunneling, but without the 

apparent recovery of full tetrahedral symmetry. At this time, no 

experimental or theoretical insight is available to fully resolve the 

issue. 
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Chapter 5: Further Aspects of the 

Piezospectroscopy of Shallow Acceptors 

The material presented in this chapter is in large part an out-

. growth of the piezospectroscopic studies of copper-dihydrogen 

acceptors. As explained in Chapter 4, the samples used for those 

studies also contained transiently neutralized shallower acceptors, 

such as Al and A(H,C). Observation of the O-transitions of Al allowed 

a fairly accurate calibration of the magnitude of the applied stress. 

It has been predicted on theoretical grounds that the final-state 

level of the C-transition actually consists of two nearly degenerate 

levels, and the stress-induced splitting of the Al C-lines was found 

to confirm that prediction. 

Surprisingly~ the ground-state level of A(H,C) was found to shift 

with stress in a manner which indicates that the complex has trigonal 

symmetry, and is not a "tunneling HI! center, as proposed previously. 

A very simple model was developed, which could quantitatively explain 

the stress-induced shifts of the A(H,C) ground-state level. Upon 

examination of the data which exist for the acceptors A(Be,H) and 

A(Zn,H),- it was found that the model could also explain the stress

induced shifts of those trigonal complexes. No new experiments have 

been performed on the acceptor A(H,Si), but the existing data suggest 

that its behavior under stress may be similar to that of A(H,C). One 

of the primary goals of this chapter is to provide a simple descrip

tion of A(H,C), A(H 9 Si), A(Be,H) and A(Zn,fl), which might explain some 

of the similarities and differences among the four species. The model 

used to describe the stress-induced shifts of trigonal centers is 
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extended to predict the piezospectroscopic behavior of tetragonal and 

rhombic I shallow acceptor complexes. The essence of the model is 

very simple: an acceptor complex of reduced symmetry may be thought 

of as a perturbed version of a tetrahedral acceptor. If that pertur

bation is sufficiently weak, and if we know the effect of stress on 

the tetrahedral acceptor, we may be able to understand the piezospec

troscopic behavior of the complex of reduced symmetry. 

5.1: The Piezospectroscopy of Group III Acceptors 

5.1.1: Theoretical Formalism 

We are interested here in the behavior under stress of acceptor 

levels which have the symmet.ry ra of the group rd. Examples of 

such levels include the ground-state level of a Group III acceptor, 

and the final-state levels of the transitions G, 0 and B of all sin

gle-hole acceptors. A ~(;rd) level is fourfold degenerate; it 

has twofold orbital degeneracy, and twofold Kramers degeneracy (as 

required by time-reversal symmetry). Any uniaxial stress breaks the 

orbital degeneracy, and causes the ~ level to split into two 

Kramers doublets. Appendix 3 includes the character tables of the 

group Td, and of the subgroups into which it is reduced when stress 

is applied along the three major axes. In that appendix, Table 13 

lists the representations of those subgroups into which a ra(Td) 

level decomposes. 

We require here a more quantitative theory of the relationship 

between the magnitude and direction of an applied stress, and the 

evolution of a ~a(Td) level. We begin by introducing the conven-
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tions by which we represent stress and strain. Consider the applica-.. 
tion of a force F to a sample which has a uniform cross-sectional area ... 
A in a plane normal to F. The resulting stress is T = F/A; we define 

T to be negative for compression and positive for tension. Within the 

elastic regime, the stress results in a strain~ described by a sym-

metric, second-rank tensor: 

Here, the Xi are a set of Cartesian coordinates (assumed here to be 

directed along the cubic axes of the crystal), and the ui are the 
~ 

(S.l) 

components of the displacement field. If the force F is oriented with 

direction cosines (nx9 ny,nx) relative to the coordinates Xi' 

then the components of the strain tensor are given by (valid for cubic 

systems only): 

(S.2) 

For Ge, the elastic compliance coefficients [FiSS] are given by: 
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-4 -1 sll = 9.585 x 10 kbar 

-4 -1 s12 = -2.609 x 10 kbar (5.3) 

-4 -1 s44 = 14.542 x 10 kbar • 

We now consider the behavior under stress of the J = 3/2 valence 

band maximum. As explained in Appendix 1, that maximum is fourfold 

degenerate, and the four states generate the representation 

r;(Oh). The four basis states [LK55] can be written: 

" 3 = 2-1/2 (X + iy)t 

X 1 = i6-1/2 [(X + iY) + - 2Zi] 

?( -1 = 6-1/ 2 [ (X - iY) t + 2Z t ] 

X_3 = i2-1/2 (X - iY)t, 

(5.4) 

where "3, 1, -1, -3" are shorthand for the mJ values 3/2, 1/2, -1/2 

and -3/2, respectively. The functions X, Y, and Z transform like x, y 

and z under the operations of Td, and i, t are the spinors corres

ponding to ms = 1/2 and -1/2, respectively. We do not find it 

necessary to include the J = 112 split-off band in our discussion; for 

Ge, the 330 meV spin-orbit splitting is much larger than the energy 

scale of all of the effects we consider. 

We now require the perturbation Hamiltonian which describes the 

effect of stress on the valence band extremum [PB60, BBP63, BP74]. In 

a strained crystal, the perturbed wavefunctions must have the periodi-
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city of the deformed lattice. If we perform an inverse transformation 

of coordinates back to those of the undeformed lattice, and expand the 

perturbed wavefunctions in terms of the unperturbed basis states 

(5.4), we obtain: 

H'(£) = -ad - b{(e J2 + E: J2 + E: zzJz2) - (5/4)d} xx x yy y 

Here, E: = E: xx + E:yy + E: zz , the Ji are the angular momentum 

matrices for J = 3/2~ I is a 4 x 4 unit matrix, and 

[AiBj] = (1/2)(A;Bj + AjB i ). The constants a, band dare 

called IIdeformation potential constants", and they represent changes 

in energy per unit strain. (We find it convenient here to use elec

tron energy, which is equal to hole binding energy, rather than the 

hole energy used by some authors [PB60, BBP63, BP74]. As a result, 

some of our equations have different algebraic signs, but all para

meters [e.g., a, b, d, T] are taken to have the same signs as used by 

those authors.) 

Oiagonalization of (5.5) yields the energies of the valence band 

maximum in the strained crystal: 

(5.6) 

The strain shifts the center of gravity of the valence band maximum by 

an energy -a€:; this is called the "hydrostatic shift", and is equal to 
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one-third of the shift which would result from a hydrostatic compres-

sion of magnitude equal to that of the applied uniaxial stress. The 

r +-
strain also splits the fourfold-degenerate 8(Oh) level into 

two Kramers doublet levels. We discuss that splitting in detail below. 

A reduction of symmetry from 0h to Td does not change the form 

of the equations (5.5) and (5.6). The strain-induced behavior of a 

~8(Td) acceptor level is thus descrioed by those expressions, but 

with the substitutions a~a', b~b' and d~d'. Within the effective-mass 

approximation, the hydrostatic deformation potential a l is equal to 

that of the valence b·and maximum, for all s- and p-like acceptor 

states. This is experimentally found to be true for shallow acceptors 

in Ge, so that there is no observable shift in the center of gravity 

of the optical transitions from a strain-split ~8(Td) acceptor 

level. Using tne effective-mass envelope functions for the various 

acceptor states, the deformation potentials b' and d' can De calcula-

ted [BBP63] in terms of band d for free holes; the latter quantities 

must be separately measured. This technique has been employed [Ma83] 

by Martin et al, who got fairly good agreement with the observed 

values of b' and d ' for the ground state and several excited states of 

the Ga acceptor. Because the.envelope functions of p-like acceptor 

states are the same from one acceptor species to another, the values 

of b' and d ' are the same for a given p-like state of every shallow 

acceptor. In contrast, the envelope functions of the s-like states 

vary from one species to another, so that we expect b' and d' to be 

different for the ground-state level of eacn different acceptor. We 

treat b' and d' as completely phenomenological parameters, and use the 

values extracted from the experiments of Martin et al. In general 
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equations, we use the symbols band d, with the understanding that in 

numerical calculations, the actual values of 0' and d' are to be used. 

Using (5.2) and (5.6), it is straightforward to calculate the 

shifts of the two sUblevels which evolve from a ~S(Td) level 

under stress. For the three major families of directions, these 

Shifts are given in Table 4. Theory also makes possible the deriva

tion of polarization dependent selection rules and intensities, for 

the optical transitions between stress-induced sublevels [RRS1]. 

Measurement of piezospectra with polarized radiation makes possible 

the unambiguous identification of the symmetries of the sublevels, 

which is crucial to the detailed understanding of shallow acceptor 

states. The present experiments have been performed with unpolar;zed 

radiation. We note that for small stresses applied along any direc-

tion, dipole transitions are allowed from both stress-induced 

sUblevels of a rS(rd) (ls)-like acceptor level, to both stress

induced sublevels of a ~(lrd) p-like level. 

5.1.2: Piezospectroscopy of Aluminum Acceptors 

In measuring the piezospectroscopic behavior of the copper-dihy

drogen acceptors, it was found that the apparatus used to apply stress 

did not produce accurate and repeatable values of the stress (it had 

not been designed for application of the low stresses employed here). 

Fortunately, when the sample temperature was maintained at no more 

than 7-7.5 K, the piezospectroscopic behavior of transiently neutra-

lized shallower acceptors could be monitored simultaneously with that 

of the copper-dihydrogen acceptors. The observed splitting of the 

D-transition of Al was used to calibrate the actual value of the 

212 



Table 4: The energy shifts of the stress-induced sublevels which 
evolve from a r8(Td) level. The shifts are given in terms of 
hole binding energy. 

Stress 
Direction 

dll> 

dOO> 

Sublevel 

"4(C3v ) 

A5,6(C3v ) 

X7(02d) 

X6(D2d ) 

L\s(C2v ) 

L\5(C2v ) 

Energy Shift 

+b( s11 - s12)T 

-b( s11 - s12)T 

-[(b/2)2(Sll - s12)2 + (ds44/4)2Jl/2T 

+[(b/2)2(sll - s12)2 + (ds44/4)2Jl/2T 

applied stress, with the use of the published deformation potentials 

of the acceptor Ga [Ma83J. 

The stress-induced sublevels of the Ga ground-state level are 

observed to shift linearly, up to stresses of at least 1 kbar. The 

bound-excited states exhibit linear behavior up to stresses of about 

0.2 kbar. At higher stresses, the stress-induced sublevels from some 

of the closely spaced bound-excited-state levels begin to interact, 

and thus begin to shift in a nonlinear fashion. Table 5 gives the 

deformation potential constants for the Ga ground state, and for the 

final state of the D-transition. We note that the ground-state level 

is oDserved to split for all directions of applied stress. The final-

state level of the D-transition is not observed to split for <111> 

stress, at stresses of up to 1 kbar, so that the indicated value of 

diD is an upper limit. That final-state level does split substan-
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Table 5: Deformation potential constants of the Ga acceptor in Ge 
(after [Ma83]). 

Deformation Potential Constant Value (eV) 

b H 

Ga -1.33 : 0.03 

d i 

Ga -2.91 : 0.06 

b' D +0.60 : 0.10 

d ' D < 10.061 

tially for <100> stress; the splitting per unit stress for <110> is 

half that for <100> stress, as can be seen in Table 4, when d is taken 

to vanish. 

For Group III acceptors other than Ga, less accurate values of b' 

and d' are available in the literature. For the acceptor In, 

b' 1n = -1.4 : 0.2 eV, and d ' 1n = -2.9 : 0.4 eV [JF70J. Both of 

these values are equal to those of Ga, within experimental error. No 

published deformation potentials could be found for the acceptor Al. 

Aluminum has a binding energy of 11.15 meV, which is much closer to 

the 11.32 meV binding energy of Ga, than is the 11.99 meV binding 

energy of In. Since the differences in binding energy reflect differ

ences in the (ls)-like envelope function, we would expect b'Al and 

diAl to be quite close to the values for Ga. It seems likely that 

the differences are of the order of 5~ or less. We note that an 

error of that magnitude would not be crucial to the interpretation of 

the piezospectra of the copper-dihydrogen acceptors. 

The PT! spectra of the D- and C-transitions of Al are shown in 

Figure 24, for stresses applied along the [lllJ, [lOOJ and [110J 

axes. [These spectra were recorded simultaneously with the series of 
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Figure 24: PTJ spectra of the 
0- and C-transitions of Al, and 
the O-transition of A(O,C)2, 
for uniaxial stress applied 
along [111], [100] and [110]. 
All spectra were recorded at 
7.0 K. 
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piezospectra of A(Cu02), which are shown in Figure 20.J The O-tran

sition of A(O,C) is also shown in Figure 24, and is discussed in the 

next section. 

Under [Ill] stress, the O-line of Al splits into two lines. The 

apparent additional splitting which is evident in the spectrum at 

0.039 kbar is a "channel spectrum", caused by the coherent multiple 

internal reflections between the opposing plane-parallel faces of the 

sample [Be72]. For [lllJ, the stress was calibrdted by equating the 

observed splitting O2 - 01 to (31/2/3)dIGas44ITI. Aside 

from any error caused by differences between d l

Ga and diAl' this 

calibration procedure is subject to an uncertainty of z2~, from the 

quoted uncertainty in d l

Ga • 

F~r [100J stress, the O-line of Al evolves into four lines. The 

energy differences O2 - 01 = 04 - 03 reflect the excited-state 

splitting, while 03 - 01 = 04 - O2 reflect the ground-state 

splitting. Because 01 and 04 are not well resolved at all stres

ses, the energy separation 03 - O2 was used to calibrate the 

stress; it was equated to 2(b i
Ga - b'O)(sll- s12)ITI. The 

resulting uncertainty in the stress value was 14~, caused mostly by 

the large fractional uncertainty in the quoted value of biD. For 

spectra recorded under [110] stress, four O-lines were also observed, 

and the ground-state and excited-state splittings appear in the same 

fashion as they do in the [100] spectra. The [110J stress was cali-

brated through the following equation: 
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03 - O2 = 2 £ [(b'Ga/2)2(sll - s12)2 + (d'Gas44/4)2]1/2 

- [(b ' 0/2)2(sll - s12)2 + (d'Os 44 /4)2]1/2}ITI. (507) 

The resulting calibration is subject to a 710 uncertainty, again 

caused mostly by the uncertainty in the published value of biD. 

Examination of Figure 24 shows that the piezospectroscopic beha-

vior of the C-transition of Al is more complicated than that of the 

O-transition. Under [Ill] stress, three C-lines are clearly re

solved. When stress is applied along [100], five C-lines are clearly 

resolved, and a sixth component C2 begins to separate from C1 at 

the highest stresses employed (it seems likely that the rather broad 

line C6 would separate into two components at higher stresses). 

Finally, five C-lines are clearly resolved under [110] stress. 

Although no more than four C-lines 'have previously been reported 

in the piezospectra of shallow acceptors in Ge, the present observa-

tions are not surprising in view of the theoretical calculation of 

Baldereschi and Lipari [BL76, LB78]: they predicted that the final-

state level of the C-transition actually consists of the nearly degen

erate 3 ra and 1 r] levels. Although the near degeneracy is 

accidental, it must be close to perfect, because the two levels have 

never been separately resolved at zero stress. For example, in Figure 

13, the 0- and C-lines of Al and A(O,C) all have widths of about 

0.13 cm-I • The lack of linewidth difference between the 0- and 

C-transitions suggests that the 3r a and 1r] levels lie at 

nearly the same energy, within about 0.05 cm-1 = 6 ~eV. 
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The stress-induced shifts of the Al C-lines are shown in Figure 

25. These shifts have not been analyzed in detail here. We note that 

under [111] stress, the components C1 and C3 appear to shift 

linearly at all stresses measured, and the splitting C3 - Cl is 

equal to 02 - 0It the splitting of the ground-state level. The 

component C2 separates from C3 in a nonlinear fashion. This may 

be caused by repulsion between two of the stress-induced sublevels 

which evolve from the 3ra and 1r7 levels. Under [111] 

stress (see Table 13 in Appendix 3), r 8(rd) ~ 1\4 ® AS,6(C3v )' 

while r7(Td) ~ 1\4(C3v )' and the two A4(C3v ) levels should begin 

to repel at sufficiently high stresses. Under [100] stress, the 

energy separations C6 - C3 and C4 - C1 are equal, and also 

equal the splitting 04 - 02 = 03 - 01' which arises from the 

ground-state level. It therefore seems likely that the transitions 

C3 and C6 share the same final state, and that C1 and C4 have 

in common another final state. In a similar fashion, for [110] 

stress s the splittings Cs - C2 = C4 - C1 = 04 - O2 = 03 - 01" 

Since the latter two splittings are known to originate from the 

ground-state level, apparently the former two splittings do also. 

Thus, the transitions C2 and Cs appear to share the same final 

state, while C1 and C4 have in common another final state. 

The present results clearly show that the final-state level of the 

C-transition consists of more than one nearly degenerate level, but 

they are not sufficent to confirm the ass ignment to 3 r a ® 1 r 7" 
Detailed measurements are in progress elsewhere [Fi86], and at least 

as many C-line components have been detected. We should mention that 

for the Z = 2, single-hole acceptor Zn- in Ge. seven stress-induced 
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Figure 25: Energy shifts of the C-transition of Al under uniaxial 
stress applied along [lllJ, [100J and [110J. 

C-lines have been observed [BF76J. However, in that acceptor, three 

C-lines are observed at zero stress. No attempt has been made here to 

compare the present results to the piezospectroscopic behavior of 

5.2: Hydrogen-Related Acceptor Complexes 

The acceptor complexes A{H,Si}, A{H,C} [HJF80J, A{Be,H} and 

A(Zn,H} [Mc86J are discussed in Chapters 1 and 2 of this thesis. We 
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recall that for both A(H,Si) and A(H,C), two (ls)-like levels have 

been detected. No stress-induced splitting of those levels was ob-

served, leading to the proposal that those two acceptors involved the 

rapid tunneling of the H nucleus among four equivalent <111> orienta-

tionse That rapid tunneling would effect a recovery of tetrahedral 

syrrmetry, and lead to a manifold of five (ls)-like levels, including 

3~8(~) levels (which are expected to split under stress, but 

which have never been observed), a r6 level, and a r7 level. 

The latter levels would not split under stress, and would therefore be 

the two (ls)-like levels which were observed. 

Two (ls)-like levels have been observed for A(Be,H), while only 

one has been observed for A(Zn,H). Under stress, the (ls)-like levels 

of these two acceptors shift in a manner that is consistent with 

static, trigonal complexes. In the next two sections g we bring toge-

tQer all of the available piezospectroscopic data for these four 

acceptor complexes. Clear evidence is shown that the acceptor A(H,C) 

is actually a trigonal complex. It is also pointed out that the 

available data are insufficient to prove that the (ls}-like levels of 

A(H,Si) are insensitive to stress. Later in this chapter, a simple 

model is shown to explain the observed piezospectroscopic behavior of 

A(H,C), A(Be,H) and A(Zn,H); it is proposed that this model might also 

explain the response of A(H,Si) to stress. Our motivation in the next 

few sections is to provide a simple, unified description of the elec-

tronic structure and piezospectroscopic behavior of these four 

hydrogen-related shallow acceptor complexes. 
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5.2.1: Piezospectroscopy of the Acceptors A(H,C) and A(H,Si) 

Let us return to the PTI spectra shown in Figure 24, and examine 

the behavior of the O-line of A(0,C)2. (The C-line of that acceptor 

is obscured by one of the A-lines of Al, but analysis of the O-line is 

sufficient for our present purpose). Under [lllJ stress, the O-line 

of A(0,C)2 evolves into two lines 01 and 02; the second compo-

nent is evident as a shoulder to the right of 01' in the spectrum 

recorded at 0.039 kbar. Re-evaluation of published piezospectra of 

A(H,C) [HJF80J shows that the same stress dependence was observed 

previously; it is particularly evident for the C-line of A(H,C)2 in 

Figure 7 of [HJF80J. We note that in the present [111J spectra (as in 

the spectra of Haller et al) the line 01 has about three times the 

intensity of the line 02. In the [100J spectra of Figure 24, the 

O-line of A(O,C)2 is seen to split into two lines of approximately 

equal intensity. Finally, under [110J stress, it splits into four 

lines of approximately equal intensity. In the samples with which the 

spectra shown in Figure 24 were recorded, the second (ls)-like level 

A(O,C)l could not be observed. At temperatures sufficient to popu

late substantially that level (8-10 K), none of the transiently neu

tralized Shallower acceptors were found to remain neutral (see the 

discussion in section 4.1.1). 

The stress-induced shifts of the O-lines of A(O,C)2 are shown in 

Figure 26. The points 01' ••• '04 are the observed peak positions, 

while the continuous lines indicate the shifts of the ground-state 

levels. The numerical values of the ground-state level shifts are 

given below in Table 7, but the present discussion does not depend on 

those values. It should be noted that for the D1 line which evolves 
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Figure 26: Energy shifts of the O-transition of A(0,C)2 under uni
axial stress applied along [lllJ, [100J and [110J. The points 01, 
••• ,04 are the observed peak positions. The heavy lines indicate the 
shifts of the ground-state levels. For [100], the final-state level 
evolves into two levels, giving rise to the observed splitting 
02 - 01. For [110J, the splitting 02 - 01 = 04 - 03 arises 
from the final-state level. 

under [Ill] stress, additional data points have been included in 

Figure 26; they were measured in another sample. 

Under small [Ill] stress, the final-state level of the O-transi-

tion does not split, and the observed shifts are caused only by the 

ground-state level. The shifts of O2 and 01 form approximately a 

3:1 ratio. Recalling tnat the intensities of O2 and 01 form 

approximately a 1:3 ratio, it is immediately apparent that A(O,C) ;s a 

trigonal acceptor complex [Ka64J. Under [100J stress, the final-state 
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level of the O-line splits into two levels, causing the observed 

splitting 02 - 01 (which is found to equal the splitting of the 

corresponding level of Al). There is no observed shift of the ground

state levels of any of the four orientations of the A(O,C) complexes, 

because each of them is at the same angle with respect to the [100] 

stress axis. When [110] stress is applied, the final-state level 

splits, and gives rise to the observed energy separations 

04 - 03 = 02 - 01 (which are found to equal the corresponding 

splittings of Al). The A(O,C) complexes break into two inequivalent 

groups of two each, which are oriented differently with respect to the 

[110] stress axis. The two groups give rise to transitions of equal 

intensity, which shift from the zero-stress position by equal and 

opposite amounts. In order to satisfy the general relations among the 

linear transition energy shifts of trigonal centers [Ka64], the magni

tude of the shifts for [110] stress should equal half of the shift of 

O2 under [Ill] stress, and three-halves of the shift of 01 under 

[Ill] stress. These requirements are satisfied within about 6~. 

It has been mentioned that the level A(O,C)l could not be ob

served in these samples. Haller et al observed that although the two 

levels of A(H,C) did not split under stress, they draw slightly 

towards each other under [Ill] compression [HJF80]. A possible inter

pretation of this observation is that under [Ill] stress, the levels 

A(H,C)l and A(H,C)2 undergo stress-induced shifts in the opposite 

sense. If that is true, then Haller et al actually observed that for 

three of four possible orientations of the complexes, the levels 

A(H,C)l and A(H,C)2 draw together under [Ill] compression, and for 

one of the four orientations, they push apart. We see below that very 
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similar behavior has been unambiguously observed for A(Be,H), and that 

it may be a generic property of shallow acceptors of reduced symmetry. 

Piezospectra of the acceptor complex A(H,Si) have not been mea

sured in the work of this thesis. According to Haller et al, the two 

(ls)-like levels of A(H,Si) do not split under uniaxial stress applied 

along any direction [HJF80], but they do draw slight1y toward each 

other under (Ill] stress. Those two levels were thus assumed to have 

r6 and r 7(Td) symmetry, caused by the rapid tunneling motion 

of the H nucleus. The isotope shift which is observed, when D is 

substituted for H, was taken as additional evidence that the H or D 

nucleus undergoes rapid zero-point tunneling motion. 

Examination of Figure 6 of [HJF80], which shows the PT! spectra of 

A(H,Si)l and A(H,Si)2 under [lllJ stress, shows that the data 

might be consistent with the following alternative interpretation. 

A(H,Si) is a trigonal acceptor complex, with two and only two (ls)

like levels, A(H,Si)l and A(H,Si)2. Under [Ill] stress, the 

(ls)-like levels of the complexes oriented along three <111> direc

tions shift towards each other, and those of the complexes oriented 

parallel to the stress axis shift away from each other; the energy 

shifts are in a 1:3 ratio. However, the resulting splitting of the 

acceptor lines might not have been resolved by Haller et al, because 

the stress they applied to the sample was not sufficiently uniform. 

Upon careful inspection of Figure 6 of [HJF80], it is apparent that 

the D-line of A(H,Si)2 (which according to the present interpreta

tion, is the D-line of three of the four orientations of the trigonal 

complex) undergoes stress-induced shifts of a magnitude similar to the 

observed shifts of the 01 component from A(D,C)2' as shown in 
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Figures 24 and 26 of this thesis. We see below that based on a simple 

model, we would expect the small-stress shifts for A(H,Si) to be of 

approximately the same magnitude as those of A(H,C). We also discuss 

the isotope shift which has been observed for A(H,Si) ~ A(D,Si), and 

see that it might possibly be explained in terms of mechanisms other 

than the rapid tunneling of the H or D nucleus. 

5.2.2: Piezospectroscopy of the Acceptors A(Be,H) and A(Zn,H) 

The data presented in this section were obtained by Robert E. 

McMurray, Jr., and the author is grateful for his permission to in

clude here some unpublished results. 

For the acceptor complex A(Be,H), two (ls)-like levels have been 

observed [Mc86]; the ground-state level is designated A(Be,H)l' and 

the second level is A(Be,H)2. Figure 27 shows the O-lines from 

those two acceptor levels [in square brackets, the numbers "1" and "2" 

refer to A(Be,H}l and A(Be,H}2' respectively], as well as the 

D-lines of Band Al, under [111] uniaxial compression. The D-lines of 

Band Al are seen to split into the two lines 01 and D2, and the 

observed splitting of the Al O-lines has been used to calibrate the 

stress values, through the procedure described previously. At 0.012 

kbar, the splitting of Band Al is evident, but not that of A(Be,H)l 

and A(Be,H)2. As the magnitude of the stress is increased, the 

O-lines of A(Be,H}l and A{Be,H}2 begin to split into the two lines 

D1 and O2• The line 01[1] shifts about three times as much as 

O2[1], from the zero-stress position, and the two lines form an 

intensity ratio of about 1:3. The line 01[2J shifts from its zero

stress position by an amount close to the shift of 02[lJ, but in the 
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Figure 27: PTI spectra of the O-transitions of A(Be,H)l and 
A{Be,H)2, as well as Band Al, under [111J stress. In square 
brackets, the numbers "1" and "2" refer to A(Be,H)l and A(Be,H)2, 
respectively. These spectra were recorded at 6.0 K. 

opposite direction. Interference from the O2 line of B makes it 

difficult to quantify the shift and relative intensity of 02[2J, but 

that latter line appears to be about one-third the intensity of 

01[2J, and to shift by an amount similar in magnitude, and of oppo

site sign, to the shift of 0l[lJ. 

The stress-induced shifts and relative intensities of the O-lines 

of A(Be,H)l and A(Be,H)2 show clearly that the acceptor complex 

A(Be,H) has trigonal symmetry. For those two (ls)-like levels, the 

shifts and relative intensities are "mirror images" of one another, as 

just suggested for the two (ls)-like levels of A(H,C) and A(H,Si). In 
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Figure 28: PT! spectra of the acceptors A(Zn,H) and Al, under (lllJ 
stress. 

the present case, however, the relative shifts have the opposite 

direction: under (lllJ compression, the (ls)-like levels of three-

fourths of the complexes shift away from each other. We see below 

that the sign reversal might be plausibly explained in terms of the 

different internal structure of the Be-H complex, as compared to the 

H-C and H-Si complexes. 

Figure 28 shows the PT! spectra of a sample containing the accep-. 
tors A(Zn,H) ana Al, under Lll1J stress. Again, the inaicated stress 

values have been calculated from the observea splitting of the Al 

D-lines. Examination of the D-line from the acceptor level A(Zn,H) 
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shows clearly that it splits into two components which form approxi

mately a 1:3 intensity ratio, and which which undergo shifts from the 

zero-stress position which form approximately a 3:1 ratio. This is 

unambiguous evidence that the acceptor complex A(Zn 5 H) has trigonal 

symmetry. The shifts of the acceptor level A(Zn,H) are of the same 

sign as those of A(Be,H)l' and are of a similar magnitude. 

No piezospectra have been recorded for A(Be,H) and A(Zn,H), for 

stress directions other than (Ill]. The existing [Ill] data are 

insufficient to make possible meaningful plots of the stress dependent 

energy shifts of the observed transitions, analogous to Figure 26. 

5.3: Acceptor Complexes of Reduced Symmetry 

We have just seen that A(H,C), A(Be,H) and A(Zn,H) are trigonal 

acceptor complexes. As a result, each has two (ls)-like levels, and 

each exhibits the piezospectroscopic behavior which is characteristic 

of a complex that can have four different orientations, along the 

<111> directions. The acceptor complex A(H,Si) appears to have much 

in common with these three species; its behavior under (111] stress, 

although not unambiguously characterized, appears to be similar to 

that of A(H,C). 

Besides these four species, at least three other shallow acceptor 

complexes in Ge are known to possess two (ls)-like levels. The ob

served energy levels of the seven species are summarized in Table 6. 

The acceptor levels A3 and AS originate from a single complex, 

which is believed to consist of a substitutional, singly bonded C-N 

complex [HM83, Mc84J. Under uniaxial stress. the levels A3 and AS 

were not observed to split, leading to the proposal that they have 
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Table 6: Acceptor complexes with two (ls)-like levelsa 

Acceptor 
Complex 

A( H, Si) 

A(H,C) 

A(Be,H) 

A(Zn,H) 

SAil/ 
SAIII 

Level Designation and 
Binding Energy (meV) 

Ground 
State 

A(H,Si)2 
11.66 

A(H,C)2 
12.28 

A(Be, Hh 
11.29 

A(Zn,H) 
12.53 

~~.32 
All 
12.03 

SAIII 
9.48 

Excited 
State 

A(H,Si)r 
10.59 

A(H,C)l 
10.30 

A(Be,H)2 
10.79 

b 

A3 
10.22 

AlO 
11.45 

SAl I 

8.69 

Energy 
Sp 1 itt ing 

(meV) 

1.07 

1098 

0.50 

1.10 

0.58 

0.79 

Average Reference 
Energy 
(meV) 

HJF80 
11.13 

HJF80 
11.29 

Mc86 
11.04 

Mc86 

Mc84, HM83 
10.77 

Da82 
11.74 

Br8I 
9.09 

aThis list includes only those acceptor complexes with hole binding 
energies in the range 8.4-12.6 meV. Although some species might 
possess more than two (ls)-like levels, no more than two have been de
tected for those which are included here. 

bA second (ls)-like level has not been detected, but is expected to 
exist; see text. 

r6 and r 7(Td) symmetry, caused by the rapid tunneling of the 

C-N complex among six possible <100> orientations. If that tunneling 

does occur, it also would create several other acceptor levels, but no 

other levels have ever been observed to originate from the complex 

which gives rise to A3 and AS. The two acceptor levels AIO and 

All were observed by Darken in over 30 Ge samples [Da82], some of 
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which were as-grown, and some of which had been heated to 350
ft

C. 

Based on the observed thermal population of the level AIO from 

All' the two acceptor levels could be clearly assigned to the same 

complex, which is of an unknown composition and structure. Finally, 

the two acceptor levels SAIl and SA I" were observed by Broeckx et 

!! in samples which had been quenched from temperatures in the range 

820-925°C [Br81]. Temperature-dependent PTIS measurements indicate 

that the level SAIl is thermally populated from SAI", so that both 

levels originate from the same complex; that complex is of unknown 

structure and composition. 

Table 6 also indicates the energy splitting between the two ob

served (ls)-like levels of each complex (except for A(Zn,H), for which 

a second level has not yet been observed]. That splitting is seen to 

be of the order of 0.5-2.0 meV, for all of the complexes; for A(Zn~H), 

it is assumed to be larger, so that the second (ls)~like level cannot 

be thermally populated at temperatures below which the shallow accep

tors begin to thermally ionize [Mc86J. The average energy of the two 

(ls)-like levels is given in Table 6, and for all but one of the 

complexes, it is seen to lie within about 0.5 meV of the 11.32 meV 

ground-state energy of the isocoric acceptor Ga. The only exception 

is the complex SAII/SA III , in which the average energy is over 

2 meV shallower than Ga. With the exception of SAII/SAIII , the 

shallowest acceptor is B at 10.82 meV; SAII/SA III must have an 

unusually strong, repulsive IIcentral-cell correction ll
• 

We have already discussed the fact that any reduction of the site 

symmetry of a tetrahedral acceptor will split the fourfold-degenerate 

ground-state level into two Kramers doublets (we do not consider here 
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a magnetic field, which also breaks the Kramers degeneracy). It is 

proposed here that for all of the acceptor species listed in Table 6, 

a structural symmetry which is lower than tetrahedral splits the 

ground-state level into two, and only two, levels. Acceptor complexes 

for which tunneling behavior is confirmed have energy-level structures 

which are more complex than those of the species listed in Table 6. 

We have already seen that the complexes A(B~,H)/A(Be,D) in 5i [M586] 

and A(CuH 2) in Ge [KFH86] each have more than two (1s)-like levels, 

and each have more than one identically spaced series of p-like levels. 

If an acceptor complex has symmetry lower than tetrahedral, the 

two (ls)-like levels are orbitally nondegenerate, and thus cannot be 

split by stress. However, the (1s)-like levels of differently orien

ted complexes undergo different shifts under stress, a phenomenon that 

is sometimes referred to as the "lifting of orientational degeneracy" 

[Ka64]. We have already seen several examples of how differently 

oriented trigonal centers shift under stress. Our goal here is to try 

to understand the stress-induced energy shifts of the (1s)-like levels 

of acceptor complexes of reduced symmetry. We see below that at least 

for trigonal centers, the physical origin of the shifts can be clearly 

identified, and the magnitude of the shifts can be calculated at least 

semiquantitatively. 

Generally, it is difficult to understand in detail the electronic 

states of an acceptor complex of low symmetry, because of the compli

cated nature of the perturbation introduced by the internal 

structure. As compared to the substitutional isocoric acceptor, a 

complex has the added effects of an additional relaxation of the 

lattice, and a redistribution of the electronic charge density. These 
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effects must be determined locally at the impurity complex site, but 

must also be made consistent with the fact that the complex is embed

ded in an infinite, periodic lattice. The energy scales involved in 

determining the structure of a complex are of the order of several eV, 

but accurate prediction of the acceptor states requires an energy 

precision of better than 0.1 meV. Current theoretical techniques are 

unable to determine from-first principles the energy levels of a 

reduced-symmetry shallow acceptor complex, at least to the degree of 

accuracy required for detailed comparison with spectroscopic results. 

Fortunately, the perturbation introduced by a complex internal 

structure can have only simple net effects: it can split the 

~8(Td) ground-state level into two levels, and can shift the 

center of gravity of the two resulting levels. Those effects can be 

represented by only a few free paramenters. Using the necessary 

number of free parameters, we wish to construct a 4 x 4 matrix in the 

basis (5.4), to represent the effect of reduced symmetry upon the 

acceptor ground-state level; we call the perturbation Hamiltonian 

Hired. We then add to Hired the effect of an applied stress, 

which is expressed in the perturbation Hamiltonian H'(£}, given by 

(5.5). Simultaneous diagonalization of [Hired + H'(£}] then yields 

the piezospectroscopic energy shifts of the reduced-symmetry acceptor 

complex. 

The present procedure is somewhat analogous to the treatment of 

the effect of stress on the (ls)-like levels of shallow donors in Ge 

[Pr56J and in Si [WF61J. As explained in Appendix 1, within the 

one-valley effective-mass approximation, the (ls}-like level of a 

Shallow donor in Ge (Si) is fourfold degenerate (sixfold degenerate), 
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because of the existence of four (six) equivalent conduction-band 

valleys. In the absence of applied stress, that degeneracy is par-

tial1y lifted by the valley-orbit in~eraction, so that there are two 

(three) (ls)-like levels associated with a shallow donor of tetrahe-

dral symmetry. To understand the behavior of a donor under stress, 

one must diagonalize a 4 x 4 (6 x 6) matrix Hamiltonian which includes 

the effects of stress and of valley-orbit interaction. The resulting 

stress-dependent energy shifts show linear behavior when the stress

induced perturbation is much smaller than, or much larger than, the 

valley-orbit splitting of the (ls)-like levels. When the two pertur-

bations are of a comparable magnitude, the behavior is nonlinear. We 

see below that the piezospectroscopic behavior of reduced-symmetry 

acceptor complexes is also expected to exhibit such linear and 

nonlinear regimes. There are important differences between the piezo-

spectroscopic properties of donors, and those of reduced-symmetry 

shallow acceptors. The detailed physics of donor states differs in 

many respects from that of acceptor states, and unlike the symmetry 

reductions considered here, the valley-orbit interaction preserves 

tetrahedral symmetry. 

5.3.1: The Piezospectroscopic Behavior of Trigonal Shallow 
Acceptor Complexes 

A trigonal complex is one whose internal structure has been re

duced from a tetrahedrally symmetric configuration, by an arbitrary 

distortion along a <111> direction; the point group of such a complex 

is C3v ' If a trigonal complex is a single-hole acceptor, we know 

that the (Is) ground state manifold contatins two levels, with sym-
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metries 1\4 and AS,6 of the group C3v ' because two such levels 

evolve from a r8{Td) acceptor level under a trigonal perturba

tion. A trigonal perturbation is not observed to have any effect on 

the p-like excited states of shallow acceptors, so we only consider 

the (ls)-like states in our discussion. 

To model a trigonal acceptor complex, we begin with a tetrahedral 

acceptor which has an electronic structure as close as possible to 

that of the trigonal complex. In the fourfold basis (S.4) for the 

(ls)-like ground state of the tetrahedral acceptor, we then introduce 

the perturbation Hamiltonian Hired' to represent the reduction to 

trigonal symmetry. The trace of Hired must equal four times the 

observed shift of the average energy of the observed "4 and 

AS 6{C3v ) levels, from the position of the ground state of the , 
tetrahedral acceptor. The off-diagonal elements of Hired must 

reproduce the observed energy difference between the 1\ 4 and I\s 6 , 
levels, and must be consistent with a reduction from Td to C3v 
symmetry. Because that reduction decomposes the r8{Td) level 

into two levels which transform according to two different irreducible 

representations of the reduced-symmetry group, all of the off-diagonal 

elements of Hired depend on only one free parameter, and are related 

to one another in a manner which can be determined from symmetry 

considerations alone. For example, the relationship of those off-dia-

gonal elements can be determined by placing a 6-function potential of 

adjustable strength at a position along a <Ill> direction, and inte

grating over the basis states (S.4) [HJF80]. It is important to note 

that there are four different matrices required to represent Hired' 
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corresponding to the four different orientations of trigonal centers 

in the lattice. 

To calculate the response of the trigonal complex to stress, we 

must add to Hired the perturbation Hamiltonian HI(e), given by 

(5.5), which represents the effect of stress on the tetrahedral accep

tor. We neglect here any effect of stress on Hired" It is then 

necessary to diagonalize the total perturbation Hamiltonian: 

235 

Hl
tot = HIred + HI(e) • (5.8) 

To make the diagonalization of Hl
tot easier, it is convenient to 

generate the matrix of Hired as follows. We begin with a hypotheti

cal ~8(Td) acceptor level which is midway between the observed 

positions of the two (ls)-like levels of the trigonal acceptor. The 

trigonal distortion is modeled as a uniaxial stress applied along.the 

<111> axis of the acceptor complex, uniform in magnitude and direction 

throughout the entire crystal. We do not imply that the actual tri-

gonal distortion takes the form of a uniform stress, or even a local 

stress; the "equivalent internal stress" is merely a computational 

device to obtain the matrix elements of Hired' and to simplify the 

subsequent diagonalization of Hl tot ' 

Once we have postulated the "internal stress" corresponding to a 

given one of the four orientations of trigonal complexes, we derive 

the "internal strain" tensor ei using (5.2). Using (5.5), we then 

obtain the matrix of the perturbation introduced by e i , and equate 

it to HI " red" 



(5.9) 

For clarity, we now use t e to denote the strain which is induced by 

the externally applied stress. The total perturbation Hamiltonian is: 

The two strain tensors t i and t e can be added to give a total 

strain tensor tt: 

tie 
e = e + t i 

and the total perturbation Hamiltonian can thus be equated to the 

perturbation which results from the total strain: 

(5.10) 

(5.11) 

(5.12) 

The energies of the two (ls)-like levels of a specific orientation can 

then be obtained through application of (5.6). A real sample contains 

four different orientations of trigonal complexes, so we must repeat 

the calculation which has just been outlined, to obtain the response 

of all four orientations to the applied stress. The measured spectrum 

contains a superposition of the spectra of the complexes which possess 

all four orientations, each with equal weight. 

The present treatment is expected to remain valid as long as the 

externally applied stress does not modify the perturbation correspon-

ding to the trigonal structure of the complex. In addition, we 
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consider the (ls)-like levels as an restricted manifold, so we require 

that the applied stress not mix the (ls)-like states with other states 

which are nearby in energy. Such mixing does not occur appreciably at 

stresses below 1 kbar, because the stress-induced shifts of the sub

levels of the Ga ground state are observed to be linear up to that 

value [Ma83]. If the complexes we consider are able to reorient under 

stress, our treatment remains valid, except that the four orientations 

of the trigonal complexes are not observed with equal weight in a real 

sample; in the extreme case, only one or three of the orientations are 

observed. 

We label the four possible orientations of trigonal complexes with 

Roman numerals I-IV, according to the direction of the C3 axis: 

I (111] 

I I [lIi] 

III [111] (5.13) 

IV (ill] , 

and model the corresponding trigonal distortions by an "equivalent 

internal stress" S, directed along the respective C3 axis. The 

magnitude of S will be adjusted to reproduce the observed separation 

between the two (ls)-like levels of the acceptor; the factors gover

ning the choice of the sign of S will become apparent below. After 

using (5.2) to obtain the strain tensor Ei, we add to it the strain 

tensor Ee, which corresponds to the externally applied stress, taken 

to have magnitude T. The energies of the two (ls)-like acceptor 

levels are obtained using (5.6), and are expressed in terms of elec-
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tron energy, which ;s equivalent to hole binding energy. We choose 

the zero of energy to lie at the average energy of the two (ls)-like 

acceptor levels, as observed in the absence of externally applied 

stress. We now present the (ls)-like energy levels of the four orien-

tations of trigonal complexes. 

No externally applied stress: 

I, II, III, IV: 

Stress applied along [Ill]: 

I: 

Stress applied along [100]: 

Stress applied along [110]: 

I, I V: E = =[(1/12)(dS44 )2S2 + (1/12)(dS44 )2ST + 

[(l/4)b2(Sll - S12)2 + (ds44 /4)2]T2] 1/2 

II, III: E = : [(l/l2)(dS44 )2S2 - (1/12)(dS44 )2ST + 

[(l/4)b2(Sll - s12)2 + (dS 44 /4)2JT2} 1/2 

(5.14) 

(5.16) 

(5.18) 

(5.19) 

238 

0, 



It is useful to display the energies which are obtained in the 

limit of small applied stresses. If we expand the expressions (5.15)

(5019)~ and keep terms only to linear order in (T/S), we obtain: 

Stress applied along [lllJ: 

I: (5.15 I ) 

II, III~ IV: 

Stress applied along (100J: 

I, II, III, IV: (5.17! ) 

Stress applied along [110]: 

I, I V: (5.18 1 
) 

II, III: (5.19 1
) 

Before ap~lying the results of the model to real trigonal acceptor 

complexes, it is instructive to look at the general features of the 

results, as shown in Figure 29. The curves shown there have been 

obtained using b = b l

Ga and d = d l

Ga (see Table 5), and T < 0, 

corresponding to externally applied compressional stress. In Figure 

29(a), the results are shown for S = +0.205 kbar, while in Figure 

29(b), the value S = -0.810 kbar has been chosen [those values are 

selected to fit the observed ordering and zero-stress energy 
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separation of the two (ls)-like levels of A(Be,H) and A(H,C), respec

tivelyJ. Because the magnitude of S has been increased by nearly a 

factor of four between (a) and (b), the energy and stress scales in 

(b) are a factor of four larger than those in (a). To the left of 

each graph, 111\411 and 111\5,611 denote the irreducible representa

tions of C3v according to which the acceptor states transform in the 

absence of applied stress; these are obtained by comparison of (5.14) 

with Table 4. In the case of the orientation I when a stress is' 

applied along [lllJ, the point group remains C3v ' In all other 

cases, the point groups of the complexes are reduced to C1h when 

stress is applied (of course, the plane 0h is different for each 

orientation). We note that the group C1h has only two singlet 

complex representations which are degenerate because of time-reversal 

symmetry. Thus, when the point group is reduced to C1h , the two 

levels of each orientation do not cross [vNW29], and because they 

interact, they exhibit shifts which are nonlinear in the applied 

stress. 

We look first at Figure 29(a). Under [lllJ compression, the 

levels of orientation I shift linearly at all stresses, and actually 

cross at a finite stress. Comparison of (5.15) with Table 4 shows 

Figure 29 (Next Page): The piezospectroscopic behavior of the two 
(ls}-like levels of differently oriented. trigonal shallow acceptor 
complexes, based on the "equivalent stress ll model. (a) Trigonal 
distortion equivalent to a stress of +0.205 kbar (tenSional); 
(b) Trigonal distortion equivalent to a stress of -0.810 kbar 
(compressional). Roman numerals denote the four possible orientations 
of the comp 1 exes. "/\ 411 and II" 5 611 denote the representat ions of 
C3v according to whiCh the states'transform. in the absence of 
externally applied stress. The energy shifts are shown for externally 
applied compressional stress; under applied tensional stress, the 
behavior of (a) and (b) is reversed, as explained in the text. 
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that the stress-induced shifts of orientation I is equal to that of 

the two sublevels which evolve from a normal r 8(Td) acceptor 

level. For small values of [111] stress, (5.16') shows that the 

levels of orientations II, III and IV shift with (-1/3) of the slope 

of the respective levels of orientation I, precisely as expected for a 

trigonal center in the absence of an observable hydrostatic shift 

[Ka64]. At higher [111] stresses, the slopes of those three orienta

tions approach the slopes of the sublevels of a normal r 8(Td) 

acceptor level, because the externally applied stress dominates over 

the internal reduction of symmetry. 

Under [100J applied stress, the shifts of the levels of all four 

orientations are equal at all stresses. For small stresses (5.17 i
) 

shows that the shifts are zero, as expected for a trigonal center in 

the "absence of an observable hydrostatic shift [Ka64]. At large [100] 

stresses, the shifts approach those of the sublevels which evolve from 

a normal ~8(Td) acceptor level under applied [100] stress. 

When small [110] stresses are applied, the shifts of the levels of 

orientations I and IV are equal in magnitude, but opposite in sign, to 

those of the respective levels of orientations II and III; this can be 

seen by examination of (5.18 1
) and (5.19'). Comparison of these 

expressions to (5.15 1
) shows that the magnitudes of the shifts are 

precisely half of the shift of orientation I in response to [lllJ 

applied stress. Thus, the shifts (5.18') and (5.19') are consistent 

with the generally permissible linear behavior of a trigonal center 

[Ka64]. Under larger [110] stresses, the shifts of the levels of all 

four trigonal orientations approach those of the sublevels of a normal 

r 8(Td) acceptor level, in response to applied [110J compression. 
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When the parameter S is taken to be negative, the piezospectro-

scopic behavior of trigonal centers remains generally the same, but 

differs in a few details. Comparison of Figures 29(a) and 29(b) shows 

that at zero stress, the ordering of the "4 and" 5,6(C3v ) 

levels is reversed. When S is negative, Figure 29(b) shows that under 

(Ill] compressional stress, the levels of orientation I move apart 

linearly at all stresses. The levels of orientations II, III and IV 

move towards each other at sma 11 st resses, with a s lope whose 

magnitude is one-third of the slope of orientation I. At larger 

stresses, the levels of those three orientations begin to move apart, 

and the shifts approach those of orientation Ie Under [100] stress, 

the shifts of all orientations are the same, and identical to those 

which would occur for a positive value of S, of the same magnitude. 

When stress is applied along [llOJ, the observable shifts are also the 

same as they would be for a positive value of S, of equal magnitude, 

except that the shift for orientations I, IV is interchanged with that 

for orientations II, III. 

For the trigonal acceptor complex whose behavior under uniaxial 

compression is illustrated in Figure 29(a), the behavior under uniaxi

al tension can be understood by looking at Figure 29(b). It is only 

necessary to reverse the labeling of the two zero-stress SUblevels, 

change the sign of the stress, and reduce the scale of the stress and 

energy axes by a factor of four. Similarly, Figure 29(a) illustrates 

the behavior of the complex of Figure 29(b), under uniaxial tension. 

It is interesting to note that one can determine the ordering of 

the "4 and AS,6(C3v ) levels in the (Is) manifold of a trigonal 

shallow acceptor complex, just by observing the sense of the shifts 
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for small (Ill] stresses. The magnitude of the small-stress shifts 

for all stress directions do not depend on the magnitude of the "equi

valent internal stress" S, as one can see in (5.15 1 )-{5.19 1
). Aside 

from the elastic compliance coefficients, the small-stress shifts 

depend only on d, the deformation potential constant which governs the 

shifts of the sublevels which evolve from a ra{Td} level in 

response to (Ill] applied stress. 

5.3.2: Application to Hydrogen-Related Acceptor Complexes 

Our purpose in this section is to apply the simple model which has 

just been derived to the piezQspectroscopic properties of four hydro

gen-related shallow acceptor complexes in Ge: A{H,C), A{H,Si}, 

A{Be,H} and A{Zn,H}. To apply the model to each individual species, 

we need the deformation potential constants b l and d', for a hypothe

tical tetrahedral acceptor which represents the complex prior to the 

perturbation represented by its trigonal structure. Since for three 

of the four species, the average energy of the two observed levels is 

quite close {see Table 6} to that of the 11.32 meV binding energy of 

the acceptor Ga, we use b' Ga and d ' Ga {see Table 5} for all four 

species. We have seen that the second {ls}-like level of A{Zn,H} has 

not yet been observed; it lies too far from the ground-state level to 

be thermally populated to a significant degree. In all of the piezo

spectroscopic experiments considered here, the stress magnitude was 

determined by equating the measured splittings of the D-transitions of 

Al to the splittings expected for the D-transitions of Ga, based on 

the measured deformation potential constants of the latter acceptor 

(Ma83] {see section 5.1.2}. In this section we compare the measured 

244 



shifts of trigonal acceptor levels to theoretical shifts calculated in 

terms of b' Ga and d'Gao In view of our stress calioration proce

dure, we are actually comparing the measured energy shifts at each 

stress to theoretical shifts which are computed in terms of the split

tings of Al transitionse This creates no problem, because the ground 

state energy of Al is actually closer than that of Ga to the average 

energy of the two observed (ls)-like levels, for two of the three 

species for which both levels have been observed. 

The sign of the parameter S has been chosen to reproduce the sense 

of the shifts which are observed under small [111] stresseso For 

A(Be,H) and A(Zn,H), S has been taken to be positive, to fit the 

shifts shown in Figures 27 and 28. For A(Be,H), the value of S is 

+0.205 kbar, and the predicted energy shifts are those shown in Figure 

29(a). Those shifts are predicted to be nearly linear at the stresses 

which have been experimentally employed here. Although a precise 

value of S cannot be chosen for A(Zn,H), an arbitrary positive value 

leads to unambiguous prediction of the small-stress energy shifts for 

this acceptor (because the second level of this acceptor probably lies 

about 3 meV shallower than the ground-state level (Mc86], the value of 

S should be large enough that the piezospectra shown in Figure 28 are 

in the linear regime). 

For A(H,C) and A(H,Si), the parameter S has been taken to be 

negative. This fits the sign of the unambiguously observed shifts of 

the former acceptor complex (see Figures 24 and 26), and also repro

duces the probable behavior of A(H,Si). With the choice of S = -0.810 

kbar, the predicted piezospectroscopic behavior of A(H,C) is illustra

ted in Figure 29(b). That Oehavior is expected to be nearly linear at 
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the stress values at which it has been measured here. We note that 

the predictions of Figure 29(b) may not be accurate at the higher 

stresses shown there, because the (1s)-like levels may begin to mix 

with the stress-induced substates of other nearby levels, such as the 

final state of the G-transition. 

Table 7 is a comparison of the observed shifts for the four shal

low acceptor complexes, to the linear energy shifts which have been 

predicted using (5.15')-(5.19'). For A(Be,H) and A(Zn,H), only three 

or four data points were available for the determination of each 

shift, so the quoted values should be considered preliminary. The 

available data are in fairly good agreement with the predictions of 

the model, and no significant systematic deviations are evident. No 

data are available for the level A(Be,H)2 of orientation I under 

[Ill] stress, because the D2 line of A(Be~H)2 is obscured by a 

transition of the acceptor B (see Figure 27). 

For the acceptor level A(H,C)2' more complete data are available 

for comparison with the model; all of the experimental data shown in 

Figure 26 have been used. The model is seen to provide a good de

scription of the piezospectroscopic behavior of that acceptor level, 

for all three major directions of applied stress. No conclusive data 

exist to prove that A(H,Si) is a trigonal center, but it has been 

included in Table 7 to display the anticipated ordering of the two 

(ls)-like levels. 

More complete and accurate measurements are required to determine 

how well the model actually applies to the four acceptor complexes. 

It would be interesting to see if it correctly describes the piezo

spectroscopic behavior at higher stresses. The acceptor complex 
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Table 7: The stress-induced linear shifts of the (ls)-like levels of 
trigonal acceptor complexes. 

"EQuiva-
I\(C3v) 

Energy Shiftsb (meV/kbar) 
Acceptor lent Acceptor 
Complex Stress" Level (see a) Stress Direction 

(kbar) [111] [100] [110] 

Model c +S Ground A5,6 +0.407 0 +0.611 
State 

-1.222 -0.611 

Excited 1\4 +1. 222 0 +0.611 
State 

-0.407 -0.611 

A(Be,H) +0.205 A(Be,H)l "5,6 +0.445 d d 
:t:0.056 

-10167 d 
=*=0.026 

A(Be,H)2 1\4 d d d 

-0.520 d 
=*=0.064 

A(Zn,H) e A(Zn,H) 1\ 5,6 +0.594 d d 
:t:0.009 

-1. 346 d 
:t:0.053 

aThe representations shown are those of the acceptor states in the 
absence of externally applied stress. 

bThe values given are the shifts of hole binding energy per unit 
compressional stress [6E/(-T)]. The errors Quoted reflect the stan
dard deviation of the slope obtained from a least-squares analysis of 
the observed shifts. 

cFor the "model" acceptor complex, "+S" ("_S") denotes a tensional 
(compressional) "equivalent stress" of arbitrary magnitude. 

dNo experimental data exist. 
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Table 7 (Continued) 

IiEqui va-
I\(C3v) 

Energy Shiftsb (meV/kbar) 
Acceptor lent Acceptor 
Complex Stress" Level (see a) Stress Direction 

(kbar) [111J [100J [110] 

Model C -S Ground 1\4 +1. 222 0 +00611 
State 

-0.407 -0.611 

Excited " 5,6 +0.407 0 +0.611 
State 

-1.222 -0.611 

A(H,C) -0.810 A(H s C)2 "4 +1.414 +00002 +0.686 
zO.107 :to.004 :to.017 

-0.362 -0.644 
zO.020 *0.003 

A(H,C)r A5,6 f d d 

A(H,Si) -0.438 A(H,Si)2 "4 g d d 

A( H,Si h " 5,6 g d d 

eThis value cannot be determined, because a second (ls)-like level 
has not yet been observed. 

fIt is apparent from [HJF80] that the shifts for A(H,C)l are 
opposite in sign to those for A(H,C)2, and are of a similar mag
nitude. 

gExisting data is insufficient to prove that A(H,Si) is a trigonal 
complex. However, the data of [HJFBO] suggest that under [lllJ 
stress, the Shifts for A(H,Si)2 and A(H,Si)l are of the same re
spective signs, and are of a similar magnitude, as those of A(H,C)2 
and A(H,C)l. See text. 

A(Be,H) is a good candidate for such a study, because the nonlinear 

stress behavior is expected to be observable at stresses well below 

those at which the (ls)-like levels mix with other levels. If the 
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model does accurately describe the nonlinear behavior of A(Be,H). then 

observation of any nonlinear behavior of the observed (ls)-like level 

of A(Zn,H) might make possible an estimate of the parameter S, and 

thus of the position of the second (ls)-like level. 

A particularly intriguing open question is the piezospectroscopic 

behavior of the complex A(H,Si). The available evidence indicates it 

may behave under [111] compression as a trigonal center. However, it 

differs in an important respect from the other three hydrogen-related 

acceptor complexes: a clear isotope shift in the acceptor ground

state energy is seen when D is substituted for H. That has been taken 

as evidence that the H or D nucleus is in rapid tunneling motion 

[HJF80], and the two observed (ls)-like levels have been assigned to 

the f6 and r7(Td) levels which are part of the multiplet of 

five levels which is predicted to exist. If the H or D nucleus does 

rapidly tunnel in this acceptor complex, it would be somewhat fortui

tous to have the r6 and r7 levels be observable, and not the 

three ~8 levels. In addition, there is no evidence that there 

exist two groups of identically spaced p-like excited states [MS86], 

corresponding to the ground state and excited states of the uncoupled 

tunneling nuclear system. It is proposed here that if tunneling of 

the nucleus does occur at all on the time scale of optical transi-

tions, it produces only relatively small effects, such as the observed 

isotope shift, but does not produce a manifold of more than two well-

separated (ls)-like levels. If it turns out to be meaningful to speak 

in terms of a complex which has tetrahedral symmetry, then the ob

served ground-state level A(H,Si)2' which seems to act under stress 

as though it were a "4(C3v ) level, would actually be a nearly 
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degenerate r6 $ r7 $ ra(Td) multiplet. Similarly, the 

level A(H,Si)l' which appears to behave as a I\S,6(C3v ) level, 

would be a nearly degenerate pair of ra(Td) levels. It is pos

sible that the H or 0 nucleus does not tunnel rapidly on the time 

scale of optical transitions. If that is the case, the observed 

isotope shift might still be accounted for through one or both of the 

two mechanisms discussed in Chapter 4 in relation to the copper-dihy

drogen acceptors. We recall that neither of those mechanisms depend 

on the tunneling of the H or 0 nucleus; they depend only on coupling 

of its zero-point vibrational motion to the bound hole. In the first 

mechanism, the vibrational frequency of the nucleus is assumed to 

depend on whether the hole is bound in a (ls)-like state or in a 

p-like state, so that the change in the nuclear zero-point energy is' 

part of the observed energy of the acceptor optical transitions [HH75, 

K079]. Since the nuclear vibrational frequency also depends on the 

hydrogen isotopic mass, it follows that there is an isotope shift of 

the transition energies. In the second possible mechanism for the 

isotope shift, the potential in which the nucleus moves is assumed to 

contain anharmon;city, so that the amplitude of the zero-point motion 

depends on isotopic mass (K079]. As a result, there is a mass depen

dence to the central-cell correction which represents the trigonal 

distortion, and thus to the energies of the two (ls)-like levels. The 

issues raised here cannot be further addressed prior to additional 

study of the piezospectroscopic behavior of A(H,Si). 

The model proposed here has only been tested in a very limited 

way, and needs further verification. Even if it has limited applica

bility, it is of value as the lowest-order treatment through which one 
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can understand the piezospectroscopic behavior of a shallow acceptor 

complex of symmetry lower than tetrahedral. Usually, such centers are 

studied in a completely phenomenological way: the stress-induced 

shifts are measured, and the class of symmetry is thereby determined. 

But the present treatment shows that at least in favorable cases, we 

may be able to use the known properties of tetrahedral acceptors,' to 

predict the piezospectroscopic shifts of low-symmetry acceptor com

plexes. 

We should note that in attempting to fit the piezospectroscopic 

behavior of the four hydrogen-related shallow acceptor complexes, a 

choice of positive S was used for A(Be,H) and A(Zn,H), while the 

opposite sign was used for A(H,C) and A(H,Si). That parameter cor

responds to a <111> stress used to mimic a trigonal distortion. It 

can be seen in Table 4 that a <111> stress causes shifts of the sub

levels of a ~8 level which are proportional to the deformation 

potential constant d. Examination of (5.5) shows that in the Hamil-

tonian for the perturbation introduced by such a stress, the important 

matrix elements enter via the symmetrized products [JxJy]' etc. 

If we attempt to construct realistically Hired' a Hamiltonian to 

represent the reduction to trigonal symmetry, we would expect at least 

some of the corresponding matrix elements to change sign, in going 

from A(Be,H) and A(Zn,H), to A(H,C) and A(H,Si). 

This difference in sign may perhaps be rationalized as follows. 

The trigonal distortions which split the ground-state levels of these 

acceptor complexes involve several effects, including: (a) the pri

mary distortion of the electrostatic charge distribution which results 

from the displacement of nuclei from a tetrahedrally symmetric config-
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uration; (b) the response of the electrons and ions in the crystal to 

this electrostatic potential; and (c) the relaxation of the lattice 

which results from a mismatch in size between the impurity complex and 

the host atoms. For purposes of discussion, we consider the possibi-

lity that (a) is the dominant effect. 

In the extreme ionic limit» we might consider a neutral A(Be,H) 

complex as: 

A(Be,H)O (5.20) 

where h+ is the loosely bound hole, and the H+ ion is assumed to 

occupy a <111> antibonding position. To lowest order, this configu

ration is equivalent to: 

(5.21) 

In contrast, a neutral A(H,C) complex might be viewed as: 

(5.22) 

Although this complex has one proton and one electron more than the 

configurations (5.20) and (5.21). it might be viewed as a neutral 

tetrahedral acceptor, plus a dipole which points from the substitu-

tional site towards the H- ion; in other words, in the opposite 

sense as the dipole of A(Be,H). 

When the sign of the local dipole moment is reversed, the local 

dipole electric fields change sign. If we examine the Hamiltonian 
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which corresponds to the perturbation induced upon an acceptor state 

by an electric field [BBP63a]9 we see that there are two classes of 

matrix elements which change sign when the sign of the field is re-

versed. The first set of elements enter as ExEy[JxJy] (and 

its cyclic permutations, c.p.). Insofar as the effective-mass approx

imation is strictly valid, these are the lowest-order nonvanishing 

elements. Another set of matrix elements enter as Ez[JxJyJ (and 

c.p.); these are finite in value because the acceptor site has only 

tetrahedral symmetry, and not the full octahedral symmetry of the 

space group of the crystal. However, for an acceptor envelope func-
• 0 

tion which is spread out over a Bohr radlus of several tens of A, the 

lack of inversion symmetry is usually not important. It has not been 

determined here which set of matrix elements should give the dominant 

contribution to the perturbation introduced by a <lll>-oriented di-

pole. Nonetheless, it is clear that when such a dipole is reversed, 

some matrix elements change sign, which enter into the perturbation 

Hamiltonian via the symmetrized products [JxJyJ (and c.p.). The 

change of their sign might explain why A(Be,H} and A(Zn,H} appear to 

have one ordering of the two (ls}-like levels, and A(H,C) and A(H,Si) 

appear to have a different one. 

5.3.3: The Piezospectroscopic Behavior of Tetragonal and Rhombic I 
Shallow Acceptor Complexes 

In this section, we apply the "equivalent stress" model to the 

case of tetragonal and rhombic I shallow acceptor complexes in Ge. No 

relevant experimental piezospectroscopic data are known to the author, 

so the theoretical results are not compared with experiment here. 
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Nonetheless, the present treatment is useful to demonstrate that at 

least in the idealized case, the stress-induced behavior of such 

complexes can be derived in a very simple way. The treatment predicts 

some interesting features, such as the stress-induced anticrossing of 

the two (ls)-like levels of a rhombic I shallow acceptor; if rhombic I 

shallow acceptor complexes are found in the future, it might be worth

while to search for such phenomena. 

In the diamond lattice, the point group of a tetragonal complex is 

D2d • The 54 axis of such a complex is directed along one of the 

<100> axes of the crystal, so that there are three possible orienta

tions of tetragonal complexes. For a rhombic I complex, the point 

group is C2v • Because the C2 axis is oriented along a <100> 

direction of the crystal, there are six possible orientations of 

rhombic I complexes in the lattice. We note that it is possible to 

transform a complex from tetragonal to rhombic I, by transforming the 

54 axis into a C2 axis. For example, this may be accomplished by 

the application of stress along a <110> direction which is perpendic

ular to the <100> 54 axis. It is convenient to label the six 

possible orientations of rhombic I complexes as indicated in Table 8. 

In the tetragonal limit, the indicated C2 axis becomes an 54 axis, 

and the three orientations I, II, III are equivalent to IV, V, VI, 

respectively. 

For each of the six orientations listed in Table 8, we model the 

rhombic distortion as follows. First, we consider the application of 

an "internal stress" of magnitude P, along the specified <100> direc

tion. The result is a tetragonal complex; if it ;s a shallow 

acceptor, it has two (ls)-like levels, one of X6 and the other of 
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Table 8: The six orientations of rhombic I complexes in the diamond 
lattice. 

Orientat ion <100> C2 <110> Axis Perpen-
Label Axis dicular to C2 Axis 

I [100J [OllJ 

II [OlOJ [101] 

III [OOlJ [llOJ 

IV [100J [OlIJ 

V [OlOJ [lOIJ 

VI [OOlJ [lIoJ 

X7(02d) syrrmetry. Then, we apply a "internal stress" of magnitude 

Q, along the specified <110> direction. The acceptor complex now has 

rhombic I syrrmetry, and both acceptor levels transform according to 

the representation 65(C2v ). Finally, we add an externally applied 

stress of magnitude T, along either [lllJ, [100J or [110J. Using 

(5.2), we find the components of the total strain tensor, and then use 

(5.6) to find the energies of the two (ls)-like levels of the complex. 

In presenting the results, it is useful to define the following 

energy parameter: 

2 2 2 2 2 1/2 
6 = [b (sll -s12) (P - Q/2) + (ds44/4) Q J (5.23) 

No externally applied stress: 

I, II, III, IV, V, VI: E = :J:6 (5.24) 
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Stress applied along [lllJ: 

I, II, III: E = z[a2 + (1/12)(dS44 )2(QT + T2)J1/2 

E = z[~2 + (1/12)(dS44 )2(_QT + r2)Jl/2 

(5.25) 

(5.26) 

Stress applied along [lOOJ: 

I, IV: (5.27) 

Stress applied along [110J: 

I, II, IV, V: E = z{ a2 + b
2(sll - s12}2[(1/2)(P - Q/2)T + (1/4)T2J 

+ (ds44 /4)2T2) 1/2 (5.29) 

I I I : E = ={ a2 + b
2(sll - s12)2(_(p - Q/2)T + (1/4)T2] 

+ (ds44/4)2(2QT + T2)} 1/2 (5.30) 

VI: E = ={ a2 + b
2(sll - s12)2[_(p - Q/2)T + (1/4)T2] 

+ (ds44 /4)2(-2QT + T2)] 1/2 (5.31) 
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In the tetragonal limit, Q = 0, it is easily verified that all of 

the shifts for orientations I, II, III are equal to those for orienta-

tions IV, V, VI, respectively. For all directions of applied stress, 

the small-stress linear shifts (those to linear order in TIP) depend 

only on d, just as those of trigonal acceptor complexes were found to 

depend only on be In addition, the small-stress shifts do not depend 

on the magnitude of P. The small-stress shifts are also found to be 

consistent with the generally permissible shifts of tetragonal centers 

[Ka64]. In the general rhombic I case, Q ~ 0, the small-stress linear 

shifts (those to linear order in TIP and T/Q) are consiste~t with 

those generally allowed for such centers [Ka64]. Those shifts depend 

on band d, as well as on the magnitude and signs of P and Q. 

The results of the model are illustrated in Figure 30 for two 

particular choices of parameters: in (a), P and Q are positive, while 

in (b), P and Q are negative. In both (a) and (b), P is taken to be 

four times as large as Q, so that the results represent nearly tetra

gonal, rhombic I acceptor complexes. For the deformation potential 

constants band d, bl

Ga and d l

Ga have been employed. The two 

Figure 30 (Next page): The piezospectroscopic behavior of the two 
(ls)-like levels of differently oriented, rhombic I shallow acceptor 
complexes, based on the "equivalent stress" model. In order to model 
the behavior of nearly tetragonal, rhombic I complexes, the <100> 
equivalent stress P is taken to be four times as large as the <110> 
equivalent stress Q. (a) Tensional equivalent stresses; (b) Com
pressional equivalent stresses. Roman numerals denote the six 
possible orientations of the complexes. "AS" denotes the repre
sentation of C2v according to which the states transform in the 
absence of externally applied stres~. In parenthesis, "X6" and 
II Xii denote the representat ions of D2d accordi ng to which they 
would transform in the absence of applied stress, and when Q = O. The 
energy shifts are shown for externally applied compressional stress; 
under applied tensional stress, the behavior of (a) and (b) is 
reversed, as explained in the text. 
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(ls)-like levels are separated by 1.1 meV, and both transform accor

ding to the representation AS(C2v ) in the absence of externally 

applied stress. In parenthesis, "X6" and "X7" denote the repre

sentations of D2d , according to which the states would transform in 

the tetragonal limit, Q = O. An interesting anticrossing is predicted 

in case (a), for the two levels of orientations I and IV, under [100J 

applied compressive stress. In the limit Q = 0, orientations I and IV 

would be equivalent. When stress is applied along [100J the complexes 

witn orientation I(=IV) would retain D2d symmetry, and the two 

(ls)-like levels, of X6 and X7 symmetry, would cross. If we 

introduce a finite rhombic I distortion, the two levels both have 

AS(C2v ) symmetry at zero applied stress. When a [100J compressive 

stress is applied, the levels of orientation I retain AS(C2v ) 

symmetry, and begin to move toward each other. However, they are 

forbidden to cross [vNW29], and so at higher stress, they begin to 

repel each other. For the choice of P and Q illustrated in Figure 29 

(b), this anticrossing would also occur, but only under applied ten-

sional stress. 

It would be interesting to study the last three acceptor complexes 

listed in Table 6, to see if any of them exhibit tetragonal or rhombic 

I symmetry. If the two acceptor levels A3 and AS [Mc84, HM83] do 

originate from a substitutional, singly bonded CN complex A(C,N)s' 

then in the most symmetric possible static configuration, that complex 

would have rhombic I symmetry. Under small [111J stresses, the 

D-lines of A3 and AS were not observed to split, but only to 

broaden slightly. We speculate here that A(C,N)s might be a nearly 

tetragonal, rhombic I complex, so that under [111J applied stress, 
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only a small splitting occurs due to the different shifts of the 

levels of differently oriented centers. The piezospectroscopic shifts 

shown in Figure 30 are based on an arbitrary choice of parameters 

which are not inconsistent with the available data for A3 and A50 

Only through further experiment can it be determined if those two 

level arise from a rhombic I complex, and if the present model has any 

validity in explaining the stress-induced shifts. 
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Chapter 6: Concluding Remarks 

In this final chapter, we summarize the new results which have 

been presented in this thesis, and consider briefly some of the logi

cal extensions of the present work. 

We have made important progress in understanding the electronic 

structure and piezospectroscopy of several previously discovered 

acceptor complexes in germanium, which involve a single hydrogen 

atom. Adequate explanation has finally been found for the observation 

that the complexes A(H,C) [HJF80] and A(Be,H) [Mc86] have two, and 

only two, (1s)-like acceptor levels. Although only a single (ls)-like 

level has been observed for A(Zn,H) [Mc86], the present work demon

strates that this acceptor complex has a second such level. The 

trigonal structure proposed here is the simplest possible model for 

these three centers. In an elementary theory which incorporates no 

adjustable parameters, we have derived the stress-induced energy 

shifts of the two (ls)-like levels of such complexes. The shifts thus 

derived are in good agreement with all existing experimental data, 

which have been obtained under stresses of small magnitude. Definite 

predictions of the piezospectroscopic behavior at higher stresses has 

also been made, and it may be interesting to see how well the antici

pated behavior is experimentally reproduced. 

No new data have been presented here on A(H,Si) [HJF80], which is 

the fourth shallow acceptor complex in germanium known to involve a 

single hydrogen atom. That complex differs from the other three in 

that it exhibits an isotope shift of its acceptor spectrum, when D is 

substituted for H. However, the existing data indicate that in other 
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respects, A(H,Si) has an electronic structure much like the other 

three trigonal acceptor c~nplexes. Only two (ls)-like acceptor levels 

have been observed to arise from the complex A(H,Si). The stress-in-

duced shifts of A(H,Si) appear to be much like those of A(H,C)9 and 

the shifts of A(Be,H) and A(Zn,H) are of similar magnitude, but of 

opposite sign, to those of the other two. It has been shown that the 

opposite sign of piezospectroscopic shifts indicates that between 

A(H,C), A(H,Si), and A(Be,H), A(Zn,H), there is a reversal in the 

ordering of the two (ls)-like levels. This reversal has been plausi~ 

bly explained in terms of differences in the structure of the 

complexes. 

At least three other shallow acceptor complexes in germanium are 

known to have two (ls)-like levels: these are A3/AS [McB4], 

AIO/~ll [DaB2]9 and SAIl/SAl" [BrBl]. In view of the elec-

tronic structure of what are now known to be trigonal acceptor 

complexes, it is likely that these other three shallow acceptor com

plexes also have some symmetry lower than tetrahedral. Definite 

predictions have been advanced here, regarding the piezospectroscopic 

behavior of tetragonal and rhombic I shallow acceptors, and it would 

be of interest to search for such complexes among the three just 

mentioned. The two acceptor levels A3 and AS are thought to arise 

from a substitutional cyanide complex, and that complex is a good 

candidate for a rhombic I center. Those two acceptor levels should be 

studied under stress, to see if the predictions made here have any 

validity for such a center. 

The technique used here, to compute the stress-induced energy 

shifts of shallow acceptors in germanium, can be easily extended to 
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any semiconductor which has a similar valence-band electronic struc

ture. It would be worthwhile to attempt to fit the piezospectroscopic 

behavior of such complexes as the Al-X center in silicon [£R86]. Such 

an attempt might not be successful because the properties of acceptors 

in silicon are more complicated than those of acceptors in germanium. 

In particular, the proximity of the split-off band, and the rather 

large central-cell corrections (which would make it difficult to 

choose appropriate deformation potential constants.! priori), may 

invalidate such a simple treatment. 

The copper-dihydrogen acceptor complexes in germanium have proven 

to be a most interesting family of semiconductor defects. Many of the 

properties of these centers appear to be qualitatively understood. 

Striking isotope-induced effects have made possible the unambiguous 

identification of five different species of these complexes. The 

assignment of these monovalent acceptors, to a substitutional copper 

atom (triple acceptor) in conjunction with two interstitial atoms of 

hydrogen isotopes (electron donors), is consistent with everything we 

now know about the interactions between acceptors and hydrogen. We 

have observed a monotonic dependence of acceptor binding energy upon 

hydrogen isotopic mass, which makes it clear that the novel properties 

of copper-dihydrogen acceptors stem from the motion of the two hydro

gen nuclei. Our experiments do not merely monitor the electronic 

properties of these acceptor complexes. Instead, we observe optical 

transitions between the energy levels of coupled systems of two nuclei 

and a hole, which move in a tetrahedral potential. 

In the acceptor A(CuH2), the H-Cu-H complex undergoes rapid, 

zero-point tunneling motion. The acceptor states thus have full 

263 



tetrahedral symmetry, despite the asymmetric structure of the nuclear 

complex. Because the fully coupled acceptor system has several nu

clear degrees of freedom in addition to those of the bound hole, it 

has more (ls)-like levels than does a normal, static acceptor. When 

the hole is bound in a given p-like state, so that it is not coupled 

to the dynamic H-Cu-H complex, the total acceptor system still has 

several different closely-spaced energy levels, corresponding to the 

different states of the nuclear complex. In the optical spectra of 

A(CuH2), we observe transitions from many (ls)-like levels, to 

several identically spaced series of p-like levels. These spectra are 

among the most complicated ever to be associated with a single semi

conductor defect. 

It is well kn'own that the rate of quantum-mechanical tunneling 

slows down exponentially as the mass of the tunneling particle is 

increased. In terms of the time scales which are important for the 

optical transitions we monitor, the H-Cu-H complex tunnels at a rate 

which has dramatic consequences for the spectrum we observe. If even 

a single H nucleus is replaced by a nucleus of 0 or T, it is suffi

cient to slow down the tunneling so that it is no longer obvious in 

the optical spectra of the copper-dihydrogen acceptors. The acceptors 

A(CuHD), A(CuHT), A(CuD2) and A(CuT2) appear to have a symmetry 

which is lower than tetrahedral. Each has associated with it only a 

single observed (ls)-like level (a second such level is assumed to 

exist, but to be inaccessible to thermal population). The observed 

energies of transitions from those levels exhibit a monotonic depen

dence upon the reciprocal reduced mass of the two hydrogen nuclei. 

Thus, the X-Cu-Y complex (where X,Y = H,D,T) undergoes some kind of 
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cooperative motion, probably a librational mode. Since that nuclear 

complex is part of the coupled acceptor system, the mass dependence of 

its librational frequency causes a mass dependence of the acceptor 

transition energies. 

Much about the copper-dihydrogen acceptors is yet to be fully 

understood. A most puzzling phenomenon is that of the stress-induced 

shifts of the (ls)-like levels of differently oriented A(CuD2) 

complexes. No means has been found to reconcile the linear shifts 

observed for stresses applied along the three directions [111], [lOOJ 

and [110]. It would be useful to extend the measurements to higher 

stresses, and to look for nonlinear stress dependence, perhaps fol

lowed at still higher stress by a new linear dependence. Through such 

means it might prove possible to understand the precise origin of the 

shifts which are observed at small stresses. Under stress, the inten

sities of the various transitions have not been found to follow any 

obvious pattern which corresponds to the observed shifts. Those 

intensities should be studied as functions of stress magnitude, pola

rization of the infrared beam, and temperature. For example, the 

latter measurements might reveal the phenomenon of thermally assisted 

reorientation. Additional useful information could be gained from 

further measurements of spectra under stress applied along an axis of 

low symmetry. Through such means, one might ascertain how many dif

ferent orientations of the A(CuD2) complex are possible. 

The piezospectroscopic behavior of A(CuH2) is also not under

stood in detail. Further attempts must be made to understand the 

behavior of the various (ls)-like levels under stresses applied along 

[100] and [110], to confirm that the center has full tetrahedral 
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symmetry. To facilitate the sorting out of the many overlapping 

features in these spectra. the use of polarized radiation will be 

essential. Study of the polarization-induced selection rules might 

also make possible assigment of the different (ls)-like levels to 

specific symmetry representations. Such study might also allow the 

separate resolution of the transitions to different series of p-like 

acceptor levels, which would make possible determination of the energy 

levels of the H-Cu-H rotor, in absence of any coupling to the bound 

hole. Finally, the application of high uniaxial stress might be 

effective in altering the tunneling motion in some way. It might make 

some potential minima inaccessible, or even make new minima acces

sible. Such effects could shed light on the multiplicity and location 

of the minima among which the H-Cu-H complex tunnels. 

No detailed.theory of the copper-dihydrogen acceptors has yet been 

constructed. Chapter 4 outlines some of the possible ingredients of 

the theory, but it is not at all clear that the existing data allow 

one to tell which of those possibilities are the salient ones. The. 

formulation of a viable theory may have to await further experimental 

results. 

The combination of copper and hydrogen in germanium holds promise 

of interesting complexes in addition to the copper-dihydrogen accep

tors. It would be worthwhile to search for a copper-monohydrogen 

double acceptor, to see what dynamic nuclear phenomena, if any, are 

associated with such a complex. Correlated with the simultaneous 

presence of copper and hydrogen, a 175 meV acceptor level [HHH77J has 

been seen via deep-level transient spectroscopy; this is a candidate 

for the transition A(CuH)-/2-. However, PTIS studies of the same 
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samples have not revealed the spectrum of a shallower acceptor, which 

might be A(CuH)O. It is possible that in such samples, which con

tain about 1015 cm-3 atoms of H, and about lOll cm-3 atoms of 

Cu, the complexes which involve more than one H atom appear in much 

larger concentration than those with only a single H atom. Perhaps 

one should attempt to create A(CuH) under hydrogen-starved conditions, 

as by the implantation of high-energy protons through initially hydro

gen-free, copper-doped samples of germanium. It would also be useful 

to perform new DLTS measurements of copper- and hydrogen-related 

levels in germanium doped with about 1015 cm-3 shallow acceptors. 

The attainable high electric fields would make possible study of the 

Poole-Frenkel effect, and thus identification of the charge states of 

the various deep acceptor levels which have been associated with 

copper and hydrogen. 

Besides the elusive CuH acceptor, the established CuH2 and CUs 

acceptors, and CUi' the copper-hydrogen family includes the electri

cally inactive CuH3 complex. Although that latter complex is 

conspicuous by its absence of electrical activity [Pe82], nothing is 

known aoout its microscopic properties. For example, it is possible 

that in CuH3, the hydrogen nuclei undergo tunneling, or some other 

kind of motion. If that is found to occur, then there are ten differ-

ent isotope combinations which one could investigate. These complexes 

must be studied by means of bound-exciton luminescence, or other 

techniques which can give information about electrically inactive 

species. Once the signatures of CuH and CuH3 complexes have been 

established, one could undertake a systematic study of the factors 

(time, temperature, quenching, material parameters) which govern the 
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incorporated concentrations of the various kinds of complexes in the 

copper-hydrogen family. It is possible that this family includes 

still other species, such as complexes between H and CUi. 

Compared to undertaking a complete study of the copper-hydrogen 

family, it would be comparatively easy to study further the shallow 

acceptors which are known to involve copper, in association with 

lithium and possibly hydrogen [HHH77]. Two hydrogenically spaced line 

series have been observed, which originate from acceptors with binding 

energies of 20.41 and 25.30 meV. These might arise [Ha85a] from the 

complexes A(CuHLi) and A(CuLi 2) (the assignments could be re

versed). It would be of interest to see if any of these species 

exhibit tunneling, or other kinds of dynamic behavior. One could 

rather easily search for isotope shifts between H, 0 and T, and/or 

between 6Li and 7Li • In addition, one might study the double 

acceptor A(CuLi), and the neutral complexes CuLi 3, CuHLi 2, and 

CuH2Li (and all of the combinations involving different lithium and 

hydrogen isotopes). 

In semiconductors 'other than german; urn, there ex i st many poss i-

bilities for hydrogen-related acceptor complexes. The complexes 

A(Be,H) and A(Be,D) in silicon [MS86] have proven to be embodiments of 

acceptor complexes with a single tunneling hydrogen nucleus [HJF80]. 

As such, they are probably easier to understand and to model. than are 

those complexes which involve more than one dynamic, light nucleus. 

In Si:A(Be,H) and Si:A(Be,D), the observation of the energy separation 

between the two sets of identically spaced p-like levels has apparent-

ly made possible the unambiguous determination of t. The quantity t, 

which is the matrix element for the tunneling of the Be-H/Be-D com-
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plex, is an important parameter which describes the nuclear complex, 

in the absence of interaction with the bound hole. In order to under-

stand the factors which cause some hydrogen-related complexes to 

tunnel rapidly, and others to either oscillate or appear static, it ;s 

crucial to measure the dependence of t upon hydrogen isotopic mass. 

At present, the very best prospect for measurement of that mass-depen

dence would be through the creation and study of A(Be,T) in silicon. 

That complex could probably be created through the technique which has 

been employed here to study the tritiated copper-dihydrogen acceptors 

in germanium. The values of t H, to and tT should be fitted to 

the expression t - exp(_a~1/2) (HJFBO]. Here, a is a potential 

energy parameter, to be determined through the fitting procedure, 

which we might assume to be the same for H, 0 and T. The Quantity p 

is an effective reduced mass for the Be-H, Be-O and Be-T complex. It 

might be fitted well by p = mBemx/(mBe + mx)' with x = H,O,T. 

However, it is also possible that the tunneling complex "drags" the 

nearby silicon atoms along with it [NP70], so that in the above ex-

pression, a better fit would be obtained using for mBe something 

larger than the known mass of Be. 

There are many more POSSibilities for hydrogen-related shallow 

acceptor complexes in silicon, such as A(Zn,H), A(CuH2), A(H,C), and 

so forth. Without experimentation, it is not clear which ones might 

exist, or what their properties might be. 

From the present perspective, it appears that the hydrogen-related 

acceptor complexes can be classified into three categories (we include 

here only those acceptors which have been studied through optical 

spectroscopy). The first group includes those complexes for which all 
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of the observed properties are consistent with a static hydrogen 

nucleus. This group of complexes includes Ge:A(H,C), Ge:A(Be,H) and 

Ge:A(Zn,H), each of which has trigonal symmetry. A second group 

includes those complexes which exhibit "weakly dynamic" behavior, such 

as Ge:A(H,Si), Ge:A(O,5i), Ge:A(CuHO), Ge:A(CuHT), Ge:A(Cu02) and 

Ge:A(CuT2}. These complexes appear to have symmetry lower than 

tetrahedral, out exhibit isotope shifts of their acceptor transition 

energies. The third group of hydrogen-related acceptor complexes 

includes those which exhibit "strongly dynamic" behavior, such as 

5i:A(Be,H}, 51 :A(Be,O} and Ge:A(CuH2). The "strongly dynamic" 

complexes have the most unusual and interesting properties, because 

there is an inextricable coupling of the dynamics of the nuclear 

complex and the bound hole. 

In tne relationship between the host crystal, the chemical con

stituents of the acceptor complexes, and the degree of dynamic 

behavior, few clear trends have thus far "emerged. It is known that 

when "stongly dynamic" behavior is present, an increase in hydrogen 

isotopic mass is aole to slow down the tunneling. But it is not 

evident, for example, why Ge:A(Be,H) seems to be "static", but 

5i:A(Be,H) appears to De "stongly dynamic". One should not expect 

such a Question to have a very easy answer: the tunneling rate de

pends exponentially upon the potential energy "seen" by the complex, 

and is thus sensitive to very small changes in the properties of the 

host and the constituents of the complex. It is likely that an answer 

will emerge only through further study of existing and yet undis

covered hydrogen-related acceptor complexes. These complexes promise 

to provide a host of fascinating phenomena for years to come. 
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Appendix 1: The Effective-Mass Theory of Impurity States 

Al.l: General Formalism 

The formalism described here was first developed by Kittel and 

Mitchell (KM54], and by Luttinger and Kohn (LK55], and has also been 

reviewed by many authors (K57, Pa78, RR8l, AB82]. Any treatment of 

impurity states must begin with a discussion of the perfect crystal: 

it is described by a many-body Hamiltonian which takes account of the 

correlated motion of a large number of electrons and ions. In most 

cases, the ionic and electronic degrees of freedom may be separated by 

making use of the Born-Oppenheimer, or adiabatic, approximation 

(Zi72], so that the electronic states of the crystal can be computed 

in the presence of ions which are frozen in position. If necessary, 

the motion of the ions may be calculated using a potential energy 

consisting of the direct interaction between the ions, to which one 

adds the total electronic energy as a function of the ionic posi

tions. One may then treat the effect of the moving ions upon the 

electrons as a perturbation which, for example, might induce transi

tions among eigenstates of the unperturbed electronic system. The 

adiabatic approximation is not always a valid one; this thesis discus

ses impurity complexes for which the electronic and ionic motion must 

be treated on equal footing. But in the cases discussed here, the 

relevant modes of ionic motion are localized at the impurity site, and 

are assumed not to interact strongly with any other ionic degrees of 

freedom in the crystal. Therefore, we can still apply the entire 

formalism outlined below to those cases, except that we must later 
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explicitly introduce the interaction of the electronic impurity states 

with the important ionic modes. 

Havinq separated the electronic and ionic motion, we are left with 

a many-body Hamiltonian for the electrons, from which we can deduce a 

one-electron Hamiltonian HO, which describes approximately the 

behavior of each electron in the fields of the ions, and of all the 

other electrons: 

(Al.I) 

This Hamiltonian is the sum of a potential energy: 

(AL2) 

and a one-electron potential energy VO, which has the full symmetry 

of the lattice. The corresponding eigenvalue problem is: 

(AI. 3) 

Its eigenstates are 1r~k' the Bloch states of the perfect crys-

tal, which are characterized by a band index n, which ranges from one 
~ 

to infinity, and by a wavevector k, which is restricted to lie within 

the first Brillouin zone. These Bloch states may be written in the 

product form: 

(Al.4 ) 
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where u~k(r) is a function which has the full translational 

symmetry of the lattice. We adopt the following normalization: 

(Al.S) 

In the presence of an impurity, the Hamiltonian may be written as: 

H = T + V 9 (AI.6) 

where T is again the kinetic energy, and V is the new one-electron 

potential. V may also be expressed as: 

V = vO + U 9 (AI.l) 

where the potential U represents the perturbation introduced by the 

impurity. Determination of the impurity states corresponds to solu-

tion of the eigenvalue problem: 

(AI.B) 

The solutions to (AI.B) may be divided into two classes, those 

with energy eigenvalue E located within the forbidden gap, and v 

those with energy that lies within the allowed bands. Concerning the 

existence of states within the gap, it can be proven [MG40] that for 

an impurity potential which possesses a r-l Coulomb tail attractive 

to electrons, an infinite number of bound states exists below the 

upper edge of the band gap. The states close to the upper band edge 
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are hydrogenic in nature, and may be described by an integral quantum 

number n. As n becomes large, the orbit of the bound state tends to 

infinity, so that bound and propagating states merge at the upper edge 

of the gap. Above the edge of the gap, the states are scattering 

solutions of the impurity Hamiltonian, and for large r, they asymp

totically approach one of the unperturbed solutions 1r~k' These 

unbound solutions are useful in the theories of scattering by impur-

ities, and of impurity photoionization cross-sections, but we will not 

have occasion to discuss them further. It should be noted that for an 

infinite-range potential attractive to holes, a completely analogous 

discussion holds. 

In order to derive the effective-mass approximation for impurity 

states, we must expand the impurity wave function 1" in terms of 
\I 

some complete set of functions which possess the periodicity of the 

lattice, such as the Bloch functions ~~k' or the corresponding 

Wannier functions [Wa37J. We employ the former choice here: 

(A1.9) 

where the summation is exact as long as we allow n to range over all 
... 

bands, and k to range over all values in the Brillouin zone. If we 

substitute the expansion (Al.9) into the eigenvalue equation (Al.B), 

making use of (A1.3), multiply on the left byt~lki' integrate 

over all space using (Al.S), and interchange primed and unprimed 

symbols, we obtain: 

(A1.I0) 
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This is an exact resulte It may be viewed as a system of coupled 

linear algebraic equations for the coefficients Fnk, or, if we 

convert the sum over the Brillouin zone to an integral~ we may view it 

as a system of coupled integral equations for the functions F (k). 
n 

In order to further develop the expression (A1.lO), we make use of 

the product form of the Bloch functions (Al.4), and expand the product 

0* - a .. unk(r)un'k,(r) in terms of plane waves. Since this 

product has the periodicity of the lattice, only the reciprocal lat-

-tice vectors G contribute: 

(Al.ll ) 

If we define U(q) to be the Fourier transform of U(r): 

(Al.I2) 

then the matrix element in (AI.IO) becomes: 

<1'~klul"f~'k'> = ~Cnn'kk,(G)U(k-k'-G) • (Al.13 ) 

If we note that 

(Al.l4 ) 

then we can rewrite (AI.IO) as: 

(A1.15) 
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which is still an exact expression. 

If we are to proceed further, we must make some specific assump-

tions about the energy bands of the crystal, and about the form of the 

impurity potential. In all of what follows, we will assume that the 

binding energy of the impurity states is small in comparison to the 

separation between energy bands. This means that the strength of the 

impurity potential is small compared to the energy gaps, so that we 

can neglect the mixing of different bands in the impurity state. For -a simple conduction band, we will retain only the minimum at k = 0 in 

the expression (AI.IS), and will examine the validity of that approxi

mation for the case of a hydrogenic impurity potential. If a 

conduction band has several equivalent minima at the same energy, only 

these will be retained. Finally, for the case of a valence band 

maximum, we will retain eitner two degenerate bands, or those two in 

addition to the other one with which they are nearly degenerate. 

Al.2: Application to Donor Levels at a Simple Minimum 

The simplest application of the effective-mass theory is to a 
""" non-degenerate, isotropic band extremum at k = 0, such as the 

~6(Td) conduction band minimum of GaAs. Although this case is 

not directly applicable to the work of this thesis, we examine it in 

some detail, in order to shed light on the approximations represented 

by the effective-mass theory. For the sake of definiteness, we will 

make use of the hydrogenic impurity potential 

~ ~ 2 
U(r) = UH(r) = -e fEr 9 (Al.16) 
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the Fourier transform of which is: 

... 2 2 
UH(q) = -4ne /eq • (Al.I?) 

If we drop the indices nand nls .(Al.15) becomes: 

(Al.18) 

~ 

We anticipate solutions for which Fk is localized about k = 0, so 

that: 

Ik - k I I « Ie; I . (A1.19) 

The assumption (AI.19) leads us immediately to several simplifying 

approximations: 

(a) We ignore all terms in the summation of (AI.18) except those 
... 

for G = 0, since (AI.17) shows that : 

(AI. 20) 

(b) We approximate Ckkl(O) by: 

(AI. 21) 

Note that the second part of (A1.21) is exact, and follows from 

(A1.14) and (A1.5). 
.... .... 

(c) We convert the sums over k and kl, which should be' over the 
... 

Brillouin zone, to integrals over all of k-space. 



(d) We expand E~ about k = 0, to quadratic order in k: 

(AL 22) 

* where me is the effective mass of a conduction-band electron. 
~ a 

If we write F(k} in place of Fk, and EB = E - EO' then 

(A1.I8) becomes: 

(AI. 23) 

This can be recognized as the momentum-space Schrodinger equation for 

* a particle of mass me in the potential UH- We define the 
.A 

real-space envelope ·function F(r) in terms of its momentum-space 
~ 

counterpart F(k}: 

(A1.24) 

which allows us to rewrite (AI.23) as a real-space equation isomorphic 

to the SChrodinger equation of a hydrogen atom: 

(A1.2S) 

This equation has eigenvalues: 

(AI. 26) 

where n = 1, ••• ,00 • -The corresponding envelope functions F (r) are 
n 
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hydrogenic wave functions with rescaled Bohr radius * a : 

(Al.27) 

they have the same symmetries as the corresponding states of the 

free-space hydrogen atom. The complete donor wave functions transform 

according to various irreducible representations of Td, the point 

group of the impurity site, and are given by: 

(Al.28) 

We are now in a position to evaluate the validity of the approxi-

mations that led to (Al.23) and its real-space counterpart (Al.25). 

For example, (Al.20) is valid if 

(Al.29) 

~ 

where kmax represents the appreciable extent of F(k) in k~space. 

* For the (Is) ground state, kmax - lla , and G is typically of the 

order of 2v/a, where a is the lattice parameter. This implies that 

(Al.20) is valid if 

(2va*)2 » a2 • (AI.30) 

A similar result holds for all of the other approximations made, since 

all are good at least to order (k/G)2. When (AI.30) is satisfied, 

it is justified to use the effective-mass approximation with the 

hydrogenic potential (AI.16). However, this in no way implies that 

279 



the hydrogenic potential represents a valid description of a given 

impurity in a given crystal. 

Using second-order perturbation theory, one may estimate the error 

introduced by the retaining of only one band in (AI.l5). If interband 

coupling is important only at points near the same wavevector, then 

the resulting error [Pa78] is: 

(Al.31) 

where EH is the hydrogenic ground state binding energy, and Eg is 

an average interband separation. It is much more difficult to esti

mate the effect of the interband terms which couple points at 

different wavevector. 

Before proceeding to discuss the effective-mass treatment of those 

impurity states which are of greater interest in this thesis, it is 

instructive to estimate the above-mentioned errors for the case of a 

real semiconductor. GaAs has a dielectric constant £ = 12.58~ and an 

* electron effective mass me = 0.06650 = 0.0005 m [Fe71]; based on 
o 

these values, (A1.27) gives a hydrogenic donor Bohr radius of 100 A. 

Then (AI.30) suggests that for a hydrogenic impurity potential, ne

glect of terms beyond order (k/G}2 causes an error of order 10-4• 

The neglect of vertical interband coupling causes an error of order 

10-8, according to (A1.31). Based on (Al.26), GaAs has a hydrogenic 

donor binding energy of 5.72 meV; the experimental values range from 

5081 meV for Si Ga , to 6.10 meV for SAs [SDH70]0 Despite the 

clearly justified applicability of the effective-mass approximation to 

a hydrogenic impurity potential for the case of donors in GaAs, the 
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use of that potential provides only a rough description of the binding 

energies of real donors. This is not at all surprising, since in the 

region near the impurity atom, the assumption of a hydrogenic impurity 

potential breaks down in an impurity-specific way. We will discuss 

these so-called "central-cell corrections" further, for cases of 

greater present interest. 

A1.3: Application to Donor Levels at Multiple Minima 

In Ge, the conduction band has four equivalent L1 minima, loca

ted at the Brillouin zone boundary in the <111> directions, while Si 

has six Al minima are located along the <100> directions. In de

scribing the states associated with shallow donors in these materials, 

we cannot assume that F, is localized about a given minimum. In

stead, we must express F"k as a linear combination of coefficients 

Fti ), each of which is localized about one of the N minima (N = 4 

or 6): 

(AI. 32) 

where the constants ai are determined from symmetry considerations 

[KoS7]. When we substitute (A1.32) into (A1.1S), we obtain: 

EO alti ) + ~Z 
... -- - 2: aiF}i) ki - - Ckk,(G)U(k-k'-G) 

k' G i 

~ fi) = E a.F • 
. 1 
1 

(AI. 33) 

We can identify two different classes of terms in the triple summation 

on the left-hand side of (A1.33). First, there are the so-called 
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... .. 
intravalley terms for k and k' near the same extremum (valley). There .. ~ 

are also important terms for k and kt localized near different minima .. .. 
k; and ki ,; these are called the intervalley terms. There is no 

reason to believe one can make the approximation: 

(AI. 34) 

analogous to (Al.21), because this does not follow from (AI.14) when ..... ... 
the ki and kit are not at k = O. Also, one cannot ignore inter-.. ... 
valley terms which contain Ckk,(G) for G ~ 0, because for minima .. .... 
ki and kiD near the Brillouin zone border, there are non-vanishing 

001> I ....... '""'/ G for which ki-ki,-G is of the same order as, or ;s smaller 

than, Iki~it I. The intervalley terms represent a considerable 

conceptual complication of the donor problem, because their evaluation 

requires explicit knowledge of the detailed form of the Bloch func-

tions near the various minima~ Similar knowledge is not required for 

calculation of most other quantities within the standard formulation 

of effective-mass theory. The effect of the intervalley terms is to 

produce impurity-specific splittings and shifts of the (Is) donor 

ground state, effects which we shall discuss later. 

If the impurity potential is assumed to be strictly of the hydro

genic form UH(r} given by (AI.16), then we may neglect the 

intervalley terms in (AI.33), because of the smallness of the large-q 
.... 

components in UH(q}, which is given by (AI.17). We then obtain a 

set of identical uncoupled Schrodinger-like equations for each of the 

F}i}, except tnat the kinetic energy operator is anisotropic, 

being given by the expansion: 
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(A1.35) 

* * where mt and m1 are the transverse and longitudinal effec-

tive masses, and the z-axis is along a <111> axis for Ge and along a 

<100> axis for Si. If we Fourier transform (A1.35), we obtain the 

real-space one-valley hydrogenic effective-mass equation: 

(AL36) 

We have defined the real-space envelope fuction by: 

(AI. 37) 

The one-valley effective-mass equation is analagous to the Schro

dinger equation of a free-space hydrogen atom, except that it has 

axial symmetry along the z-axis, rather than spherical symmetry. The 

effective Hamiltonian commutes with Lz' but not with other the 

components of the angular momentum operator. As a result, the p 

* * states, degenerate when mt = m1, are split into a singlet 

PO and a triplet pz. The degeneracy of states with magnetic 

quantum numbers m and -m is required by time-reversal invariance. The 

total wavefunctions for the donor states must conform to the full 

symmetry of the point group of the impurity, which is Td" They 

therefore consist of N different linear combinations of one-valley 

wavefunctions: 
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(Al.38) 

where j = 1, ••• ,N, and N is the number of equivalent minima. Here, 

1r~.{r) is the Bloch state for the minimum at ki' and the 

coe;ficients a~j) can be determined from symmetry considera-

tions. For Ge, one of the donor states (AI.38) generates the singlet 

representation ~l' while three of the states generate the triplet 

representation ~. For 5i, one state generates ~, three states 

generate ~5' and two states generate the doublet representation 

~3. In the one-valley effective-mass approximation the donor 

states (AI.38) are fourfold degenerate for Ge, and sixfold degenerate 

for 5i. The inclusion of intervalley coupling partially lifts these 

degeneracies. As we will see, this coupling is only important for 

s-like states, where it lifts the degeneracy of states which transform 

according to different irreducible representations of Td• 

Solution of the one-valley effective-mass equation (AI.36) must be 

done variationally. The ground-state energy was first estimated by 

Kittel and Mitchell [KM54], who employed a trial envelope function of 

the form: 

(AL39) 

Kohn and luttinger [Kl55a] calculated the energy of several low-lying 

sand p states. After rescaling the units of length and energy, they 

rewrote (AI.36) in the form: 

(A1.40) 
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where they defined the anisotropy parameter y as: 

(A1.41) 

Faulkner [Fa69] performed fairly precise calculations of a number of 

s-like and p-like energy levels, as a function of y, and labeled them 

according to the quantum numbers of the hydrogenic state to which they 

merge in the isotropic limit y~l. To apply his calculations to Ge and 

Si, Faulkner used effective mass values extracted from cyclotron-re-

* * sonance experiments; those values are mt = 0.08152m and ml = I.S88m 

* * for Ge, and mt = 0.190Sm and m1 = 0.9163m for Sic He then used £ 

as a fitting parameter, to reproduce the experimentally observed 

separations of important electronic optical transitions. He obtained 

£ = 15.36 for Ge, and £ = 11.40 for Si, which turn out to be the 

correct values at the low temperatures at which optical experiments 

are performed. 

Very recently, Broeckx, Clauws and Vennik [BCV86] have performed 

extremely accurate calculations of the energies of a large number of 

s-like and p-like states, as a function of the parameter y. They 

employed a procedure similar to that used by Baldereschi and Lipari to 

solve the effective-mass acceptor Hamiltonian (see below). Broeckx et 

~ rewrote the one-valley donor effective-mass equation using a spher

ical tensor formalism, and used the reduced-matrix-element technique 

to find analytic expressions for the angular dependence, in terms of 

an expansion in spherical harmonics. The resulting radial equations 

were solved variationally. The energy levels obtained can be consi-

285 



dered to represent a definitively accurate solution of the one-valley 

donor effective-mass equation. 

To the level of approximation employed in the derivation of 

(AI.36), the donor envelope functions (AI.37) are states of definite 

parity. The p-like excited states have odd parity, and therefore 

vanish at the impurity site; it is these states to which one observes 

parity-allowed dipole transitions from the even-parity (ls}-like 

ground states. Because the p-like excited states do not have signif

icant probability density in the impurity-specific "central cell" 

region, they sample an impurity potential well approximated by the 

statically screened hydrogenic expression (Al.16). This fact provides 

justification for the application of the effective-mass theory to 

these states, and suggests that the importance of the intervalley 

terms in (AI.33) should be minimal. Indeed, any intervalley-induced 

splitting of the p-like excited states is experimentally unObservable 

for shallow don~n Ge and Si [RR81]. Based on the spacings between 

peaks observed in optical spectra of (ls}~(np) transitions for shallow 

donors in Ge, the binding energies of the p-like excited states are 

found to be essentially identical from one donor species to another 

(BCV86]. For the case of shallow donors in Si, an analogous 

observation holds true. For both semiconductors, the calculated 

p-like energy levels of Broeckx et al agree with experimental values 

within ~.Ol-o.02 meV, for quantum states up to 6p=, the highest one 

experimentally observed. 

The situation for s-like states ;s a very different one. These 

states, most notably the (ls}-like ones, have a non-negligible proba

bility density in the central cell region. In this region, the 
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assumption of a hydrogenic potential (Al.16) breaks down. It is not 

valid even for isocoric donors, where the unscreened impurity pot en-

tial can be thought of simply as a single positive charge at the 

impurity site. Even in the isocoric case, dielectric screening of the 

bare impurity potential is incomplete very close to the impurity 

site. In order to account for this, we must use the q-qependent 

dielectric function of the crystal [BP77], which is a monotonically 

decreasing function of q, since the electrons cannot screen short-

wavelength disturbances as effectively as those of longer wavelength. 

In (AloIn, we divide each Fourier component of the bare Coulomb 

potential by t(q) rather than by £, so that the real-space impurity 

potential becomes: 

... 2f. 2 -1 3 
Upc(r) = -4we J[t(q)q] d q (AI. 42) 

The subscripts "pc" designate this as the "point charge" potential, to 

distinguish it from the less realistic hydrogenic potential. Because 

of the higher-q Fourier components in the "point charge" potential, it 

is then necessary to include some of the intervalley terms in the 

summation of (Al.33); these terms must be evaluated with reference to 

the details of the Bloch functions at the band minima. In the case of 

non-isocoric donors, the impurity potential possesses large-q Fourier 

components which describe the difference of the impurity's core 

structure from that of the host atom, and which lead to additional 

intervalley coupling of an impurity-specific nature [AB82, Pa78]. 

Experimentally, intervalley coupling is observed to split the 

degeneracy of the (Is) ground-state levels of shallow donors. In Ge, 
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the four degenerate states (A1.38) decompose into a singlet (~1) 

and a triplet (~5)' while for $i, the six degenerate states break 

into a singlet (~1)' a doublet ( ~3)' and a triplet (~5). The 

doublet and triplet linear combinations of one-valley states have a 

relatively small probability density near the impurity site, and are 

observed at energies within a few percent of the theoretical one-val-

ley (Is) binding energies, which are 9.81 and 31.27 meV for the 

respective materials [Fa69J. The singlet levels undergo large im

purity-specific shifts (to larger binding energies, for substitutional 

impurities); these shifts may be of the same order of magnitude as the 

one-valley (1s) binding energy itself [RR81]. 

Al.4: Application to Acceptor Levels 

There are cases where it is not possible to decouple (AI.1S) into 

equations which involve only single bands. The most important example 

is for the case of shallow acceptor states in crystals of the diamond 

and zincblende structures, which have valence bands which are derived 

from p-like atomic states. In the diamond structure, the J = 3/2 

valence band maximum consists of a light-hole band and a heavy-hole 

band, each of which is twofold degenerate because of time-reversal 
-a 

invariance. Near k = 0, the dispersion of these bands may be ex-

pressed in the general form [KM54J: 

(A1.43) 

which shows that the constant-energy surfaces consist of two warped or 

fluted spheres. In a spherically averaged sense, those bands have 
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* * effective masses mh = 0.34m and ml = 0.043m for Ge, and 

* * mh = 0.52m and ml = 0.16m for Si. The two bands merge at 

-the point k = O,where they form a basis for the fourfold representa-

In the zincblende structure, the two J = 3/2 .. 
bands are also degenerate at k = 0 (neglecting small terms linear in 
.... 
k, caused by the lack of inversion symmetry, which shift the maximum 

slightly away from that point), and generate the representation 

r 8(Td )· 

In materials of both structures, the J = 1/2 split-off band lies 

somewhat below the J = 3/2 band, separated by the spin-orbit splitting 

6. The split-off band also possesses twofold time-reversal degener-

r +-
acy; in the diamond structure it has 7(Oh) symmetry, while in 

the zincblende structure its symmetry is r7(Td). For the case of 
. 

the diamond structure, we may express the dispersion of the split-off 

band as: 

(A1.44 ) 

the constant energy surfaces for this band are spheres. 

In computing the acceptor states in all these materials, it is 

clear that we must retain in (AI.15) both of the J = 3/2 bands. In 

addition, for those materials composed of light atoms, the spin-orbit 

splitting 6 may not be large in comparison to the binding energy of 

the acceptor states. In Si, for example, 6 is 44 meV, which is not 

large compared to the 70.18 meV binding energy of the isocoric accep

tor Al [RRSl]. In these cases, an accurate treatment of the acceptor 

problem must retain the split-off band as well. It is a good approxi-
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mation to neglect the split-off band for Ge, since the 330 meV value 

of ~ is very large compar~d to the 11.30 meV binding energy of the 

isocoric acceptor Ga [RR8l]. 

The effective-mass theory for acceptors was first derived by 

Kittel and Mitchell [KM54], and by Luttinger and Kohn [LK55J. The 

derivation is rather complicated, but proceeds under a set of assump-

tions physically equivalent to those made in deriving the effective 

mass equation for a simple band extremum. The result is a set of 

coupled differential equations: 

, (A1.45) 

which are the effective-mass equations for acceptors. The kinetic 

energy operator Djj • is an r x r matrix, where r is either 6 or 4, 

depening on whether or not the split-off band is retained. If we -diagonalize D ..• (k) by itself, we obtain the band dispersion rela-
JJ 

tion (Al.43) for r = 4, and we obtain both (Al.43) and (Al.44) in the 

case r = 6. Therefore, the matrix Djjl contains information about 

the effective masses of holes near the valence band maximum, and aside 
.... 

from the dielectric screening function incorporated into U(r), this is 

the only information needed about the host crystal. In particular, 

solution of the equations (Al.45) does not require knowledge of the 

detailed properties of the Bloch functions. 

In the case of the diamond structure, the envelope functions 

-Fj(r) form bases for various single-valued irreducible representa-

tions of 0h. The total acceptor wavefunction is given by the sum of 

r products between the envelope functions and the Bloch states at or 
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near the valence band maximum: 

(A1.46 ) 

Since the Bloch states form bases for double-valued representations of 

0h' the total wavefunction (Al.46) transforms according to one of 

the double-valued representations of that group. The valence band 

maximum transforms according to the~; representation, and the 

(ls)-like envelope function transforms according to the representation 

r + . r+ l' so that the (ls}-llke acceptor ground state has 8 

symmetry. The p-like excited-state envelope functions transform 

according to r 4' so that the p-like acceptor states have the 

symmetries r 6' r'], and r s. In principle, the acceptor 

states must conform to the symmetry of the impurity site, which is 

only tetrahedral; in going to the labeling appropriate to Td, one 

merely needs to drop the superscripts "+" and "_". It is worth men-

tioning that to the order of approximation employed in the derivation 

of the effective-mass theory, the lack of inversion symmetry at the 

impurity site is not generally an important effect. Even the most 

accurate solutions to the acceptor effective-mass equations do not 

make use of this distinction. In fact, it is often advantageous to 

retain the envelope function's parity label, in order to understand 

qualitatively the degree to which a given optical transition is al-

lowed to occur with the absorption or emission of a given number of 

photons. For shallow acceptors, the strongly allowed one-photon 

transitions clearly involve transitions between states of opposite 

envelope function parity. 
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For the sake of simplicity, we consider the case of Ge, where it 

is reasonable to neglect the split-off band. The matrix 0jjl can be 

written as [lu56]: 

where J is the angular momentum operator for "spin 3/2", and 

[ABJ= (1/2)(AB + SA). The coefficients Yl'Y2' and Y3 are "in-

(A1.47) 

verse effective mass" constants. The coupled equations must be solved 

variationally using a four-component trial wavefunction, which is 

difficult in view of the complex form·of Djj,o Early attempts to 

solve these equations [KS55, SC62, MJ64, SOH64] used trial functions 

whose angular dependence was expanded in spherical harmonics up to 

1 = 3. Th"e resu 1 ts agreed only very roughly with experiment, prompt-

in9 some workers to suggest that the effective-mass theory was not 

valid for even the excited states of acceptors. However, the work of 

Baldereschi and Lipari showed that the theory can describe well the 

excited states, and even the ground states (at least for isocoric 

acceptors), provided it is calculated with sufficient accuracy. 

Baldereschi and Lipari (lB70. Bl73] applied the methods of angular 

momentum and spherical tensor operator theory to the acceptor problem, 

which resulted in significant improvements in both computational 

accuracy and physical understanding of acceptor states. To understand 

their approach, consider the expression (Al.47) for 0, when 

If we note that J2 is just equal to the number 
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IS/4, we see that 0 becomes a spherically invariant operator: 

2 - 2 2 2 DsPh = YIP /2m - (y/m)[(p.J) - (1/3)p J ] • 

Because in general Y2 ~ Y3' 0 equals DsPh plus a correction term 

proportional to (Y2 - Y3): 

(Al.48) 

(Al.49) 

Using tensor operator methods, Baldereschi and Lipari proved that if 

one chooses V = (3Y3 + 2Y2)/S' then that correction term is a 

cubic operator with vanishing spherical average, denoted by Hc' 

If we assume that the impurity potential can be approximated by 

the screened Coulomb potential UH, then we can rewrite the Hamil-
* 422 tonian of (A1.4S), with energy in units of R = me /2rt Y1£ 

and length in units of a* = ~2£Y1/me2, as: 

H = p2 - ~[(p.J)2 - (1/3)p2J2] - 2/r + 6Hc 

= Hsph + 6Hc • (A1.S0) 

Here, ~ = (6Y3 + 4Y2)/SY1 and 6 = (Y3 - Y2)/Y1 are two 

parameters which characterize the energy bands of the crystal. In all 

cubic semiconductors, it turns out that ~. is larger than 6; for ex-

ample, in Ge, ~ = 0.76 and 6 = 0.11, and in GaAs, ~ = 0.75 and 

6 = 0.12. The least favorable case is Si, where ~ = 0.48, and 

6 = 0.2S. Neglecting the cubic term in (AI.SO), we are left with the 
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"spherical model" Hamiltonian, which provides good intuitive insight 

into the acceptor problem. The "spherical model" Hamiltonian is that 

of a spin 3/2 particle moving in a Coulomb field, with a "spin-orbit" 

interaction of unusual form 9 the strength of which ;s measured by u. 
... ... ...... 2 

If L is the orbital angular momentum and F = L + J, then F and Fz 
are good quantum numbers. For p = 0, the solutions are those of a 

rescaled free-space hydrogen atom; for finite ~, one can classify the 

solutions according to the L-J coupling scheme familiar from atomic 

systems, and calculation of the "spin-orbit" matrix elements can be 

simplified by the use of a reduced-matrix-element technique. Determi-

nation of the eigenvalues for each state reduces to the solution of a 

set of at most two coupled radial equations, which can be done varia

tionally to arbitrary accuracy. Baldereschi and Lipari determined the 

energies of the lowest few acceptor states as a function of ~, thereby 

providing the first basis for an understanding of how the acceptor 

spectrum varies systematically as a function of the valence band 

parameters. One important feature of the systematics is the dramatic 

increase in the binding energy of the ground state and many of the 

excited states, as the liSp in-orbit" parameter ~ approaches the value 

of unity. The wave function is able to take advantage of the strong 

mixing of the four degenerate bands, and thus bind more strongly. 

If one considers the cubic term [BL74] in (AI.50), then F2 and 

Fz are no longer good quantum numbers, and the eigenstates are in 

principle an infinite superposition of those which obtain in the 

spherical approximation. Formulation of the Hamiltonian (AI.50) in 

terms of the spherical tensor formalism allowed Baldereschi and Lipari 

to include the cubic terms, using extremely flexible trial wavefunc-
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tions with angular dependence expressed in spherical harmonics up to 

1 = 7. They extended the theory [BL76, LB78] to include the effects 

of the split-off band and of the q-dependent screening expressed in 

the "point-charge" potential (Al.42), and calculated the acceptor 

spectra of 5i and Ge. 

The results for Ge are shown in Figure 1 (in Chapter 1), where one 

sees that the theory agrees extremely well (in fact, within =0.01 meV) 

with the odd-parity excited-state energies of all Group III accep

tors. This is not surprising, because just as explained above for 

donors, the p-like excited states do not significantly sample the 

central-cell region, where the assumption of a "point charge" poten

tial breaks down in an impurity-specific way. It is interesting to 

note that the calculation predicted that the final-state level of the 

C transition consists of the accidentally degenerate lr 7 and 

3ra states. This assignment is consistent with the piezospec

troscopic results presented in Chapter 5 of this thesis. The 

theoretical symmetry assignments are also consistent with experiment 

for the final states of the G and 0 transitions [Ma83]. The theory 

predicts a ground-state binding energy of 11.2 meV, which provides a 

good estimate of the 11.32 meV value observed for Ga [RR81], the 

isocoric acceptor to which the calculation should be compared. For 

non-isocoric acceptors, the point-charge potential (Al.42) must be 

modified to include additional large-q Fourier components, which 

describe the difference of the impurity's core structure from that of 

the host. But for most Group III acceptors in Ge, these central-cell 

corrections give rise to relatively small shifts in ground-state 

energy. being mitigated by the small hole masses and large dielectric 
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constant, and by the requirement that the impurity wavefunction be 

orthogonal to the core states of the impurity atom. This orthogonal

ity is achieved by the introduction of violent oscillations of the 

impurity wavefunction in the core region, and the corresponding kine

tic energy cancels much of the deep core potential. 

The calculations of Baldereschi and Lipari also provide a good 

description of the excited states of acceptors in Si, agreeing with 

experiment within :0.1-0.2 meV. The theoretical estimate of the 

ground-state energy for Si is subject to a z20~. uncertainty, depen

ding on the choice of e(q), a function which cannot be directly 

measured, and must be derived theoretically. Using one choice of 

e(q), they obtained a ground-state energy of 70.5 meV [BL76], close to 

the observed value of 70.18 meV for the isocoric acceptor Al [RR81]. 

Baldereschi and Lipari were the first to show that the effective-mass 

theory was able to predict a binding energy at least as large as that 

observed for the isocoric acceptor in Si, and thus that the theory was 

not invalid in this case. To appreciate the importance of q-dependent 

screening and inclusion of the split-off band, it is instructive to 

note that if both are neglected, the calculated value is 33.9 meV, if 

the former is neglected, it is 44.4 meV, and if only the latter is 

neglected, it is 38.6 meV. In Si, the binding energies of Group III 

acceptors range from 45.71 meV for B to 156.90 meV for In, and the 

theoretical description of non-isocoric acceptors is still an open 

problem. 
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Appendix 2: The Poole-Frenkel Effect and its Analysis 

in Deep-Level Transient Spectroscopy Experiments 

The electric-field-enhanced thermal emission of carriers, or 

Poole-Frenkel effect [Fr38, Ha68], is of considerable interest for the 

study of deep-level traps. The most widely used techniques for the 

investigation of deep levels involve various forms of deep-level 

transient spectroscopy [MLK77J, in which a junction electric field is 

necessarily present, and which may range in value up to -106 V/cm. 

In many cases, an understanding of field-enhanced emission is neces

sary for the interpretation of trap binding energies obtained from 

these junction spectroscopies, especially for comparison to optical 

and Hall-effect values, which are typically measured in very low 

electric fields. Field-enhanced emission is also a useful tool for 

the establishment of the donor or a~ceptor nature of a deep center, as 

opposed to mere knowledge of its electron- or hole-trapping proper

ties. In favorable cases, field-enhanced emission actually makes it 

possible to measure the charge state of the impurity ion directly. 

In general, an applied electrostatic field will modify the elec

tronic eigenstates of an impurity center, so that the enhancement of 

carrier emission should be treated in a fully quantum-mechanical 

fashion. We adopt here an extremely simplified approach, and consider 

the applied field merely as a superposition upon the one-particle 

potential that acts on a carrier bound to an impurity center. As 

shown in Figure 31, we will assume that the impurity potential is that 

of a statically screened Coulomb field. The applied field "tilts" the 

Coulomb field, so that at least along one direction, the electrostatic 
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Figure 31: Electrostatic potential used for the consideration of 
electric-field-enhanced carrier emission from a donor (schematic). 

energy barrier is reduced, and we expect thermal emission of trapped 

carriers to be enhanced. At very high applied field strengths, the 

electrostatic barrier may become "tilted" so steeply that the trapped 

carrier is able to tunnel directly through the barrier [VCB79J. In 

fact, at moderate field strengths, a more important process involves 

the absorption of a phonon, which raises the bound carrier's energy 

enough so that it may tunnel through a narrower part of the energy 

barrier. We neglect here all consideration of the effects of tun

neling and phonon-assisted tunneling. 

We consider here an electron bound to a donor; the impurity poten-

tial is a Coulomb field due to charge +q, screened by £, the static 

dielectric constant of the crystal. (For acceptors, the obvious sign 

changes need to be made in the derivation, but the physical result ;s 

the same, namely, that the hole emission rate is enhanced by an ap-
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plied electric field.) That Coulomb field is expected to correspond 

to the actual impurity potential only asymptotically for large r; as 

in the effective-mass theory of impurity states, we will assume the 

screened potential to derive the result we are after, and check the 

validity of our assumption in view of the results we obtain. Adding a 

uniform macroscopic electrostatic field £, along the e = 0 direction, 

the total electrostatic potential seen by the bound electron is: 

As shown in Figure 31, the applied field has lowered the potential 

barrier for 0 ~ e < (w/2), and raised it for (w/2) < e ~w. 

(A2.1) 

For 0 ~ e < (w/2), there is a well-defined maximum of the poten

tial at rO(e), found by setting aU(r,e)/ar = 0 at r = rO: 

(A2.2) 

The change in potential barrier is then found by evaluating the change 

in U(r) at r = rO: 

6E(e) = (4qe2Ccose/£)1/2 , 0 < e ~ (w/2) • (A2.3) 

We can obtain Frenkel's simple one-dimensional (I-d) result 

(Fr38], by assuming that the emission of an electron from the donor is 

dominated by emission over the lowest potential barrier. Setting 

e = 0, the relative enhancement of thermal emission rate is given by: 
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(A2.4) 

where the subscript "1" signifies a I-d treatment~ re(O) and 

re(E) are the zero-field and field-enhanced emission rates, and the 

"Poole-Frenkel constant" is given by: 

The enhancement ratio is shown in Figure 32, as a function of the 

dimensionless parameter x, where 

(A2. 5) 

(A2.6) 

It is interesting to note that if all other parameters are held con

stant, S is proportional to the square root of the charge on the 

impurity center (in the absence of the bound carrier under considera

tion). We therefore expect that for different charge states of a 

given impurity species, the field dependence of emission enhancement 

should monotonically become stronger, as the impurity ion assumes 

higher states of ionization. 

In a three-dimensional (3-d) calculation, the hemisphere 

(w/2) < e ~ w presents a problem, since we expect diminished emission 

in that direction (the potential barrier is raised by the applied 

field), but there is no easily defined finite increase in barrier 

height. Following Hartke [Ha68], we assume that the applied field 

does not change the emission rate into this hemisphere. This assump

tion matters only for small fields, since emission into the IIforward" 
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Figure 32: Ratio of electric-field-enhanced carrier emission rates to 
those without enhancement, based on one- and three-dimensional models. 

hemisphere quickly dominates as the field is raised. The 3-d rate 

enhancement is obtained by averaging the enhancement factor 

exp(-~E{e)/kTJ over all angles: 

j'1'T1' j fr' 
+ d0 sinede} 

o 11"/2. 

(A2.7) 

This is easily evaluated to yield: 

c (A2.8) 
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This rate-enhancement ratio is shown plotted in Figure 32~ where it ;s 

seen to be smaller than the I-d enhancement for all finite values of xo 

Although the impurity potential acting on a carrier bound to a 

deep center is known to be non-Coulombic in general» we are justified 

in considering a statically screened Coulomb potential for the fol

lowing reasone The barrier-lowering 6E(e) is considered at a distance 

ro(e), whose smallest value is given by setting 9 = 0 in the expres

sion (A2.2). For a typical set of experimental parameters, this 

distance is tens of lattice spacings, and the impurity potential ;s 

well approximated by a statically screened Coulomb potential at long 

range. For example, in the application of this model to the acceptor 

Cu s in Ge, discussed in Chapter 2, the smallest value of rO(e=O) 
• is 95 Ao 

Deep-level transient spectra (MLK77] are normally presented as 

"correlator output" versus temperature, and consist of one or more 

peaks, each corresponding to a given charge state of a given impurity 

center speciese The temperature of a peak is that at which the ther-

mal emission rate of the deep center equals a rate preset by the 

experimenter; this rate usually ranges from 1-1000 s-l. When the 

Poole-Frenkel effect is present, the peak shifts to a lower tempera-

ture, such that the enhanced emission rate, averaged over the spatial-

ly varying junction electric fie1d~ equals the preset rate. It is 

important to note that a DLTS peak does not identify a level as being 

from a donor or acceptor, but only from an electron trap or hole 

trap. For example, a neutral acceptor might trap electrons. However, 

because an electron bound to such a center does not experience any 

long-range electrostatic field, any electric-field-enhanced electron 
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emission would be much weaker than what has been derived here. Mea-

surement of electric-field-enhanced electron emission would therefore 

reveal that the center is not a charged donor. and therefore must be 

either an acceptor or isovalent trap. 

For a deep trap whose capture cross-section is not strongly tem

perature-dependent, the zero-field emission rate is given by: 

(A2. 9) 

where A is a constant for a given charge state of a given trap spe

cies, and ET is the energy of the trap level, relative to the band 

to which it emits carriers. The DLTS peak temperatures are measured 

for several values of re(O), and ET is obtained from an Arrhenius 

plot of In[re(O)IT2] vs. lIT. 

When the Poole-Frenkel effect is present, the emission rate is 

enhanced to re(E). The enhanced rate may be written in terms of 

the zero-field parameters and 6E( E), a field-dependent reduction in 

activation energy for thermal emission: 

(A2.l0) 

At various values of' the junction field C, one obtains ET - 6E(£) 

from Arrhenius plots of In[re(£)IT2] vs. lIT. (Below, we will 

discuss how the appropriate value of C is operationally defined.) 

From the measured relationship between ET - ~E( E) and E, one can 

then extrapolate to £= 0, to obtain the zero-field trap energy ET• 
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The value thus obtained should correspond closely to values measured 

by the Hall effect. 

In order for it to correspond with what one measures in an 

Arrhenius plot, we must compute the theoretical emission barrier-lo-

wering as: 

For the 1-d treatment, we obtain from (A2.4): 

while for the 3-d treatment, (A2.8) yields: 

~E 3 (E ) = s E 1/2 f ( -2 / x 3 ) [1 + (x - 1) eX] + (1/ x ) eX J 

..;. {(l/2) + (l/x2)[1 + (x - l)eXJ} . 

(A2.12) 

(A2.13) 

In Figure 33, the 1- and 3-d reductions of the emission barrier are 

plotted in units of se 1/2, as a function of x. The I-d model 

predicts a barrier lowering of s£1/2 for all fields and tempera-

tures. The 3-d model predicts virtually the same barrier-lowering at 

high fields and low temperatures, but at lower fields and higher 

temperatures, the barrier-lowering is weaker, going to (l/3)s£1/2 

in the limit of low fields and high temperatures. Based on the three

dimensional treatment. a plot of 6E 3(E) vs. £,1/2 is not expected 
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. Figure 33: Electric-field-induced lowering of energy barrier for 
carrier emission, based on one- and three-dimensional models. 

to be strictly linear. In practice, however, such plots are sensibly 

linear for modest ranges of field strength. 

In the abrupt-junction diodes (Sz81] normally employed for DLTS 

measurements, the electric field has its maximum strength at the 

junction, and varies linearly, falling to zero at the back of the 

depletion layer. At the electric field value that exists locally at 

each depth within the depletion layer, the field-induced barrier-lo

wering has a value given by an expression such as (A2.12) or (A2.13), 

with the appropriate local value of the electric field. The DLTS peak 

occurs when the enhanced emission rate (A2.10), averaged over the 

electric field strengths acting on those traps which were filled by 

the forward bias pulse, equals the emission rate preset by the experi

menter. This means that in comparing experimental data with (A2.12) 
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or (A2.13), one should use a value of E 1/2 given by [£1/2] , av 
where the average is over the region between the quiescent depletion 

depth, and the position of the depletion depth during the forward bias 

pulseo In terms of experimental parameters, this is given by: 

[ cl/2] (/3)(C )1/2[( ) ]1/2 ~ av = 2 ~max Xq - xp /Xq , (A2 .14 ) 

where Emax is the maximum junction electric field at quiescent 

reverse bias, and xq' xp are the depletion depths during quiescent 

and forward pulse conditions, respectively. In the cgs units used 

here, maximum electric field is given by: 

(A2o 15) 

where N is the free-carrier concentration of the bulk material, Vr 

is the quiescent reverse bias, and Vbi is the built-in bias of the 

junction. The depletion depths are given by the expression: 

(A2.16) 

with V = Vr + Vbi for quiescent conditions, and 

V = V + Vb. - V when the bias is pulsed forward from its r 1 p 

quiescent value by Vp. For a fixed value of quiescent bias, larger 

values of Vp fill traps in a region of larger [£1/2]av' so that 

flE(£} increases as Vp is increased. 
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Appendix 3: Character Tables of Selected Point Groups 

This appendix presents the character tables of the point groups 

[K057a] which are of interest to the work of this thesis. In the 

single-hole acceptors we study here, the acceptor states transform 

according to double-valued irreducible representations of the various 

groups, so it is necessary to include the complete character tables of 

the double groups. The tetrahedral group, Td, is the point group of 

a normal substitutional acceptor such as a Group III impurity; it is 

also the point group of acceptor complexes in which dynamic tunnel~ng 

effects a recovery of tetrahedral symmetry. When the site symmetry of 

a tetrahedrally symmetric center is lowered by the application of 

. uniaxial stress, the point group of the center is reduced to one of 

the subgroups of Td• For impurity complexes in which dynamic ef

fects do not restore tetrahedral symmetry, the point group of the 

complex in the absence of applied stress is also a subgroup of Td• 

The group C3v is appropriate to complexes of trigonal symmetry, and 

to tetrahedral centers in a crystal which is stressed along a <111> 

direction. For tetragonal complexes, and for tetrahedral centers in a 

crystal stressed along a <100> direction, the point group is D2d • 

Finally, C2v is the point group of Rhombic I complexes, and of 

tetrahedral complexes in a crystal which is stressed along a <110> 

axis. We shall not have need to discuss those point groups which are 

appropriate to complexes of still lower symmetries, and to tetrahedral 

centers when the crystal is stressed along a direction which has 

higher Miller indices than the three families of directions mentioned 

above. 
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The symmetry operations contained in Td and its subgroups are 

labeled as follows: 

E The identity operation, consisting of a rotation through 4~ 

C3 Rotation through 2~/3 

C2 Rotation through ~ 

E 

R 

Rotation through w/2, followed by reflection through the 
plane perpendicular to the axis of rotation 

Reflection through a plane which contains an $4 axis, and 
which bisects the angle between two C2 axes which are 
perpendicular to the $4 axis 

Reflection through a plane which contains a principal axis 
of symmetry (C3 axis in C3v, C2 axis in C2v) 

Rotation thorough 2~ 

For any symmetry operation R, R = ER 

The double-valued representations are placed in a separate grouping 

at the bottom of each character table. For every irreducible repre-

sentation, the character of the identity element E is equal to the 

degeneracy of the energy levels which transform according to that 

irreducible representation (there could be further accidental degen

eracies). 
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Table 9: Character table of the group Td• 

-
Td E E 8C3 8C3 3C 2 60d 65 4 654 

3C2 Dad 

r 1 1 1 1 1 1 1 1 1 

, r 2 1 1 1 1 1 -1 -1 -1 

r3 2 2 -1 1 2 0 0 0 

r 4 3 3 0 0 -1 1 -1 1 

rS 3 3 0 0 -1 -1 1 -1 

- -
r6 2 -2 1 -1 0 0 21/2 _21/ 2 

r7 2 -2 1 -1 0 0 _21/2 21/2 

r8 4 -4 -1 1 0 0 0 0 

Table 10: Character table of the group C3v • 

C3v E E 2C 3 2C3 30v 3av 

"1 1 1 1 1 1 1 

"2 1 1 1 1 -1 -1 

"3 2 2 -1 -1 0 0 

- -
"4 2 -2 1 -1 0 0 

t, "S 1 -1 -1 1 i -i 

A6 1 -1 -1 1 -i i 
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Table 11: Character table of the group D2d o 

°2d E E C2 25 4 254 2C 2, 20d 

C2 2C 2D 2ad 
'~ 

Xl 1 1 1 1 1 1 1 

X2 1 1 1 1 1 -1 -1 

X3 1 1 1 -1 -1 1 -1 

X4 1 1 1 -1 -1 -1 1 

Xs 2 2 -2 0 0 0 0 
- -

X6 2 -2 0 21/2 _21/ 2 0 0 

X7 2 -2 0 _21/ 2 21/2 0 0 

Table 12: Character table of the group C2v • 

C2v E E C2 °v °v' 

C2 
-
°v °v' 

Lil 1 1 1 1 1 

Li2 1 1 -1 1 -1 

Li3 1 1 1 -1 -1 

Li4 1 1 -1 -1 1 

- -
LiS 2 -2 0 0 0 

One of the principal applications of the above character tables is 

to the behavior of the energy levels of a tetrahedral acceptors under 

reductions of symmetry. This is important in the interpretation of 

the piezQspectra of tetrahedral acceptors. Also, to understand the 



, 

electronic structure of non-tetrahedral acceptors, it is often useful 

to begin with a hypothetical tetrahedral acceptor, and to consider the 

lowering of symmetry as a perturbation; such a perturbation has the 

same qualitative effect as a uniaxial stress. Under these reductions 

of symmetry, a fourfold-degenerate acceptor level of ~a(Td) sym

metry splits into two levels which are each Kramers doublets, and 

which transform according to one or more double-valued representations 

of the reduced symmetry group. Kramers doublet levels which are ini

tially of ~(Td) or f;(Td) symmetry do not split under these 

reductions of symmetry, but evolve into twofold levels which transform 

according to one or more double-valued representations of the reduced 

symmetry group. The correlation table below summarizes the evolution 

of an energy level of ~ tetrah~dral acceptor, under a reduction of 

symmetry. It should be mentioned that when a ~a(Td) level is 

decomposed into "4 $ "5 $ 1\6 of the group C3v ' it evolves 

into only two levels. The I\s and 1\6 states are degenerate with 

each other, as required by time-reversal symmetry. 

Table 13: Correlation table for the double-valued representations of 

T d' under reductions to C3v ' 02d' and C2v ' 

Td C3v °2d C2v 

r 1\4 X6 AS 6 

r7 "4 X7 AS 

ra "4® X6 ® X7 AS ® AS 
/\5 (!) 1\6 
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