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Abstract
Electronic Processes in Uniaxially Stressed p -type Germanium
by
Oscar Danilo Dubon, Jr.
Doctor of Philosophy in Engineering-
Materials Science and Mineral Engineering
University of California at Berkeley

Professor Eugene E. Haller, Chair

The effect of uniaxial stress on acceptor-related electronic processes in
germanium single crystals doped with Ga, Be, and Cu have been studied by
Hall and photo-Hall effect measurements in conjunction with infrared
spectroscopy. Uniaxial stress perturbs the germanium crystal structure
deforming the valence band edge and therefore affecting materials properties
that influence hole transport. These include pressure-induced changes in the
free hole lifetime and in the electronic structure of multivalent acceptors.
Developing a better understanding of these fundamental properties is important
in furthering our knowledge of electronic processes in semiconductors affecting
the performance of germanium infrared detectors.

The stress dependence of the hole lifetime in p-type germanium single
crystéls is used as a test for competing models of the non-radiative capture of
holes by acceptors. The hole lifetime is a key factor determining detector
performance, and it depends on the physical mechanism by which the holes are
captured. It is shown by photo-Hall measurements that the hole lifetime in Ga-
and Be-doped Ge single crystals increases by over one order of magnitude
upon the application of uniaxial stress at liquid helium temperatures. Photo-

Hall measurements of Ge:Be crystals have shown a stress-induced change in
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the temperature dependence of the hole lifetime as well. These results are
consistent with the observed increase of the responsivity of Ge:Ga detectors
when uniaxial stress is applied. The data are discussed within the framework of
the well known cascade capture model and the recently proposed direct
capture model.

The electronic properties of germanium doped with the copper triple
acceptor are shown to change dramatically by the application of uniaxial stress.
The three-hole nature of the neutral copper ground-state results in a variety of
phenomena that are interesting and important. Upon the application of uniaxial
~ stress, the threshold of the photoconductivity response shifts to lower energies
achieving a nearly constant value of 17 meV above 4 kbar. A variational
calculation shows that this behavior is caused by a change in the copper
ground-state configuration from a pseudo Li0, (71s)3-like to a normal Li0,
(1s)2(2s)1-like configuration having a stres's-insensitive hole binding energy.
This ground-state transformation produces a tremendous decrease in the
electrical resistivity of many orders of magnitude that is attributed to the stress-
induced onset of impurity band conduction due to the extended nature of the 2s-
like electron wavefunctions of the (7s)2(2s)! high-pressure configuration. A
simple calculation shows that an insulator-metal (Mott-Hubbard-Anderson)
transition should occur in uniaxially stressed Ge having a copper concentration
in the 1015 cm-3 range. These results provide a first explanation for the
performance of uniaxially stressed, copper-diffused Ge:Ga detectors which
display a high conductivity in the absence of a photon signal and consequently

have poor sensitivity.
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" 1. Introduction

The detection of infrared (IR) radiation (1 um-1 mm or equivalently 1.2-
0.0012 eV) is of great interest to a wide variety of research activities including
the characterization of defects in semiconductors, the study of the Earth's
atmosphere, and the observation of IR sources in the universe. This has
produced a demand for highly sensitive IR detectors and has led to the wide
use of semiconductors such as Ge, PbS, and HgCdTe for IR detection due to
their photoconductive characteristics. Semiconductors ére photoconductors
because they can exhibit an increase in electrical conductivity upon absorbing
light.

Germanium is a group IV semiconductor. Doped germanium is well
suited for the detection of IR radiation (10-200 um).1-4 Group Il elements such
as B, Al, and Ga are single acceptors in Ge and in their neutral state bind a hole
with an energy of 11 meV. Neutral double acceptors such as Be, Cd, and Hg
bind holes with an energy in the range 25-100 meV depending on the element.
Copper is a triple acceptor in Ge and in its neutral state binds holes with an
energy of 43.2 meV. At liquid helium temperature essentially all holes are
bound by the acceptors since the thermal energy is insufficient to excite them
into the valence band. Therefore, if photons with energy equal to or greater
than the hole binding energy are incident on a germanium detector, they will
produce an increase in the electrical conductivity since holes are photoexcited
from a bound acceptor energy state to the valence band. With an external bias
these excess holes form a signal current (Figue 1.1).

Uniaxially stressed gallium-doped germanium detectors are
unsurpassed in performance for the detection of far infrared (FIR) radiation in

the 100-200 um (6-12 meV) range under low photon backgrounds.5.¢ The
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Photoconductive response (arb. units)
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Figure 1.1. Spectral response for Ge:Ga, Ge:Be, Ge:Cu (T=4.2 K and 0.2 mm-
thick black polyethylene used as cold filter). Dips in the Ge:Cu spectrum are
due to absorption arising from optically active multiphonon modes. Some
absorption features are caused by the black polyethylene filter, the mylar
beamsplitter, and Fabry-Perot interference within the sample.



application of uniaxial stress perturbs the germanium crystal structure
deforming the valence band edge,’-8 reducing the hole binding energy of group
IIl acceptors from 11 meV to as low as 6 meV,%.10 and therefore extending the
spectral sensitivity of Ge:Ga detectors to lower photon energies.5-¢ Deformation
of the valence band affects other materials properties that influence free hole
transport and detector performance.8.9:11.12 In this work | have used standard
Hall and photo-Hall effect measurements and infrared spectroscopy to study the
effect of uniaxial stress on acceptor-related electronic processes in germanium
single crystals doped with Ga, Be and Cu including pressure-induced changes
in the free hole lifetime and in the electronic nature of multivalent acceptors.
Developing a better understanding of these fundamental properties provides a
framework for furthering our knowledge and advancing the technology of

stressed detectors.

1.1 Impurity states in germanium

Effective mass theory successfully describes the general spectroscopic
nature of shallow impurities in semiconductors.12.13 Monovalent dopants such
as gallium in germanium produce energy states related to the binding of a
single charge carrier by a Coulombically attractive center in a dielectric
medium. The atomic analog to this system is the hydrogen atom. The binding
energy E and Bohr radius ag associated with the hydrogen atom can be scaled
to adequately describe the energies and radii associated with group |l

acceptors and group V donors in germanium:

__ 13;6 My oV and aym 0.53 ¢, m, A
g M, my

where my is the hydrogenic effective mass (equal to 0.2mg in the case of holes

“in Ge), ¢, is the relative dieléctric constant which is equal to 16 for germanium,

and mg is the free electron mass. The semiconductor dielectric constant
3 ,



accounts for the screening of the dopant nuclei by the electron cloud of the host
atoms while the effective mass accounts for the difference in the motion of
charge carriers (electrons and holes) in energy bands versus free space. Such
values for Ge yield a binding energy and Bohr radius of 11 meV and 40 A,
respectively.

Double acceptors such as beryllium in germanium also have an atomic
analog: the He atom. As in the case of the He atom, approximation techniques
must be used to calculate the binding energies of these centers.14.15 However,
such calculations can be and have been made for He whereby only scaling by
the effective mass and relative dielectric constant is necessary in order to arrive
at adequate values for dopants. This has been performed for Be in Ge; a
variational calculation yields a first ionization potential (i.e., hole binding energy
by neutral Be) of 24.5 meV compared to the experimentally observed value of
24.8 meV.14

Acceptors binding a third hole including Bet and copper, a substitutional
triple acceptor, do not have a direct atomic analog. The fourfold degeneracy at
the valence-band edge of Ge and most other cubic semiconductors allows for
the accommodation of up to four holes in the 7s lowest one-particle level of
these acceptors, which would be equivalent in the atomic framework to having
electrons with a pseudospin of 3/2. Variational calculations have shown that,
indeed, the analog of Bet is a pseudo He" ion having electrons of hypothetical

spin 3/2 and a (7s)3 ground-state configuration.

1.2 Aspects of unstressed and uniaxially stressed p-Ge
The application of uniaxial stress breaks the fourfold degeneracy of the

valence band edge leaving two, (time-reversal) doubly degenerate, split bands



Energy

band edge

[010]

[100]

Figure 1.2. Schematic of valence band for zero-stress (solid lines) and
uniaxially stressed (dashed lines) conditions. The figure is drawn for
compressive stress in the [100] direction. The deformed band which thermally
excited holes populated a low T is labeled "band edge." It has a density of
states effective mass give by m*=(mj00jMjo10)M[o01)) /3 where mqy00j=0.046mg
and moy0j=M[oo1}= 0.011mp, and m*=0.082m, in the high stress limit.7.8 The
spin-orbit split-off band is not shown. At zero stress its maximum lies about 300
meV below the valence band edge.



in addition to the spin-orbit split-off band which remains doubly degenerate as
well (Fig. 1.2). In the limit of high compressive uniaxial stress, the constant
energy surface near the band minimum which the holes populate at low
temperature is an ellipsoid having an average (density of states) m* equal to
0.082mg compared to its zero-stress value of 0.36mg.”:16 (Note: the zero-stress
values of m* and my differ due to the degeneracy of the heavy- and light-hole
bands at the valence band edge.) Therefore, stress can be used to change the
magnitude of the hole effective mass as m* is inversely proportional to the
curvature of the valence band at the band minimum. Clearly, a consequence of
this is that alll properties exhibiting an effective mass dependence will show a
pressure dependence. Two major properties are the hole mobility and as
already mentioned the ionization energies of acceptors.

The mobility is a measure of the drift velocity vq that free carriers
(electrons and holes) attain upon being subjected to an electric field E:

vd=uE (1.1)

The magnitude of pu is limited by the different scattering processes that the
carriers undergo including scattering by ionized and neutral impurities and by
phonons and can generally be approximated by the relation??

T = (pac) ™ + (uni) " + (i) (1.2)
where pac, Uni, and pjj are the mobilities associated with scattering by acoustic
phonons, neutral impurities and ionized impurities, respectively. Optical
phonons can also scatter electrons and holes at higher temperatures but do not
contribute at detector operating temperatures. Impurity and phonon scattering
in semiconductors have been extensively studied and formulations for the
different contributions are well established. For p-type Ge at zero stress,
Hac=2.4x107T-15, Lni=9x1020(mp/mg)Npi~1 and Wii=1.2x1017T1-5(mo/m*)N;i~1

all in units of cm2/Vs.18-20 Ny, is the neutral impurity concentration, Nj; is the
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ionized impurity concentration and the hydrogenic effective mass my is equal to
€r2moEa/En where Ey and Ep are the ionization energies of the hydrogen atom
(13.6 eV) and of acceptors, respectively.20 Because of the effective mass
dependence of the various scattering processes, the mobility p is sensitive to
the application of Uniaxial stress. Moreover, lac is very sensitive to pressure-
induced changes of the lattice and consequently shows a complex dependence
on the deformation of the valence band edge.2! The effect of pressure on pac

can be determined experimentally (Chapter 2).

1.3 Photoconductive detectors: figures of merit

Stressed Ga-doped Ge photoconductive detectors are best suited for the
detection of far IR radiation under low photon backgrounds due to not only their
spectral sensitivity but also their high responsivities and low noise.56 The
responsivity of a detector is defined as the signal output divided by the radiant
input power which in terms of experimental measurables refers to the electrical
signal that is produced by a flux of incidént photons. The output signal and the
photon flux can be measured as an electrical current (units of amperes) and
incident power (units of watts), respectively; therefore, a typical unit for the
responsivity is amperes/watt (A/W).

The responsivity is a function of the applied electric field which may vary
from 0.1 V/cm for stressed Ge:Ga detector to 30 V/cm for cbpper-doped Ge
crystals under typical operating conditions.4.22,23 However, detector
performance is ultimately determined by fundamental materials properties, the
two major ones being the hole mobility p and the hole lifetime tT. These
parameters determine the signal current of a detector. While p is a measure of
how efficiently a hole travels in the valence band, the hole lifetime reflects the

average time between the photoexcitation of a hole into the valence band and

7



its subsequent capture at an acceptor. The hole lifetime is a key factor
determining detector performance. It depends on the physical mechanism by
which the holes are captured and the density of ionized impurities that can
capture free holes (at which point the holes no longer contribute to the
conduction process). The operating temperature of IR Ge detectors is very low
(typically <4.2 K); consequently, the concentration of ionized acceptors is equal
to the concentration of compensating donors since the concentration of
" thermally ionized acceptors (£10° cm=3) is much less than the typical donor
concentration (= 1010 cm=3). Therefore, an advantage of Ge as a detector
material is the ability to grow Ge crystals with controlled densities of both donors
and acceptors.24

For a detector of a cubic shape with a side dimension of length L, the

responsivity R is given by325.26

R = .Signal current _ QPoptVal?
optical input dhv

(1.3)

where q is the electron charge, popt is the concentration of photoexcited holes,
and @ is the rate at which photons of energy hv are incident on the detector.
The hole concentration' p is equal to the product of the hole lifetime and the hole
generation rate, the latter term being equal to ®n/L3 where n is the quantum
efficiency for photon absorption. For a bias voltage V applied across a length L
(Fig. 3), the drift velocity is given by vq=iV/L, and one arrives at an expression

for the responsivity

R= TTZV . (1.4)
A%

It is clear then that the responsivity is proportional to the product of the hole
lifetime and mobility and that any stress-induced changes to these properties

will directly affect the performance of the detector.



photon input (watts)= ®hv -

" ,
signal current (amps)=—=S— responsivity= signal our rent
Rf photon input

Figure 1.3. Schematic of an ideal detector of volume L3. For an applied bias

voltage V and photon incidence ®, a signal current is produced and is equal to
the signal voltage Vs measured divided by the feedback resistor R of the

amplifier circuit.



The sources of detector noise include Johnson, thermal generation-
recombination, and shot noise.3:26 The total noise is evaluated in terms of the
noise equivalent power (NEP), which is defined as the photon power necessary
to produce a signal-to-noise ratio of one and is equal to the total noise current
divided by the responsivity. Therefore, a typical unit for the NEP is watts or
watts/(Hz)12 when the spectral noise density is used instead of the noise.
Because the NEP is inversely proportional to R, it may also exhibit a
dependence on t and pu. However, the NEP cannot be reduced to a simple
expression in terms of T and p similarly to R as the contributions of the noise
terms, i.e., the‘ current fluctuations associated with the various noise
phenomena, may themselves show 1 and p dependencies. A further discussion
of detector issues can be found elsewhere.3.25.26 |n the remaining sections of
this work, | will concentrate on the stress-induced changes in the responsivity as
this figure of merit best elucidates the intimate relationship between materials

properties and detector performance.
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2. Uniaxially stressed germanium doped with monovalent

acceptors

The effect of uniaxial stress on acceptor-related properties has been
extensively studied and is best understood for the case of monovalent
acceptors in Ge.89.27-31 Already since thirty years ago it has been shown that
uniaxial compression enhances the hole mobility at low temperature (Fig. 2.1).°
The hole mobility at low temperature (6 K) increases by as much as a factor of
2.5 in Ge:Al and Ge:In. The stress-induced deformation of the valence band
lowers the hole effective mass which in turn changes the rate at which holes are
scattered by neutral and ionized acceptors and phonons.

Uniaxial stress in a [100] direction reduces the symmetry of the acceptor
lowest one-particle level (from Tq to Dag) producing two, doubly degenerate
energy levels. The influence of étress on the hole binding energy by shailow
acceptors has also been observed by both Hall effect measurements and
infrared spectroscopy (Fig. 2.2).26.31.32 Moreover, extensive theoretical work
has been performed and experimentally verified to show the effect of stress on
the both the ground state and bound excited states of acceptors in germanium
and silicon (Fig. 2.3).28-30 These effects have been of great fundamenfal
" interest and have served as a basis for the development of far infrared
detectors. .

Figure 2.4 shows the responsivity of a Ge:Ga detector under stressed
and unstressed conditions. The effect of stress is clearly to increase the
responsivity for a given applied electric field. In addition, the operating range of
applied electric fields is reduced. Such observations cannot be attributed only
to the known increase of the hole mobility and the change in the absorption

coefficient of Ga acceptors.1 Its is necessary for the hole lifetime to be highly
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sensitive to the application of uniaxial stress (Eq. 1.4). More specifically, the
effect of uniaxial stress on the physical mechanism(s) controlling the lifetime

must be understood.

2.1 Capture cross sections in unstressed p-Ge

The hole lifetime is a key factor determining detector performance and
depends on the physical mechanism by which the holes are captured. The
non-radiative capture of mobile charge carriers by Coulomb-attractive centers
has received considerable attention as it plays a significant role in the trapping
and recombination processes which occur in semiconductors at low
temperatures.33-36 The probability with which a center captures a charge carrier

is measured by a quantity known as the capture cross section, o, which is given

by (assuming capture is an isotropic process)
|41} 2
6= i T (2.1)

where rT' is the maximum distance from the impurity center for which the carrier
is captured and g is the average distance a carrier travels in order to lose
enough energy to be captured. The term in parentheses is the probability that a
carrier will suffer an energy losing collision within a sphere of radius ry centered
at the impurity. The quantity 4r1/3 is the average distance within a sphere of
radius rr. ,

The most widely accepted mechanism for low temperature, non-radiative
capture has been the phonon-mediated cascade of carriers through the bound
excited states of these centers. This model was first proposed by Lax32 and
later refined by Abakumov et al.35.3¢ In this picture a carrier is captured by
losing energy via the emission of acoustic phonons. The bound excited states

of the hydrogenic impurity serve as a ladder of energy states into which the
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carrier can relax upon phonon emission. The critical radius ry is defined in this

case by the condition
2q°
4me el

= kT | (é.z)

| where kg is Boltzmann's constant, g¢ is the permittivity of vacuum, T is
temperamre, and Z is the charge of the center (equal to 1 for an ionized
monovalent impurity such as Ga in Ge). The carrier is trapped when it has
insufficient thermal energy to overcome the Coulomb attraction due to the
charged impurity.' When acoustic phonon emission is the energy losing
process,

KsT
k=1 (2;—32) 23)

where s is the speed of sound in the semiconductor and Iy¢ is the mean free
path between acoustic phonon scattering events. Equation 2.3 applies when
the carrier thermal energy is much greater than the minimum energy for a
carrier to emit one phonon (i.e., kgT>>ms2). For germanium, s = 5.4x105 cm/s
and ms? = 0.063 meV (or 0.73 K).

By combining Eq. 2.1-2.3, one can formulate ¢ within the framework of

4n \om*s?y q* P
3L\ kT et kel) (2.4)

Because /3¢ is inversely proportional to T, the cross section for cascade capture

the cascade capture (cc) model:

Occ =

depends on temperature as T-3. The functional dependence of 6cc on T has
great historical significance as the validity of capture models has traditionally
been evaluated via the comparison of the predicted temperature and impurity
charge-state (Z) dependencies of the capture cross sections with the
experimentally determined ones (Fig. 2.5).

A different mechanism for the capture of holes by acceptors in

germanium has been proposed recently, one in which holes are captured
17
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Figure 2.5. Capture cross section for free holes by ionized centers in
germanium. The lines indicate the values expected from cascade theory.35

directly into the acceptor ground state.37-40 Darken and co-workers have
observed capture cross-sections exhibiting a T-1 dépendence (Fig. 2.6). They
observed a dependence between the valence band effective density of states
(Ny), the hole lifetime t, the free hole concentration p (that is, the concentration
of ionized acceptors when p is much greater than the concentration of

compensating donors), and temperature given by3°

N, kT
.1 2.
ot~ h . (2:5)

where h is Planck's constant. From this empirical relation they derived an
expression of the cross section for this direct capture (dc) process by

acceptors:40

m, 6.4x10"2) »
Gm%mJ T cm? (2.6)
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2.2 Capture cross sections in stressed p-Ge: m* dependence

2.2.1} Introduction

Whereas both the cascade and direct capture models predict an increase
in the capture cross section with decreasing temperature T, they exhibit very
different functional dependencies on the effective mass, m*. Therefore, low

temperature photo—Hall effect measurements have been performed on
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germanium crystals doped with gallium acceptors and placed under uniaxial
stress. By this method it has been possible to study the effective-mass
dependence of the hole lifetime (and necessarily the capture cross section) and
to clearly distinguish between direct capture and cascade capture in this
material.

From the Eq. 2.4 and the relation between mobility p and mean free path
(uac=qlac/n]*vm), the capture cross section that is based on cascade capture
(O¢cc) has a dependence on temperature and effective mass given by

Occ = T~ (KacVen) ™’ | (2.7)
where the average thermal velocity vy, is proportional to T1/2m*-1/2 and the
acoustic-phonon-scattering component of the hole mobility ¢ is proportional to
T-32m*-5/2 at zero stress.’® On the other hand, the direct capture model yields
a cross section ‘

Ggcoc T~ (m*) 1. (2.8)
The simple relation given in Eq. 2.8 shows the temperature and effective mass
dependencies irrespective of the energy loss mechanism.

Whether direct or cascade capture is the dominant mechanism has
significant consequences for the hole lifetime T. In p-type Ge at sufficiently low
temperature, practically all holes are frozen out on acceptors, and the ionized
acceptor concentration, i.e., the denéity of hole capture centers, is equal to the
concentration of compensating donors Np. In this case the hole lifetime is given
by17.41

1
T=— ‘
BN, Ovy, (2.9)

where B is the valence band degeneracy (equal to 4 for unstressed and 2 for

uniaxially stressed Ge). Because the thermal velocity is inversely proportional

to m*'2, the lifetime depends on the effective mass as
Too = B e (2.10)
20



and

Tg > B7'm*¥? (2.11)
for cascade capture and direct capture, respectively. The effective mass
component of Tec is expressed in terms of uac alone as the m* dependence is
fully contained in pac (which is proportional m*=5/2), Therefore, the lifetime
increases according to the cascade picture yet decreases for direct capture if

the effective mass decreases.

2.2.2 Experimental approach and results

In order to study the effect of uniaxial stress on the hole lifetime, photo-
Hall effect measurements have been performed on p-type Ge samples.
Although only an indirect method of determining the hole lifetime, photo-Hall
effect yields additional information regarding the hole mobility when measured
in conjunction with the electrical resistivity. Direct observation of the lifetime by
photoconductivity decay experiments has been restricted by the limited access
to adequate pulsed, far-infrared radiation sources such as free-electron lasers
necessary for the photoionization of exclusively shallow acceptor levels.

The Ge samples were produced from two 1 mm-thick wafers, of crystals
#773 and #783, having gallium concentrations of (1.4+0.1)x1014 cm—3 and
(1.1£0.1)x1014 cm~3, respectively. The wafers were cut from two, Czochralski-
grown, Ga-doped Ge bulk crystals (#773 and #783). Both sides of the wafers
were lapped in a 4um-SiC/water slurry and etched in a 3:1 HNO3:HF mixture for
90 seconds. Two boron implants (25 keV/1x1014 cm2 and 50 k_eV/2x1O14lcm'
2) and subsequent metallization (20 nm of Pd and 400 nm of Au in this
sequence) were performed for later use in the formation of electrical contacts.
Thermal annealing at 300 °C for 1 hour under Ar flow followed the metallization.

The wafers were cut to produce a 1x1x5 mms3 final geometry for each sample.
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All resulting surfaces were <100> oriented. For each sample the electrical
contacts necessary for ther Hall effect measurements were masked on two
opposing 1x5 mm?2 contacted surfaces, and all excess metallization and
implanted layers were removed via KBr solution (1 minute) and 3:1 HNOg3:HF
(30 seconds) etches, respectively. ‘_

Uniaxial stress up to 4.2 kbar was applied parallel to the long axis of the
bar-shaped samples by a leaf-spring stress apparatus which was mounted in a
LakeShore CT-310 continuous flow cryostat. The sample space consisted of a -
closed cavity containing both the sample and a photon emitter (emissivity = 0.9),
the latter needed for photo-Hall measurements. Hall coefficients were obtained
for a Hall-bar sample geometry with a Keithley 110 Hall effect measuring
system and a magnetic induction of 0.3 Tesla. The temperature was monitored
with a calibrated Allen-Bradley, 1/8 watt, 1 k2, carbon composite resistor.
Further experimental details can be found in Appendix A.

Hole concentrations obtained from the Hall effect measurements for
sample #783 are shown in Fig. 2.7. The filled circles and squares correspond
to data taken when the sample was illuminated. The solid line was calculated

using the equation42
p(P+Np) _ Ny ( A)
—_ Y _—-_Ve p— . W .
N—N 5 exP T (2.12)

where p is the hole concentration, Nao and Np are the acceptor (Ga) and donor
concentrations, respectively, the band degeneracy is equal to 4, kg is the
Boltzmann constant, Ny is the effective density of states, and Ea is the gallium
acceptor binding energy. Therefore, a best fit to the zero stress data yields Na
and Np. The dashed line was obtained by using the impurity concentrations
(NA and Np) determined from the zero-stress measurement and adjusting both
Nv and Ea so as to provide the best fit to the data (using Eq. 2.12). Ea was

confirmed by photoconductivity spectroscopy measurements (Fig. 2.8). In
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Figure 2.7. Hole concentration as a function of inverse temperature obtained
from Hall effect (clear symbols) and photo-Hall effect (filled symbols)
measurements. The open circles were fit using the following parameters:
Na=1.1x1014 cm=3, Np=3.5x1012 cm3, Ea=11.1 meV, Ny=1.2x1015T3/2 cm-3,
and B =4. The data taken at a uniaxial stress of 3.4 kbar//<100> (clear squares)
were fit using EA=7.5 meV, B=2 and Ny=1.44x1014T3/2 ¢cm-3 (j.e., m*=0.089mg)
while maintaining the same values for the impurity concentrations Na and Np.
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Figure 2.8. Spectral response of the stressed sample also shown in Figure 2.7.
The activation energy determined from the Hall measurements (7.5 meV) is
indicated by the arrow. The drop of the photoconductivity response near 100
cm-! is due to a low-pass, mesh filter (courtesy of P. Aide) used in the
measurement. Experimental details can be found in Appendix B.
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addition, uniaxial stress reduces the valence band degeneracy B8 from 4 to 2.
The change in the effective density of states then reflects a change in the
effective mass.

From the photo-Hall measurements (filled symbols in Fig. 2.7) the hole
lifetime Tpnh has been estimated. In the region where the hole concentration is

determined by the rate of photogeneration, Tph = popt/Qopt Where gopt is the

optical generation rate and popt is the concentration of photogenerated holes.
The calculated generation rates are 3x1016 cm—3s—1 and 8x1016 cm—3s-1 for
the photo-Hall measurements shown in Fig. 2.7 in the zero-stress (filled circles)
and stressed (filled squares) conditions, respectively.

The dependence of the lifetime on stress at 3.7 K for samples #773 and
#783 is shown in Figure 2.9. The zero-stress values of tr)e hole lifetime agree
within a factor of two with previous results for Ge doped with shallow acceptors.
For the largest applied stress of 4.2 kbar, the lifetime has increased by one
order of magnitude compared to the zero-stress value. Such increase has been
observed throughout the temperature range over which photo-Hall
measurements were made (Fig. 2.7). It is clear from Figure 2.9 that the direct
capture model does not describe the effé‘ct of stress on the hole lifetime that has
been observed as the lifetime has increased by the application of stress even
though the direct capture model would predict a decrease in 7.

From the stress-induced change in Ny, the density of states effective
mass has been determined as a function of stress (Fig. 2.10). Therefore, the
hole lifetime can be plotted as a function of m* as indicated in Fig. 2.11. The
ratio between BT and the zero-stress value of BT has been plotted in order to
show the functional dependence of T on the effective mass alone. In addition,
the stress dependence of the mobility u (Fig. 2.12) has been studied in the

context of acoustic phonon (ac), ionized impurity (ii) and neutral impurity (ni)
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scattering (Eq. 1.2). From these results, the increase of LLac as a function of
stress (and effective mass) has been estimated. These values are plotted in |
Fig. 2.11 (crosses) by the use of Eq. 2.11. The solid line in Fig. 2.11 is fit to tvhis
data and provides an excellent fit to the lifetimes determined from the photo-Hall
measurements (circles and triangles) as well. Thus, it is found from the
independently obtained experimental lifetimes and mobilities that

Tph e B_1(I'Lac)exp . (2.13)
The agreement between Eq. 2.11 and Eq. 2.14 provides a very compelling
argument supporting the dominance of phonon-mediated cascade capture of

holes by gallium acceptors in Ge.

2.3 A second look at the experimental capture cross sections

The photo-Hall measurements on stressed Ge strongly support the
cascade capture model which has been has been used to explain experimental
data pre-dating 1972.35.3¢ However, the data obtained more recently on
acceptors which include CuHz2", Zn- and Cu- in germanium clearly cannot be
explained within the well-accepted formulation of cascade capture.37-40 ltis
therefore not surprising that a different mechanism has been proposed even if
its formulation may not be exactly right. Reconciling the entirety of the data is
critical in furthering the understanding of the capture process.

Figure 2.13 is a compilation of the data for monovalent impurities
including CuHz". The dashed line represents the value of occ.predicted by the
cascade capture model. The general agreement is very good. Figure 2.14 is a
compilation of data for singly-ionized multivalent acceptors and the copper triple
acceptor, which exhibit hydrogenic bound-excited state when binding two and
three holes, respectively. Although the lower lying data (filled symbols) have

been used to support cascade capture (Fig. 2.5), clearly their temperature
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dependence is similar to the upper grouping (clear symbols) which has been
used in support of the direct capture model. In Figure 2.14 the capture cross
section for Ga is presented, datum gathered by the same group that obtained
most of the lower lying data.43-45 If one scales the lower data (clear symbols) by
the factor with which the Ga cross section must be scaled in order for it to agree
with the cascade model (and indeed be in agreement with the other data for
single acceptors), then both sets of data are in clear agreement. Cascade
capture seems to apply to monovalent shallow impurities but not to double
acceptors and the copper triple acceptor. Perhaps the role of core states (i.e.,
the central cell) is important in the capture process. Photo-Hall measurements

of multivalent acceptors are therefore of great interest.

2.4 A final comment Ge:Ga stressed detectors

The effect of uniaxial stress on the responsivity of Ge:Ga stressed
detectors can be explained. The application of stresses as low as 1 kbar is
enough to produce an increase in both the mobility and thé lifetime. Because
the responsivity is proportional to the pt product, the responsivity increases with
stress by a factor comparable to the stress-induced increase of ut. For a stress
of 1 kbar, the mobility has been shown to increase by a factor of 2 and the
lifetime by a factor of 3-4 (Fig. 2.9) to yield an expected factor of 6-8 increase of
the responsivity from its zero-stress value in good agreement with the data

shown in Figure 2.4.
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3. Uniaxially stressed germanium doped with divalent acceptors

Double acceptors in germanium include beryllium, zinc, cadmium and
mercury. Unlike single acceptors whose binding energies are very similar to
each other and close in magnitude to the theoretically predicted value (from
effective mass theory), in their neutral state double acceptors bind holes with a
wide range of energies depending on the chemical nature of the acceptor.
Beryllium is very much effective-mass-like and in its neutral state binds holes
with an energy of 25 meV while the core states of mercury distort the Coulomb
potential (i.e., central cell distortion) resulting in a first ionization potential of 90
meV. Because it is composed of the product of two single-particle states, the
ground state of these acceptors is a multiplet (I'1+I'3+I'5).46.47 Hole-hole
interaction may split the otherwise degenerate multiplet, and in the case of Be in
Ge, it has been shown that the ground state is split by an energy AE=0.1 meV
(implying weak hole-hole interaction) into two levels, I'1 and I'3+I's, as shown in
Figure 3.1. Stronb hole-hole interaction has been observed for Zn double
acceptors.

When applied in a [100] direction, uniaxial stress reduces the symmetry
of the acceptor from Tq to Dagq. The ground state splits into three components
when the stress-induced splitting is much greater than that which is due to hole-
hole interaction as is the case for Be in Ge.48 The two bound holes occupy the
level that minimizes the total energy of the acceptor, and a reduction of the

binding energy is observed (Fig. 3.2) similarly to single acceptors [Fig. 2.2(c)].

3.1 Characteristics of Be-doped Ge: Be* centers
Beryllium can bind a third hole to become positively charged (Be+).14

The fourfold degeneracy at the valence-band edge of Ge allows for the
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figure shows ground-to-excited-state transitions.48 '
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accommodation of up to four holes in the 7s lowest one-particle level, which |
would be equivalent to having electrons with a pseudospin of 3/2. Other
acceptors can become overcharged as well. Shallow single acceptors can bind
a second hole with an energy in the order of 1 meV.49 The copper triple
acceptor can bind a fourth hole (Cu+) with an energy of approximately 1 meV.50
Variational calculations have given support to the experimental observation that
the third hole in Be is bound with an energy of approximately 5 meV!1.52 This
is significant as this energy is of sufficient magnitude for the existence of an
optically detectable concentration of these centers at liquid helium
temperatures.

An excitation source (e.g., light) is required for the observation of
overcharged centers. Normally holes will freeze-out onto ionized acceptors in a
temperéture range where the thermal energy is too great for neutral centers to
bind an extra hole (given the small magnitude of the binding energy associated
with the overcharged center). However, at low temperatures where practically
all holes have frozen out, the ionization of neutral centers by low level
illumination produces an excess population of holes in the valence band which
can be trapped by the abundance of neutral centers (under the typical condition
of less than 1% compensation for Ge:Be) to produce overcharged ones. The
effect of trapping by neutral Be can be removed by the application of uniaxial
stress. This will occur at a pressure whereby the splitting of the 7s ground state
is comparable to the energy with which the extra hole is bound (between 0.5
kbar and 1 kbar). The occurrence of Be* in Ge is not merely a interesting
problem in semiconductor physics; it is a phenomenon that has significant

implications on the transient behavior of Ge:Be detectors.51:53.54
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3.2 Characteristics of Ge:Be detectors

Germanium doped with beryllium is well suited for the detection of
photons in the 50-30 um range.23 The detection of higher energy photons is
limited by absorption in the bulk from optically active multiphonon modes
(Figure 3.3).55 Because of the smaller Bohr radius of Be, germanium crystals
can be doped Up to one order of magnitude higher with Be atoms than with Ga
without degrading detector performance therefore increasing the material's
optical density.1! The Be concentration is typically 1015 cm-3.

Ge:Be detectors show adequate responsivity at 4.2 K. However, their
performance can be limited by noise arising from high dark currents if (a) the Be
concentration is greater than 3x1015 cm=3 or (b) the background concentration of
shallow acceptors is greater than that of donors. The dark current refers to the
current passing through the detector in the absence of a photon signal. Both (a)
and (b) can be avoided by growing the bulk Ge crystals under proper
conditions. Otherwise dark currents can be reduced by lowering the detector
operating temperature. The unfortunate additional effect of reducing the
operating temperature is to lower the detector responsivity to a level where
other noise sources lead to an inadequate signal-to-noise ratio. Figure 3.4
shows the decrease in responsivity as a function of temperature for various
applied electric fields. Already at 3 K the signal has deminished by almost a
factor of 3. |

it has been found that the application of small amounts of stress (< 1
kbar) will resuit in an increase of the detector responsivity (Fig. 3.4). |n addition,
the signal has become relatively temperature insensitive compared to the zero-
stress signal. That is, the ut product exhibits a functional dependence on T that

varies with stress. This is attributed largely to the stress dependence of the hole
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Figure 3.3. Part of the lattice absorption spectrum of intrinsic germanium at
liquid Helium temperature.56
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lifetime as the mobility at these low temperatures is dominated by a sihgle

scattering mechanism, neutral impurity scattering.

3.3 Hall and Photo-Hall measurements of Ge:Be

Beryllium doped germanium samples were obtained from a Czochralski-
grown, Be-doped crystal (#728).23.57 They were processed as described for
Ge:Ga crystals (Section 2.2) with the additional steps of soaking in a 10% KCN
in water solution and annealing at 700°C for 1 hour prior to processing for
electrical contacts. The annealing removes Be-H acceptor complexes, which
form shallow levels in Ge crystals grown in a hydrogen atmosphere.58-60 The
KCN-solution soak prevents copper from diffusing into the wafer during the
annealing period.81 Results were obtained for several states of compressive
stress.

Figures 3.5 and 3.6 are plots of the hole concentration as a function of
inverse temperature for two samples. The beryllium and minority (donor)
impurity concentrations are approximately 1.2x10%5 cm-3 and 2.4x1012 cm-3,
respectively. As was observed in the Ge:Ga system, the application of uniaxial
stress reduces the activation energy for the emission of a hole from a neutral Be
atom. Below 10 K the measured hole concentration is largely due to
photoionization of neutral Be. From this data one sees that in the low
temperature limit the hole concentration increases by more than one order of
magnitude with stress suggesting a significant increase in the hole lifetime.

Unlike the photo-Hall data measured on Ge:Ga crystals, the data of the
Be-doped samples indicate that the temperature dependence of the lifetime
varies markedly with pressure. The lifetime shows the greatest temperature
dependence at zero stress. The application of a small amount of pressure

| changes the temperature dependence of the concentration (i.e., lifetime) of
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photoexcited holes. At a larger pressure the concentration has changed mostly
in magnitude and not significantly in temperature dependence.

This previously unobserved behavior is not surprising given the pressure
sensitivity in the transient response of Be-doped Ge crystals.53:54 It has been
shown that the formation of overcharged Be center produces a slow-transient
response of the photocurrent to a step-function increase in the photon signal
incident on Ge:Be crystals. However, the application of approximately 0.7 kbar
uniaxial compression eliminates the slow-transients as the Bet+ centers no
longer form. This hole trapping phenomenon can be used to explain the photo- |
Hall data.

The capture of holes by neutral impurities in semiconductor was first
treated by Lax in 1960.33 Evidence for the existence of overcharged impurities
were first reported by Gershenzon more than ten years later.49 Since this time
the literature concerning the role of neutral impurities in controlling the carrier
lifetime has been limited in part because the binding energies associated with
overcharged centers are typically rather small (< 2 meV) thus achieving
relevance in the capture process only near or below liquid helium temperatures.
Lax predicted a capture cross section that was inversely proportional to T and
therefore a lifetime proportional to the square root of T (from Eq. 2.9). The
experimentally reported lifetimes for carrier capture by a neutral impurity have

had a range of temperature dependencies from T1.5 to T3.6,49,62-64

3.4 Analysis of the photo-Hall data

In order to obtain actual values of the hole lifetimes from the photo-Hall
data, the optical generation rates, gopt's, must be calculated. However, the
method used for the Ge:Ga data cannot be applied to Ge:Be. This is the case

because, among other factors, a) there is limited information regarding the
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energy dependence of the absorption coefficient of Be in Ge and b) Be-doped
germanium lies in a spectral range where absorption by the bulk germanium is
very strong due to optically active multiphonon modes. The flux of photons
incident on the samples can be calculated, but the fraction of incident photons
that are absorbed cannot.

From the photon-flux dependence of the photo-Hall data and the
observed relative differences of absorption spectra, one can estimate the
difference in the optical generation rates between unstressed and highly
stressed samples. From this and the calculated photon fiuxes (Appendix A), the
optical generation rates for highly stressed Ge:Be are between 10% and 30%
greater than for unstressed Ge:Be. This is largely due to the extension of the
spectral sensitivity of the Be absorption to lower photon energies by the
application of uniaxial stress. At low stresses, gopt is assumed to have the
same value as for zero stress.

Because 1=poptJopt, the lifetime is assumed to have the same T
dependence as the concentration of photoexcited holes. The zero-stress photo-
Hall concentrations of this work (e.g., Figure 3.6) show approximately a T2-5 to
T1.3 dependence. Above 6 K, the lifetime has a stronger temperature
dependence as a result of additional trapping by residual, ionized shallow
impurities, an effect that is well documented for both Si and Ge.4%5° The zero-
stress temperature dependence of the hole lifetime below 6 K is attributed to the
capture of holes by both singly ionized and neutral centers:

= 1 +

Tionized

al—

1= thh(ND Oionized* Na Oneutral) (3.1)

Tneutral .

Because the concentration of neutral Be, Np, is over 400 times larger than Np
(the concentration of ionized Be via compensation), the capture cross section

for neutral centers oneutral can be smaller than that for ionized centers (Gionized)
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and still have a considerable impact on the hole lifetime. By the application of
uniaxial stress, the effect of the second term in Eq. 3.1 is removed, and the
lifetime is controlled by hole capture into negatively ionized Be (Figure 3.6).

Additional evidence supporting the importance of capture by neutral Be
is derived from the data taken on Ge:Ga. Neutral Ga binds an extra hole with an
energy <2 meV. Additionally, a typical concentration of Ga acceptors in the
material tested is one order of magnitude less than that of Be-doped crystals.
Therefore one would expect not to observe trapping by neutral centers in
Ge:Ga. Thisis suppoﬁed by the Ge:Ga photo-Hall measurements in which the
T dependence in the limited range where photoionization dominates does not
change with pressure (Fig. 2.7). Such insensitivity of the temperature
dependence to small applied stresses is also evident in the responsivity data of
Ge:Ga detectors (Fig. 2.4).

Because beryllium in germanium binds a third hole with a relatively large
energy (about 5 meV), neutral Be plays a significant role in determining the hole
lifetime at liquid helium temperatures and above. Ge doped with other double
acceptors such as Zn, Cd and Hg should behave like Ge:Be because they
possess relatively deep overcharged centers with binding energies equal to or
greater than 4 meV.50.65 Work in progress includes the study of mercury-doped
Ge crystals; Hg has a first ionization potential of 90 meV and binds an extra hole
with an energy of 10 meV! Therefore, photo-Hall measurements can be

performed over a large temperature range.

3.5 Effective mass dependence of the capture cross section in

Ge:Be
It is still possible to study the effect of stress on hole capture by Coulomb

attractive centers. The stress dependence of the associated lifetime can be
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analyzed in the range of low to high pressures rather than from zero stress; that
is, the zero-stress values of the lifetime as a function of temperature will be
approximated by those at a stress which is just sufficient to remove the effect of
neutral impurity capture. In this case one can see that the temperature
dependence for the capture cross section agrees well with that which has been
previously observed for multivalent acceptors (c=<T-1). However, the lifetime
increases considerably With the application of uniaxial stress, contrary to the
expected effect of stress on the direct capture model.

If the following assumptions are made, it is possible to get an effective
mass dependence of the lifetime. First it is assumed that the optical generation
rate is the same for both stressed and unstressed measurements. Secondly,
the effective mass of the slightly stressed sample is approximately equal to that
of unstressed germanium (m*=0.3mgp), and the highly stressed sample has an
effective mass of 0.08mg, the value expected in the high stress limit. The
observed increase in the concentration of photoexcited holes is about a factor of
15 (Fig. 3.5 and 3.6). Assuming that the capture cross section has a power law
dependence on the effective mass and recalling that the hole thermal velocity is

inversely proportional to the square root of m*, one can write

Ylarge stress _ (SVih)small stress _ 2

Tsmall stress - (thh)large stress 0. 08)/(0 08 (3-2)

where f is a constant such that ¢ is proportional to (m*)f. The above expression
yields f=2.6. As mentioned previously the optical generation rate may be as
much as 30% greater for the measurements on stressed Ge:Be compared to the
zero-stress value of gopt. This introduces an error less than 5% to the
magnitude of f. The above results has been obtained under the assumption

that the fourfold degeneracy of the valence band is lifted for all magnitudes of
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stress (i.e., B=2). Thus, the cross section for the capture of holes by singly

ionized double acceptors is proportional to m*2.6:0.3T-0.7,

3.6 A final comment Ge:Be stressed detectors

Given the above results it is possible to qualitatively explain the effect of
stress on the performance of Ge:Be detectors. With zero stress the responsivity
decreases with temperature due to the significant T dependence of the lifetime
as capture by neutral Be controls 1. The application of small amounts of stress
eliminates hole capture at neutral sites whereby capture at ionized Be centers
becomes the dominant process in determining t. This results in an increase in
the hole lifetime and thus an increase in the responsivity. The magnitude by»
which the responsivity increases is also determined by the observed increase of
the hole mobility by the application of stress. The reduced sensitivity of the
responsivity to a decrease of the temperature 6ccurs because the cross section
for capture by Be- shows a weaker temperature dependence than that for
capture by neutral Be. »

The weak dependence of the resposivity in stressed Ge:Be detectors t_1as
potential technological significance. It allows for these detectors to be
integrated into systems that require cooling below 4.2 K (for example, far
infrared telescopes having stressed Ge:Ga detectors) without suffering in
performance. The performance of highly stressed Ge:Be crystals for the

detection of radiation in the 50 um-65 um range remains to be evaluated.
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4. Uniaxially stressed germanium doped with the copper triple

acceptor

4.1 Copper in germanium

As a substitutional impurity copper is a triple acceptor in germanium, and
in its neutral state it binds three holes with a first ionization potential of 43.2
meV. Because of the fourfold degeneracy of the valence band, the three holes
populate the lowest 7s one-particle level which as previously mentioned is
analogous to having electrons of hypothetical spin 3/2 and a (1s)3 ground-state
configuration. Copper in germanium is unique among all impurities that
introduce more than two levels in the bandgap of a semiconductor in that it
exhibits in its neutral state hydrogenic, bound excited states like those of
shallow acceptors.5¢ Copper in silicon is also thought to be a triple acceptor in
its substitutional form; however, its low solubility as a single substitutional
impurity has made .electrical and spectral investigations inconclusive up to
now.66,67 | |

Ge:Cu is a very well studied system that has yielded an abundance of
information regarding the interaction of impurities to form complexes®8-79 and
the diffusion of impurities in semiconductors.61.71.72 |t has been shown that
substitutional copper can interact with hydrogen to form complexes that result in
acceptor energy levels in the Ge bandgap.68.69.73 Complexing between copper
and shallow donors has recently been shown to produce a variety of acceptor
levels as well.7% |n both cases, these levels are shallower than the hole binding
energy by neutral copper (43.2 meV). Passivation of copper can be achieved
by the formation of CuHs if hydrogen is incorporated in the germanium during
crystal growth.24 This process has been critical in the development of high

purity germanium radiation detectors whereby residual ionized impurities (such
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as unpassivated Cu) can trap radiation-induced mobile charge which would
otherwise be collected thus degrading detector performance.”’4 The effect of
hydrogen passivation in semiconductors is now a well established field of great
technological importance due to the wide electronic applications of
semiconductor thin films synthesized by methods involving hydrogen and
hydrogen-containing compounds.?5 |

Copper is a fast diffusing impurity in germanium and therefore provides a
serious challenge for applications requiring high purity thermal processing (or
the controlled addition of impurities). At 700°C the diffusion coefficient of Cu is
over seven orders of magnitude greater than that éssociated with shallow
monovalent acceptors! It diffuses via the "dissociative mechanism" first
proposed by Frank and Turnbull:72.76

Cus S Cu; + Vacancy

where Cug and Cu; refer to copper in substitutional and interstitial positions,
respectively. The interstitial species is extremely mobile compared to its
substitutional counterpart. A substitutional copper atom moves through a crystal
by switching into an interstitial position (via the above mechanism), traveling as
an interstitial species, and then reassuming a substitutional position by
recombining with a vacancy. Interstitial copper generally exhibits a lower
solubility than substitutional copper and is a deep donor.51

Copper has a limited solubility which is given by’1

Solubility=2.4x1024exp(-1.9 eV/kgT) cm-3 (4.1)

for temperatures up to 650°C, the Ge-Cu eutectic temperature. Above 650°C
the enthalpy of solution decreases from 1.9 eV to 1.7 eV, and copper achieves a
maximum solubility of 2.5x10'6¢ cm3 at 850°C, decreasing above this

temperature. Because of its high diffusivity and low solubility, it is possible to
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introduce Cu into germanium crystals at controlled concentrations by simple

annealing treatments.

4.2 Germanium IR detectors containing copper

Although viewed as a contaminant in applications such as high-purity
"~ germanium }radiation detectors, copper has been used in infrared
photoconductive detector applications as itself an IR absorbing species and as
an impurity used for engineering the performance of Ge:Ga detectors. Like with
the Be double acceptor, germanium can be doped with copper in the 1015 cm-3
range without adversely affecting detector performance. Due to their
brpadband spectral response (350-2000 cm-') and low noise characteristics,
Ge:Cu crystals are well suited for the detéction of midinfrared photons.

Copper has also been used in the development of high-responsivity
' Ge:Ga detectors.22 It has been found that the optimum concentration for Ga-
doped germanium detectors is about 1014 cm-3 with a compensation of 1% (i.e.,
donor concentration of 1012 cm-3). These can be operated with applied electric
fields up to 3-4 V/cm beyond which device breakdown occurs mainly due to
impact ionization of neutral centers by the field accelerated free holes. Because
the low temperature hole lifetime and mobility, hence the detector responsivity,
can be enhanced by the suppression of compensating donors, Ga-doped
crystals with a compensation 0.05% have previously been studied for detector
applications. A lower density of ‘acceptors that are ionized by compensating
donors raises the free hole lifetime and increases the mobility due to the
reduction of the density of ionized scattering centers. However, such benefits to
the responsivity by having a lower compensation are offset by the reduction of

the maximum operating electric field (about 1 V/cm).
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The operating bias of detectors with low compensation can be extended
to higher values by the introduction of copper. Because of its high diffusivity at
relativély low temperatures, copper can be diffused into germanium crystals
without affecting other dopant profiles. In p-type material doped with shallow
acceptors such as Ga, the substitutional copper remains neutral as the donors
still partially compensate the shallow acceptors. In this case the copper
enhances neutral impurity scattering therefore reducing the hole mobility, yet
the lifetime remains high since no additional ionized acceptors have been
introduced. The lower mobility extends the range of operating biases as the
free-hole drift velocity necessary for impact ionization is reached at a higher
electric field (Eq. 1.1). The results of this study are summarized in Figure 4.1.

Studies have previously been performed to investigate the effect of
copper diffusion on the performance of stressed Ge:Ga detectors.”7.78 Similarly
to lightly compensated crystals, stressed Gé:Ga detectors exhibit low
breakdown fields (about 0.3 V/cm for a standard stressed detector) as a result of
the higher lifetime and mobility. In addition, the acceptor level in stressed
detectors is shallower leading to field-assisted ionization at lower applied
biases. The study yielded the very interesting results depicted in Figure 4.2. In
addition to having a low and unstable responsivity, the copper-containing/
crystal has a dark current that remains high in the 4.2-1.3 K temperature range
unlike the dark current corresponding to the same crystal but without copper
diffusion. The decrease of the dark current observed for the undiffused sample
is caused by the freeze-out of free holes onto the ionized Ga atoms. This
process occurs in the copper indiffused material as well, but an additional
process must occur which results in the temperature-insensitive dark current.
Because of the electrostatic repulsion between coppef and gallium acceptors, it

is expected that such high dark current may be related to copper alone (and not
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Figure 4.1. Responsivity (labeled curves) and NEP as a function of bias for a
Cu-diffused Ge: Ga detector (1x1x3 mm3, Nga=2x1014 cm-3, Ngy=1014 cm=3 and
Np=2x1010 cm-3) and a standard Ge:Ga detector (1x1x3 mm3, Ng,=2x1014 cm3,
Np=1x1012 cm-3) using narrow-band filters at 93 um at T=3 K.22
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Figure 4.2. Dark current measured as a function of inverse temperature for two
uniaxially stressed samples that were obtained from the same bulk Ge crystal
(#751) having a Ga concentration of 5x1013 cm-3. The applied bias for the data
shown was 0.1 V/cm. For both samples the pressure was greater than 3 kbar.
For the sample represented by the squares, copper was indiffused to produce
approximately 1015 cm- additional acceptors (measurements courtesy of J. W.
Beeman).

54



a Cu-Ga complex) and that such effects will be observed in uniaxially stressed

crystals in which copper is the majority impurity.

4.3 Spectroscopy of uniaxially stressed copper doped germanium

Detailed piezospectroscopic measurements have been performed to
study the electronic nature of substitutional copper, and it has been found that
the excited-state structure of neutral copper in Ge is remarkably similar to that of
group lll acceptors.5¢ This is in part because the ground state is made up of
three 7s-like single-particle (I's) states whose direct product yieids the same 1s-
like state (I'g), which also describes the ground state of group 11l acceptors (Fig.
2.3). The application of uniaxial stress in a [100] direction likewise reduces the
symmetry of the écceptor lowest one-particle level from T4 to D2q producing
two, doubly degenerate energy levels (I's and I'7).78 For single acceptors the
bound hole is accommodated in the split level (designated I'z in Fig. 2.3) that
minimizes the total energy of this state. However, for triple acceptors two holes
occupy the I'7 state while the third hole necessarily resides in the higher energy
split level (designated I's in Fig.2.3) when stress is applied. Although careful
copper-related piezospectroscopy studies have been reported, neither
theoretical nor experimental information exists regarding the effect of large
uniaxial stresses (such as those used for stressed Ge detectors) on Cu-doped
Ge.

In order to study the effect of large, uniaxial stresses on the electronic
nature of the copper triple acceptor, photoconductivity (PC) response
measurements have béen performed on a copper-diffused, n-type Ge wafer
from a Czochralski-grown Ge crystal (#463). A 200 nm-thick Cu layer was Ar
sputtered on either surface of the wafer which was then sealed under vacuum in

a quartz ampule, annealed at 700 °C for 24 hours, and finally quenched in
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ethylene glycol. Both sides were then lapped in a 4um-SiC/water slurry and
etched in a 3:1 HNO3:HF mixture for 90 seconds. Two boron implants (25
keV/1x1014 cm~2 and 50 keV/2x1014 cm-2) and subsequent metallization (20
nm of Pd and 400 nm of Au in this sequence) were performed for later use in the
formation of electrical contacts. Thermal annealing at 300 °C for 1 hour under
Ar flow followed the metallization.

The wafer was cut to produce a 1x1x6 mm3 final geometry for each
sample. All resulting surfaces were <100> oriented. Uniaxial stress was
applied paralle! to the long axis of the bar-shaped samples. For each sample
the two electrical contacts necessary for the PC measurements were masked on
one of the 1x6 mm2 surfaces, and all excess metallization and implanted layers
were removed with KBr solution (1 minute) and 3:1 HNO3:HF (30 seconds)
etches, respectively. |

In addition samples from the same‘wafer were prepared for Hall effect
measurements. The results are shown in Figure 4.3, and they indicate that he
thermal treatment introduced 3x1015 cm-3 substitutional copper atoms into the
Ge crystal. The expected concentration determined from Equation 4.1 is
3.9x10'S cm3. The compensation is given by the concentration of donors
already in the crystal, estimated to be (2-6)x1011 cm-3.

The photoconductivity response of the copper-diffused samples were
measured as a function of photon energy with a far infrared Fourier transform
spectrometer. A combination of warm and cold black polyethylene foils was
used to block high energy photons with ® > 500 cm-1. A piston-lever'apparatus
was used for the applicétion of uniaxial compression. The spectra were taken
at a temperature above 8 K in which case there is essentially no

photoconductivity response from residual group llI impurities which would
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Figure 4.3. Hole concentration as function of inverse temperature of a copper-
doped germanium sample obtained from Hall effect measurements. The
copper was diffused at 700°C for 24 hours.

otherwise have become neutral by capturing holes that have been photoexcited
from copper centers. Further experimental details are found in Appendix B.

. Figure 4.4 shows a series of five photoconductivity spectra as a function
of stress between 0 and 8 kbar. The threshold of the PC response in the zero-
stress spectrum occurs at a photon energy of 350 cm-1, as expected from
previously reported data on the first ionization potential of copper. The large
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Figure 4.4. Photoconductivity (PC) response spectra as a function of stress.
The shift of the PC threshold is caused by the reduction of the first ionization
potential of copper with increasing stress.
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dips appearing, for example, in the 350-400 cm-1 region are caused by
absorption érising from optically active multiphonon modes (Fig. 3.3).55:56 This
coupling reduces the number of photons available for absorption by the copper
centers thus decreasing the PC response. As the applied stress increases, the
threshold of the PC response shifts to lower energies becoming constant at
stresses above 4 kbar. The binding energy is reduced from 43.2 meV (349
cm-1) to about 17 meV (137 cm™1).

The energy shift of the first ionization potential is approximately 26 meV
for Cu acceptors compared to 6-8 meV observed for group Il and Be in Ge. The
decrease of the binding energy is limited to approximately this value because
the separation between the lower lying, split 7s(r7) level (in which the holes
reside) and the split I'7* valence band (to which the holes are excited) changes
only slightly in the high stress limit (transition A in Fig. 4.5).

Copper differs from single and double acceptors by the fact that it binds
thrée holes. When stress is applied and the one-patrticle states split, two holes
are accommodated in the 7s(r7) level and the third in the higher energy 71s(I's)
level. An increase in the stress significantly reduces the energy with which the
third hole is bound since the split 1s(I's) level-- which it populates-- increases in
energy with respect to its zero-stress value (transition B in Fig. 4.5). Therefore,
the separation between this level and the split valence band has a strong
dependence on the applied stress.

At sufficiently high stresses the excited one-particle levels associated
with the lower I';* valence band should cross the 7s(r's) level of the third hole.
The lowest lying and thus the first excited level that crosses is the 2s(r7). When
the 2s(ry) level is lower in energy than the upward-moving 7s(r's) level, the
ground state of copper reconfigures from its usual [1s(r7)]2[1s(Ts)]!

configuration to the more stable one [1s(r7)]2[2s(r7)]1. The binding energy of
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Figure 4.5. Schematic of the splitting of the valence band and the copper
ground state as a function of a [100] uniaxial stress. The electronic band states
change from Op to D4n symmetry while the impurity states go from T4 to Dag
symmetry. Transition A corresponds to that of a hole for a neutral single.
Transitions B and C are those of a hole for a neutral triple acceptor such as

copper.

the third 2s hole becomes roughly constant as in the case of the bound excited
I'7 states of shallow Ievels (transition C in Fig. 4.5). A conceptually similar
crossing of states has been observed in the photolumineécence spectra of
bound multiexciton complexes containing three holes in uniaxially stressed

silicon.79,80
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That the hole binding energy of neutral copper decreases significantly
with stress had not been reported. However, evidence of this pressure-induced
effect already existed for ten'years. Figure 4.6 depicts two absorption spectra of
copper-doped Ge measured by Salib et al.56 The spectra were measured for
two pressures, 0.572 kbar and 1.140 kbar. At the lower pressure an increase in
the absorption coefficient occurs at a photon energy of about 40 meV (by the
peak labeled C2). The increased absorption persists at higher photon energies
as if the holes were being photoex_cited to a continuum of states (such as the
valence band) with an absorption threshold at about 40 meV. The spectrum
measured at 1.140 kbar shows a similar feature with the important difference
that the threshold occurs at about 37 meV suggesting that the increase in the
applied stress has shifted the onset of absorption to lower photon energies.
This is very consistent with the model presented above, the absorption
threshold being equivalent to transition B in Figure 4.5.

A transformation of the ground-state configuration, as described above,
occurs if there is a cross-over in the minimum total energy vof the system.
Therefore, the pressure-dependent total energies and first ionization potentials
of both configurations have been estimated by a variational calculation. A
calculation of the (1s)3 total energy has been performed followihg the method of
Wu and Falicov's and a value of (- 8.62 + A) a.u. was obtained, where A is the
splitting of the valence band as a function of pressure and the atomic unit (a.u.)
for Ge is 4n2m*e4/e2h2 = 22.4 meV. The (1s)2(2s)! state was obtained from the
observed lithium spectrum, by adding (in a.u.) the ionization potentials of LiO,
Li*, and Li**.81 It yields an equivalent total energy of (- 0.20 - 2.79 - 4.50) a.u. =
(- 7.49) a.u.

For either neutral ground-state configuration the removal of one hole

from the neutral copper center produces a (7s)2(free hole) final state, which has
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Figure 4.6. Effect of a compressive uniaxial stress F on the spectrum of neutral
copper in germanium with F||<100> for a stress of (a) 0.572 and (b) 1.140 kbar
cooled with liquid helium. E is the electric field of the radiation.. Copper was
diffused at 730°C; Ncu=4.7x1015 cm-3. The encircled letters with their
associated arrows designate the zero-stress absorption lines.56
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an energy of (- 2.79 - 4.50) a.u. = (- 7.29) a.u. Thus, one arrives at the first
ionization potentials (IP's): IP[(1s)3] = (1.33 — A) a.u. and IP[(1s)2(2s)7] = 0.20
a.u. Because the final state is the same in both cases, the cross-over from the
(1s)3 to the (1s)2(2s)! ground state occurs at the pressure for which the
ionization potentials are equal. |

The experimentally observed, zero-stress value of IP[(7s)3] is 43.2 meV
compared to the calculated value 29.8 meV. The difference between these two
is the central cell correction, 13.4 meV = 0.60 a.u. The central cell correction of
the (1s)2(2s)! configuration, estimated from the variational values of the
wavefunctions at the Cu site, increases IP[(1s)2(2s)] by 12.9 meV = 0.58 a.u.
Therefore, the (1s)2(2s)! configuration becomes the stable one for A > 1.15 a.u.
= 25.8 meV, and the central-cell adjusted values of the ionization potentials are

4 IP[(1s)3] = (43.2-A) meV
valid for A < 25.8 meV, ‘and
IP[(15)2(2s)"] = 17.4 meV
valid for A > 25.8 meV. T'he reader is referred to Appendix C for a more detailed
description of the calculation.

Figure 4.7 is a plot of the measured binding energy of the outer hole as a
function of stress. The binding energy was measured from spectra such as
those in Fig. 4.4 and was evaluated at the photon energy at which the onset of
the PC threshold occurs. The valence band splitting (A) was determined from
the equation |

A=2b(S11-S12) T ,
where T is the applied stress, b is a deformation potential, and Sy1 and Sy» are
elastic constants. For germanium b has a value 2.4 eV while S11 and S5 are
equal to 9.6x10-4 kbar! and -2.6x104 kbar1, respectively.82.83 Therefore,

A = (6 meV/kbar) (applied stress in kbar).
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Figure 4.7. Measured and calculated binding energies as a function of stress.
The experimental points were determined from the PC response spectra.
Above a pressure of 4 kbar, the experimental binding energies cease to depend
on stress. This is in strong agreement with the stress dependence of the
calculated ionization potentials (straight lines); above 4.3 kbar the ground state
of the neutral copper acceptors changes from a (7s)3 to a (1s)2(2s)!
configuration, the latter having a stress-insensitive first ionization potential.
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The lines represent the binding energies (i.e., the IP's) obtained from the. -
variational calculations.

Deviation between the experimental results and the (1s)3-calculéted line
results from the approximation made in the calculations that the splitting of thé
1s energy level equals the splitting of the valence band. Although appropriate
for large stresses, this approximation is not valid at low stresses (below 1 kbar)
for which the observed ground-state splitting is 3 meV/kbar. Therefore, the
calculated IP's are slightly larger than the actual values by an amount d (as
indicated in Fig. 4.5) and IP[(71s)3] = 43.2-3-A. Nevertheless, the data
presented in Fig. 4.7 agree very well with the calculated values in two important
features: 1) the stress at which the configurational transformation should occur
and 2) the magnitude of the IP subsequent to the transformation.

Variational calculations indicate that two distinct sets of bound excited
states (one set for each configuration) shouid be observable (Appendix C). Up
to now PC measurements have not revealed such states. That the excited-state
intensities of neutral copper in Ge vanish even at low stress is well
documented.56 However, this behavior is unlike that of shallow acceptors
whose spectra show a set of bound excited states even at stresses as high as &
kbar. The origin of the vanishing of the bound excited states in spectra of
uniaxially stressed Ge:Cu is not known. It seems that inhomogeneity in the
applied stress is not sufficient to explain the disappearance of these lines.

The pressured dependence of the photoconductivity behavior of Cu-
doped germanium is indeed very dramatic. However, this alone does not
explain the high dark current observed in uniaxially stressed, copper-diffused,
Ge:Ga single crystals (Figure 4.2). Because of its weak temperature
dependence and the relatively large hole binding energy of substitutional

copper compared to that of shallow acceptors even at large stresses, the dark
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current is not expected to be mainly due to free holes that remain thermally
excited in the valence band from the copper centers. Rather it probably occurs
by some other impurity-related conduction mechanism in which the extended

nature of the copper wavefunctions plays a significant role.

4.4 Electronic conduction in doped semiconductors

The conductivity, ¢, of a moderately to heavily doped semiconductor is

described by17

O=qQun+02+03 (4.2)
where the first term is the contribution from free carriers (electron/holes) and G2
and O3 are of the form Oi=Goiexp(-€ykgT). The second and third terms result from
conduction via impurity states, or impurity conduction, and are usually observed
in crystals with high dopant concentrations and at temperatures low enough that
most carriers populate the impurity states (and not the valence or conduction
band). Although both G2 and G3 depend on the majority dopant concentration,
only one term (traditionally designated G3) depends on the density of
compensating minority impurities as well. .

Figure 4.8 shows the resistivity of a series of Ge:Sb ‘crystals as a function
of inverse temperature.84 The antimony concentration varies from 5.3x1014 cm-3
to 9.5x1017 cm-3. At the lowest concentration the resistivity exhibits a strong
temperature dependence that is associated with electrons in the conduction
band. The freeze out of these electrons onto the Sb donors results in the
resistivity increase as fewer electrons are Aavailable for conduction within the
conduction band. This process is represented in Eq. 4.2 by the first term where
the carrier concentration n is proportional to exp(-Esp/2kgT) in the "half-slope"
region and exp(-Esp/kgT) in the "full-slope” region, Egp being the ionization

energy of the Sb donors.42
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Figure 4.8. Temperature dependence of the resistivity of antimony-doped
germanium for various concentration regimes (after Fritzsche et al.).84.85
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With an increase in the antimony concentration an additional conduction
process occurs at lower temperatures and appears in Figure 4.8 as a
weakening of the temperature dependence of the resistivity. At a sufficiently low
temperature, the thermal energy is not enough to ionized the Sb-bound
electrons yet is sufficient to allow a bound electron to hop from an occupied Sb
donor (Sb%) to an empty Sb donor (Sb+). At the lowest concentration the Sb
atoms are sufficiently separated that this hopping process cannot occur.
However, an increase in the Sb concentration results in the overlap of the donor
wavefunctions due to the large Bohr radii of shallow dopants making this
phonon-assisted hopping process possible. Hopping conduction gives rise to
O3 in Equation 4.2 where €3<Egp.  This conduction mechanism requires the
presence of compensating minority impurities. In the example of Ge:Sb, the
presence of acceptors produces a concentration of ionized donors through the
compensation process irrespective of the temperature thus providing Sb sites
into which electrons can hop. This process is schematically shown in Figure
4.9. Hopping conduction has been extensively studied for many years, and its
understanding is of fundamental and technological interest for the development
of bolometric detectors for astrophysics and condensed matter research.86-88

At yet higher concentrations (>3.5x1016 cm-3 in Figure 4.8) the third
conduction process, "€2 conduction," becomes significant. This mechanism is
characterized by an activation energy that decreases strongly with increasing
concentration. At a critical concentration, n¢, €2 vanishes and the resistivity
becomes essentially temperature independent similarly to a metal. For Ge:Sb
this transition in the resistivity behavior from non-metal-like to metal-like, also
known as the metal-insulator (MI) transition,85.89 occurs at a critical

concentration n¢ of approximately 1.2x10'7 cm=3 as shown in Figure 4.8. Unlike
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Figure 4.9. Schematic energy level diagram of n-type germanium doped with
antimony. The antimony level is partially compensated by acceptors (dashed
arrows) allowing for conduction of bound electrons by the hopping conduction
mechanism (continuous arrows). CB and VB indicate the conduction and
valence bands, respectively.

hopping conduction, €2 conduction depends only on the majority and not the
minority impurity concentration, ahd its origin will be discussed in greater detail

later.

4.5 Electronic conduction in uniaxially stressed Cu-doped Ge

From Figure 4.2 and the dopant profile of the related crystal, one can
already speculate that €2 conduction is the most likely source of the high dark
current observed in uniaxially stressed, Cu-indiffused Ge:Ga crystals. First, the
dark current is proportional to G, and it shows only a weak temperature
dependence as in the case of moderately-to-heavily doped Ge:Sb. Secondly

69



CB
Fr 22088822828 22858
.. @0l 2.29_
VB

Figure 4.10. Schematic energy level diagram of copper-diffused Ge:Ga. The
gallium acceptors are partially compensated by donors while the copper
acceptors remain neutral.

and more importantly, the crystal for which the dark current is shown in Fig. 4.2
has a multilevel dopant profile in which the Ga acceptors are partially
compensated while the substitutional Cu atoms remain neutral at liquid helium
temperatures (Figure 4.10). Therefore, the low temperature conduction

observed in Figure 4.2 is related to uncompensated copper acceptors!

4.5.1 Experimental approach and results
Experiments designed to investigate the nature of impurity conduction in

uniaxially stressed Ge:Cu are currently in progress. These include two- and
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four-point resistivity and Hall effect measurements. Table 4.1 lists the three
crystals that have been tested and the characterization technique thus far used
to study uniaxially stressed samples. The third column refers to the net shallow
dopant concentration of the crystal prior to copper diffusion. That is, crystals #1
and #2 were n-type (hence the "-" sign) prior to copper diffusion while #3 was p-
type. Therefore, the copper acceptors are partially compensated in crystals #1

and #2 and uncompensated in #3.

Crystal # Ncu (em3) (NA-ND)shallow (cm3) Characterization
1 3x1015 -4x1011 4 pt. resistivity, Hall effect
2 6x1013 -4x10M1 2 pt. resistivity
3. 3x1015 4x1010 2 pt. resistivity
Table 4.1

Figure 4.11 shows the resistivity (2 pt. measurement) versus pressure for
crystals #2 and #3. The data have been evaluated by the method described in
Appendix C, using a transimpedance amplifier for the higher pressure
measurements and a integrating amplifier for stresses that yield a sample
resistance greater than 1019 Ohm. Pressure was applied to 1x1x1 mms3
samples with a standard stressed-detector mount.90 With this technique
measurements could be performed in low background conditions, but the
applied stress could not be precisely determined as indicated by the error bars.

The resistivity has been measured as a function of temperature (Fig.
4.12) for a sample of dimensions 2.5x3x10 mm?3 obtained from crystal #2 with

uniaxial stress applied parallel to the long axis of the crystal. The
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Figure 4.11 Two-point resistivity as a function of uniaxial stress for crystals #2
and #3.

measurements allowed for the precise determination of the stress but could be
made only for sample resistances in the range 101-108 Ohm. A constant
voltage of 150 mV was applied across the sample, and a Keithley 617
electrometer was used to measure the current through the sample. The weakly
pressure-dependent resistivity is due to holes that have been photoexcited into

the valence band by stray radiation as elucidated by Figure 4.12 (b).
72



Y

1 0 I ¥ f. L] I L T L] T "
5 W [ ] A e e
10 A Reo
3 12Kk, O o) (a)
S 10’ A 10K A g
£ A 8K
o A O 4 6K
- 5 A O A ©O
210 A, O 5K
- 4
u‘.’_; 10 “ A @
()] 3 AA A @
c 10 A, AA ©
2 A A
A A
10" ADDD A
A A
1 00 B ] 1 1 I 1 1 L 1 I 1 1 ] 1 l ] | — 1 I 1 1 1L
0 1 2 3 4 5
. Uniaxial stress (kbar)
9
1 o ) L Ll ¥ I ¥ T L) L) I LOLE T T I ) T T T [ T L) T T
[02Ne)
8 ©0%o O o o)
10 O o (b)
7 lower photon background © -
-~ 10 o
g 6 o
& 10
< 5 o
o 10 o
£ 10 .
% °
€ 102 oy S Sema,
10 higher photon background
1
10
J. 1 1 Il l 1 1 1 1 I 1 i 1 J ' I3 1 1 )3 I 1 1 1 1

0 1 2 3 4 5
Uniaxial stress (kbar)

Figure 4.12. Two-point resistivity as a function of uniaxial stress measured (a)
at different temperatures and (b) at 5 K for two different photon backgrounds.
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Although not as reliable a method as the four-point technique, the two-
point resistivity measurements still provide significant general information. First,
Figure 4.11 shows that the application of uniaxial pressure results in a reduction
of the sample resistivity of many orders of magnitude. Secohd, the stress-
induced increase of the resistivity is most pronounced in the range of 2 to 4
kbar. From Figure 4.12 (a) one sees that raising the temperature broadens the
strong decrease in resistivity toward lower stress suggesting that holes can be
thermally excited into this conducting state and that pressure controls the
magnitude of the activation barrier. In the low temperature limit a threshold for
conduction may occur at a pressure above which the crystal is highly
conducting and below which it is highly resistive similarly to an MI transition.

The data in Figure 4.’/12 suggest that a "critical" stress lies near 4 kbar.
This is in the pressure range for which IR spectroscopy (Section 4.3) has
revealed a change in the ground-state configuration of the copper triple
acceptor. Such a change in the acceptor one-particle wavefunction can help
explain the dramatic change in the impurity conduction process that would
result in the behavior shown in Figures 4.11 and 4.12. Below the ground-state
transition, the (71s)3-like acceptor wavefunctions do not overlap enough to cause
substantial impurity conduction. A stress-induced change to a (1s)2(23)1-like
ground-state is accompanied by a significant increase in the Bohr radius. The
2s-like acceptor wavefunctions overiap due to their extended nature leading to

€5 conduction (Figure 4.13).

4.5.2 Hopping conduction in Ge:Cu
-Impurity conduction occurs in semiconductors doped at a high enough
concentration that wavefunction-overlap facilitates the motion of carriers

through the impurity states without them having to enter the valence or
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Figure 4.13. Schematic representation of Bohr radii for the two ground-states of
neutral copper acceptors. The stress-induced ground-state transformation
results in an increase of the Bohr radius associated with the 2s-like

wavefunctions.
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conduction band. Figure 4.8 shows that already at an antimony concentration
of 9.3x1014 cm-3 hopping conduction in Ge:Sb is observed. The metal-insulator
(MI) transition associated with €, conduction occurs at an antimony
concentration that is over three orders of magnitude greater. The Bohr radius of
Sb in Ge is about 46 A, which is within a factor of three of 126 A, the
approximate distance between Sb atoms at the MI transition, du;, where
dmi=(3/4nNgp) /3.

Neutral copper binds holes with an energy that is more than four times
greater than the electron binding energy of Sb (Esp=10.2 meV). The Bohr
radius associated with copper, acy, is equal to (Ery/Ecy)1/2a”, where Egy is the
Rydberg energy for Ge (equal to 11.2 meV), Eg, is the hole binding energy of
neutral copper acceptors (equal to 43.2 meV), and a* is the effective Bohr
radius of a hydrogenic shallow acceptor in Ge (equal to 40 A). The square root
term is the central bell correction to the effective Bohr radius.9? Using these
values, one can estimate the magnitude of ac, to be 20 A, half the size of a*!
" Because of the low solubility (~1017 cm-3) and the small Bohr radius of copper
acceptors, a metal-insulator transition has not been observed in Ge for which

copper is the majority dopant.

Evidence that copper acceptors have so small a Bohr radius was
observed in a study by Rollin and Russell where they investigated impurity
“conduction in copper-doped germanium.92 They observed that the density of
substitutional copper is ten times higher than the shallow acceptor
concentration required to produce the same resistivity in Ge. From their
analysis of the resistivities in the hopping conduction region for a series of
Ge:Cu samples, they estimated acy to be half the size of a*. However,
observation of hopping conduction over an extended temperature range was

not achieved in samples with copper concentrations less than 7x1015 cm-3. At
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this concentration the onset of hopping conduction occurred at a sample
resistivity in the 109 Ohm-cm range. An onset of hopping at this sample

resistivity corresponds to an acceptor concentration of 8x1014 cm- in Ge:Ga.86

4.5.3 €, conduction in doped semiconductors

A neutral donor can capture an extra electron becoming negatively
charged (D- state). The extra electron is only weakly bound and resides in a
large orbit about the donor impurity. Bécause shallow levels have spatially
extended wavefunctions associated with both the 7s-like and overcharged
states, dopant concentrations can easily be reached wheréby the neighboring
dopant levels interact with each other and broaden into impurity bands as in a
tight-binding approach. The resulting quasi-particle density of states is
schematically shown in Figure 4.14. With increasing concentration the two
impurity-related bands begin to overlap, and finally they merge with the
conduction band at a sufficiently high concentration.

Mott first proposed that the activation energy associated with €2
conduction was related to the energy required to move an electron from one
neutral center to another, this energy essentially corresponding to the energy
gap between the D (lower Hubbard) and D- (upper Hubbard) bands.89.93-95 The
energy €, is determined by the electron-electron interaction energy, or ‘Hubbard

U,' between the two electrons of the overcharged donor:

U=,” ['¥'(r1)|2|\P(r2)12(q%/4nEoE 1 2)drdr2
where ¥ (ry) and ¥(rz) are the 1s-like envelope wavefunctions for the two
electrons of opposite spin and rq3 is the inter-electron distance. In this picture,
the metal-insulator transition, or Mott transition, occurs when the Hubbard U

equals the average bandwidth, B, of the upper and lower Hubbard bands (i.e.
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Figure 4.14. Schematic density of states for various donor concentrations.
Shaded regions represent localized states. When there is one electron per
donor on average (the half-filled case), the D band is just full with Er in between
the two bands.85

when the two bands merge). For impurities distributed in a periodic
arrangement (of spacing a), B=2z/ where z is the coordination number (equal to
6 for a simple cubic lattice). / is the overlap integral between electrons of
- neighboring donor centers:

I=)|¥(|r-a)H¥(|r|)dr
where H is the Hamiltonian. It has been shown that for wavefunctions of the
form Aexp(-r/a*), the overlap integral yields I=5Egryexp(-a/a*) while U=~(5/8)ERgy.

Equating B with U and setting the inter-donor distance a equal to n¢1/3, one
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Figure 4.15. Effective Bohr radius, a*, plotted against the critical concentration
of donors, n¢, for various systems. The straight line represents n¢1/3a*=0.26
(after Edwards et al.% and Mott et a/.97).85

arrives at the relation for dopants distributed in a simple cubic arrangement:
n¢'Ba*=0.23.

Figure 4.15 is a plot of a* versus critical concentration for a wide range of
semiconductors. Remarkably the entirety of the data is well modeled by the
relation ng1/3a*=0.26. This is in good agreement with Mott's model for the Mi
transition in semiconductors. Howaever, it is now more widely accepted that €>
conduction arises from a) the electron-electron interaction within an impurity
center as described above and b) Anderson localization of the electrons.98
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Anderson showed that the electron wavefunctions of a system of random
potentials can become localized. Mott proposed that heavily doped
semiconductors are an example of Anderson localization because the random
distribution of donors leads to variations in the donor potential as each donor
has a different local environment due to the randomness. Localization occurs if
the variation of the donor potentials, Vg, is greater than twice the band width B
(Figure 4.16), V=>2B.89.95

Figure 4.14 can be reinterpreted »within the framework of Anderson
localization. At the low concentration all states are Anderson localized due to
the small extent of B. As the concentration of donors increases, the bandwidth
‘becomes large enough that the condition V¢22B is not met except at the band
tails. Therefore, the electron wavefunctions become extended except at the
band tails [Figure 4.16 (b)]. The energy at which the wavefunctions change
from localized to extended is called the mobility edge since localized electrons
have zero mobility. In the case of an uncompensated system and zero
temperature, the Fermi energy lies between the merging tails of the lower and
upper Hubbard bands where the electrons are localized. The activation energy
€2 then corresponds to the difference between the upper Hubbard-band mobility
edge (Ec) and the Fermi energy (Ef) as indicated in Figure 4.14. Above E¢ the
extended electron wavefunctions result in a finite mobility, and electronic
conduction takes place. Finally, at the critical concentration n¢ all states
become extended (Eq-Ef=0) and the system behaves metallic. The condition
for this (Anderson) transition to a metallic state is that Vo=2B. Vj is of the order
of Ery, and nc'8a*=0.2. Therefore, although both the Mott and Anderson
transitions differ in their physical origin, they yield similar conditions for their

occurrence.
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Figure 4.16. (a) Schematic of constant versus random potential energy wells.
The density of states D(E) is also shown.%5 (b) Density of states for band of
random potentials. The shaded regions indicate localized states.®1
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4.5.4 £, conduction in uniaxially stressed Cu-doped Ge

The application of uniaxial stress can be used to induce a metal-insulator
transition in p-type semiconductors having an impurity concentration below
nc.9® The stressed-induced reduction in the hole effective mass not only
decreases the acceptor ionization energy but also increases the acceptor Bohr
radius. Thus, the interaction of acceptor wavefunctions required for an Ml
transition takes place at a lower dopant concentration. For germanium doped'
with shallow acceptors, the Bohr radius increases from its zero-stress value of
40 A to 80 A in the high-stress limit. Using the “universal" relation n¢1/3a*=0.26,
one obtains a critical concentration for stressed Ge:Ga of 3.4x1016 cm-3
compared to its zero-stress value of 2.7x1017 cm-3.

The application of uniaxial stress also increases the Bohr radius of the
copper triple acceptor in germanium. For a (1s)3-like ground-state, the copper
Bohr radius at the transition pressure, where the ionization energy is about 17
meV, is approximately equal to (6/17)1280 A or 48 A. This Bohr radius is
slightly larger than the zero-stress a* of shallow levels and yields a critical
concentration nc=1.6x1017 cm3. For the (1s)2(2s)’, lithium-like configuration,
the Bohr radius is not known. However, it can be estimated by scaling a* with
the ratio of the Bohr radius of the hydrogen atom (0.53 A) with that of the lithium
atom (1.59 A). This results in a radius of (1.59/0.53)80 A or 240 A for which
ne=1.27x1015 cm-3! This large Bohr radius does not take into account any
central cell effect. The binding energy derived from effective mass theory
(Appendix 'C) is 4.5 meV. The estimated central cell correction is then
(4.5/17)122 which gives a Bohr radius of 123 A and n¢ equal to 9.3x1015 cm-3.

This analysis is very approximate but points to the possibility that a metal-
insulator transition can take place in uniaxially stressed Ge:Cu crystals having a

concentration in the 1015 cm™3 range. A shortcoming of the above analysis is
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that 7s-type wavefunctions were used in the evaluation of the Hubbard U and
overlap energy /integrals. The use of 2s-type wavefunctions adds an additional
level of complexity to the theoretical development of this problem as has been
shown by Slater.1°0 Nevertheless, the wide applicability of the relation

nc12a*=0.26 makes its use a good initial approach to this new problem.

4.5.5 Hall effect measurements of uniaxially stressed Ge:Cu

One method of probing whether or not metallic behavior is possible in
uniaxially stressed Ge with low concentrations of substitutionai copper is by
making Hall effect measurements. These have been performed in the manner
deécribed in Appendix A and already used successfully in the study of
uniaxially stressed Ge:Ga crystals (Chapters 2). Therefore, it is expected that
unique features appearing in the Ge:Cu system can be attributed to the nature
of the copper acceptors.

| Figure 4.17 is a plot of the hole concentration versus inverse temperature

for a sample taken from crystal #1. The filled squares represent zero-stress
measurements while the circles correspond to hole concentrations obtained for
the sample under uniaxial stress of an undetermined magnitude. It is expected
that the stress was greater than 3 kbar. The Hall effect reveals a striking feature.
The hole concentration of the uniaxially stressed sample follows precisely an
Arrhenius relation [hole concentration proportional to exp(-Exa/keT)] with an
activation energy of 3.1 meV. This value is considerably smaller than the
photoionization energy previously determined for neutral copper centers in
highly stressed Ge:Cu (Section 4.3) .

Figure 4.18 shows the spectral response of crystal #3 corresponding to
the non-zero stress for which the Hall measurements are presented in Fig. 4.17.

Clearly, the thermally activated process revealed in the Hall measurements
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Figure 4.17. Hole concentration as a function of inverse temperature for crystal
#1. The squares were taken for zero stress while the circles where obtained
with the sample under uniaxial stress (>3 kbar).
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Figure 4.18. Photoconductivity response spectrum of crystal #1 measured at
the same uniaxial stress for which the hole concentration is shown in Figure
4.17. The spectrum was measured for a sample temperature of 4.2 K using a
0.2 mm-thick black polyethylene filter also maintained at 4.2 K. The arrows
indicate three of the optically active multiphonon modes that produce the dips in
the photoconductivity response.
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does not correspond fo the ionization of neutral copper centers observed in the
spectral measurements. Rather its is more likely related to a phonon-assisted
transition between s-like impurity states, an optical transition forbidden from
parity considerations.

If the copper concentration is above n¢ and the applied stress is too small
to produce the copper ground-state transformation, the (13)2(25)7 impurity band
represents the merged lower and upper Hubbard bands associated with this
electronic configuration, and the Fermi level lies on the (7s)3 ground-state at low
temperature. The activation energy observed in the Hail effect, Epgy, is due to
the thermal excitation of bound holes from the (7s)3 localized ground-state to
the (1s)2(2s)? impurity band. It is equal to the sum of the energy required to
excite a bound hole from the Fermi level to the lower Hubbard band, E 4, and
the energy required to excite another hole from the Fermi level to the upper
Hubbard band, Eyy. Both E y and Eyn are equal to the energy difference
between the (1s)3 ground state and the (1s)2(2s)? impurity band represented by
E4 in Figure 4.19(a). Therefore, Exai=2E;.

At a pressure beyond the ground-state transition, the Hall activation
energy vanishes (E y=Eyn=0) resulting in a temperature insensitive hole
concentration. In the low temperature limit, the holes can be photoexcited from
an energy within the impurity band corresponding to the Fermi energy to the
valence band [Figure 4.19(b)]. The photoconductivity th»reshold should be
stress-insensitive as has already been shown.

If the copper concentration is below n¢, the Hall activation energy can be -
interpreted as before, the sum of E y and Eyq. When the stress is large enough
to transform the copper ground-state to a (71s)2(2s)! configuration, Enal
corresponds to the activation energy € previously shown in Figure 4.14 and

depicted for the case of Cu-doped Ge in Figure 4.20 (E_ y=0 and Eyn=€3). The
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Figure 4.19. Schematic density of states of Ge:Cu stressed (a) below and (b)
above the pressure required for the ground-state transition. The copper
concentration is greater than nc. The shaded regions denote localized states.
The (1s)2(2s)! impurity band is composed of the upper and lower Hubbard
bands. The energy Epc refers to the photoconductivity threshold expected in

the low temperature limit.
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Figure 4.20. Schematic density of states of Ge:Cu stressed above the pressure
required for the ground-state transition. The copper concentration is less than
ng, analogous to the intermediate concentration shown in Figure 4.14. The
shaded regions denote localized states. The energy Epc refers to the
photoconductivity threshold expected in the low temperature limit.
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. hole concentration, hence the resistivity, exhibits a temperature dependence
irrespective of the pressure, and the photoconductivity-response threshold
remains stress-insensitive in the low-temperature limit. Clearly Hall
measurements on more highly stressed samples are very important in
determining the validity of this picture. However, these have not yet been
achieved.

Further Hall measurements have also been performed at lower stresses.
These are shown in Figure 4.21. The relative applied stress is denoted by S; so
that a data set labeled Sj has been taken at a lower stress than that labeled
Si+1, where i is an integer. With an increase in stress from S; to S, the
temperature dependence of the hole concentration switches from obeying
semiconductor statistics (i.e., holes freezing out onto copper acceptors), which
is characterized by the "half-slope" and "full-slope" regions, to exhibiting the
more simple Arrhenius behavior. The activation energy decreases with
increasing pressure in agreement with the above model [Figure 4.19(a)].

The Hall mobility is very sensitive to the magnitude of the applied stress
as shown in Figure 4.22. At a compressive stress S1 the mobility has increased
from its zero-stress value similarly to the pressure-induced enhancement of the
mobility observed in germanium crystals doped with shallow acceptors. With a
further increase in uniaxial stress, the mobility "peaks” at a magnitude above
107 cm2/Vs possibly resulting from mixed conduction via the valence and
impurity bands Although a proper interpretation of the Hall mobiltiy requires
additional analysis, this result is remarkable given the fact that the highest
mobility ever reported is about 107 cm?2/Vs for the highest quality quantum-well
structures in the GaAs/AlxGai-xAs system.101,102 The Hall mobility could not be
evaluated at the pressure S; and lower temperatures than what is shown due to

the unreliable measurement of both the resistivity and the hole concentration.
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Figure 4.21. Hole concentration as a function of inverse temperature for crystal
#1 measured for various applied stresses. The data labeled So and S4 have
been shown in Figure 4.17. Data sets Sy, S, S3 and S4 were measure at
sequentially higher stresses.
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Figure 4.21. Hall mobility as a function of inverse temperature for crystal #1
measured for various applied stresses. The data labeled Sp and S4 have been
shown in Figure 4.17. Data sets Sy, S,, S3 and S4 were measured at
sequentially higher stresses.
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At a pressure Sz the mobility has decreased and has a maximum value at a
lower temperature than any of the lower stresses including zero stress. At the
highest stress the mobility has decreased further and is weakly dependent on
temperature suggesting that scattering by neutral impurities is the mechanism
that determines the mobility in the impurity band. The high values of the Hall
mobility even at the highest stress further indicate that En,) is associated with €2
conduction rather than hopping conduction. These results have preliminary

character and are the subject of further studies.

4.5.6 Summary of electrical measurements

The electronic properties of copper-doped Ge can be dramatically
changed by the application of uniaxial stress. One majorveffect is the pressure-
induced transformation of the copper acceptor ground-state. The 2s-like
electron wavefunctions of the (1s)2(2s)? high-pressure configuration become
éxtended even at low copper concentrations making conduction via impurity
states possible. The resulting "€, conduction” produces the high dark currents
that have been measured for uniaxially stressed, copper-diffused Ge:Ga
crystals.

Some of the experimental observations are not yet well understood.
First, crystals having a copper acceptor concentration as low as 6x1013 cm-3
exhibit large stress-induced changes in resistivity. Whether this is due to
hopping or € conduction has not yet been determined. The fact that the
resistivity is so low suggests that the cbnduction is of the latter type as shown
schematically in Figure 4.20. Second, there exists a pressure condition (e.g.,
S3) for which the Hall mobility achieves a "peak” magnitude at a given
temperature. The discontinuous nature of this maximum suggests that this

behavior may be related to an electronic phase transition. These results
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suggest a rich array of electronic phenomena that requires further

experimentation and theoretical development.
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5. Conclusion

The effect of uniaxial stress on acceptor-related electronic processes in
germanium single crystals doped with Ga, Be, and Cu have been studied by
Hall and photo-Hall effect measurements in conjunction with infrared
spectroscopy.

The stress dependence of the hole lifetime in gallium-doped germanium
single crystals offers a critical test for competing models of the non-radiative
capture of holes by acceptors. It has been shown that the hole lifetime
increases by over one order of magnitude upon the application of uniaxial
stress at liquid helium temperatures. The hole lifetime is proportional to the
acoustic-phonon-scattering component of the hole- mobility. These results are
in very good agreement with the cascade capture theory for Coulomb-attractive
centers, and they clearly show that the recently proposed model in which holes
are directly captured into the acceptor ground state is not valid since it predicts
a decrease in the hole lifetime upon the application of uniaxial stress. These
results are consistent with the observed increase of the responsivity of Ge:Ga
detectors when uniaxial stress is applied. _

Photo-Hall measurements of Ge:Be crystals have shown a stress-
induced change in the temperature dependence of the hole lifetime. This
change is attributed to the role neutral Be centers play in the capture of holes.
The application of uniaxial stress results in over a one order of magnitude
increase in the lifetime. These results explain the observed temperature and
stress dependence of the responsivity of Ge:Be detectors.

The temperaturé dependence of the cross section for the capture of holes
by singly ionized Be is found to be in good agreement with existing data for

multivalent acceptors. A recasting of the capture cross sections available for
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many singly ionized, multivalent acceptors shows that the direct rather than
cascade capture model better explains the temperature dependence of data.
However, a model that explains both the temperature and stress dependence of
the capture cross-section is not available.

The electronic properties of germanium doped with the copper triple
acceptor dramatically change by the application of uniaxial stress. The
threshold of the photoconductivity response shifts from its zero-stress value of
43.2 meV to lower energies achieving a nearly constant value of 17 meV above
4 kbar. A variational calculation has been performed and shows that this
behavior is caused by a change in the copper ground-state configuration from a
pseudo Li0, (1s)3-like to a normal Li9, (1s)2(2s)1-like configuration having a
stress-insensitive hole binding energy.

Accompanied with this ground-state transformation is a tremendous
decrease in the electrical resistivity of many orders of magnitude. This effect is
caused by the stress-induced onset of impurity band conduction. The 2s-like
electron Wavefunctions of the (71s)2(2s)! high-pressure configuration become
extended even at low copper concentrations making conduction via impurity
states possible. A simple calculation has shown that an insulator-metal
transition (Mott-Hubbard-Anderson) should occur in uniaxially stressed Ge
having a copper cbncentration in the 1075 cm™3 range. These results provide a
first explanation for the performance of uniaxially stressed, copper-diffused
Ge:Ga detectors which have a high conductivity in the absence of a photon
sighal and consequently have poor sensitivity. Clearly, copper contamination

can have seriously adverse effects on the performance of stress Ge detectors.
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6. Future Work

The results presented in this thesis have provided new insight into the
electronic processes of p-type germanium at low temperature. Uniaxial stress
has proven a valuable external perturbation for studying both the similarities
and differences between the crystals doped with monovalent and muitivalent
acceptors. However, much work remains to be accomplished.

Although studied for more than three decades, the non-radiative capture
of holes by ionized acceptors is by~ no means a resolved issue. Capture by
monovalent acceptors appears to be well understood; however, the same
cannot be said for multivalent acceptors. The results obtained for the Be-doped
Ge system strongly suggest the occurrence of a combination of capture
processes at low temperatures. One of these is hole capture by neutral
acceptors. Further work on other dopants including Hg should aid the
development of a theoretical model that can explain the stress as well as
temperature dependence of the capture cross section. 4

At the outset of this work, it was hoped that measurements on uniaxially
stressed copper-doped germanium cfystal would provide key information about
hole capture. Instead, these measurements‘produced new phenomena, some
of which have been explained in this thesis. Questions remain regarding the
interpretation of some of these phenomena. The behavior of the Hall mobility,
the onset of impurity conduction in relatively low-doped Ge:Cu, the occurrence
of electric field-induced effects, these are all issues that may be challenging to
be addressed experimentally and/or theoretically and that can further the

understanding of electronic processes in semiconductors.
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7. Appendices
Appendix A: Hall and photo-Hall effect measurements

A.1 Hall effect and photo-Hall effect
This section briefly reviews the basics of the Hall effect. More elaborate
presentations on the subject may be found elsewhere.193,104 |n the presence of

a magnetic field B, a moving charge experiences a Lorentz force F defined by

F_ = q(vxB) (A1)

where v is the velocity of a carrier of charge q. In 1879 E.H. Hall observed that
a metal strip carrying an electrical current Iy and is placed in a magnetic field B;
normal to the current direction exhibited a voltage Vy perpendicular to both Ix
and Bz.195 This is the Hall effect, and V is known as the Hall voltage. The Hall
effect is a direct manifestation of the production of a Lorentz force in a material |
by applied fields and the reaction of the material revealed as the Hall voltage.
This phenomenon has since been used in the study of the nature and
concentration of charge carriers not only in metals but also in other materials
including semiconductors. |
Figure A.1 shows a bar of material. A current lx injected in the +x
direction results in the motion of mobile, charge carriers along the length of the
bar with a drift velocity vx =lx/(nqtw) where n is the majority carrier concentration.
(It is assumed that minority carriers contribute a negligible amount to electrical
conduction.) If a magnetic field Bz is applied in the +2z direction, the carriers will
be deflected in the -y direction by a Lorentz force of magnitude F; = qvxBz. As
carriers accumulate on one side of the bar and are depleted on the other side,

the redistribution of the mobile charge produces an electric field along the y
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direction which prevents further accumulation of carriers. So, the Lorentz force
is balanced by a field induced force Fg equal to qE4. In a homogeneous

material under a uniform magnetic field, Eq = Vi/w. Thus,

| \Y |
qv,B, - qE, = nqﬁ)Bz-qWﬂ (A2)
and
1B, 4
qn = thHZ- =Ry (A.3)

where Ry is the Hall coefficient. Because lx, Bz, t and V4 can usually be
determined experimentally, the Hall coefficient is readily computed. The sign of
Ry indicates whether the mobile charge carriers are holes (positive Ry) or
electrons (negative Ry).

The majority carrier concentration is determined from the magnitude of
the Hall coefficient (n=1/Rnq). By measuring the Hall coefficient as a function of
temperature, one obtains the "freeze-out" curve shown in Figures 2.7 and 4.3.
The temperature dependent Hall measurements allow for the determination of
the majority and minority impurity concentrations and provide information about
the ionization energy of the majority impurity level.

It is found in practice that Ry! is not exactly equal to the product of the
charge and the carrier concentration. In general, Ry=r/qn where ry is called
the Hall factor which is a function of the relaxation time . Values for the Hall
factor range from 1/2 to 2 and depend on the dominant carrier scattering
mechanism(s). However, at high magnetic fields ry approaches unity. It has
been shown that for lightly doped p-type Ge at low temperatures, a magnetic
induction of 0.1 Tesla is sufficient to me‘et the condition uB>1 (u is the carrier

mobility in m2/Vs and B is in units of Tesla) resulting in ry = 1.106
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Figure A.1. Schematic arrangement for a Hall measurement.

The photo-Hall effect is very similar to the Hall effect phenomenon
described above. The only difference is that carriers are generated optically as
well as thermally. The temperature region of interest for determining the carrier

lifetime is that in which optical generation dominates. In this case one finds that

RI-} =0qN = q9extTy - (A.4)
Thus, the determination of the Hall coefficient in conjunction with the knowledge

of the external (optical) generation rate gext yields the majority carrier lifetime
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(assuming that the photons are of sufficient energy to ionize impurities but not to

produce electron-hole pairs due to band to band excitation).

A.2 Hall apparatus and measurement

Three pieces of equipment are needed to perform a Hall effect
measurement: a) a voltmeter, b) a current source, and c) a magnet. Fig. A2is a
schematic of a three component system with the additional features of
automation and temperature control. The sample temperature was measured
with a LakeShore DRC 80 cryogenic thermometer when the standard coldfinger
was used. The stressing coldfinger requires the use of a multimeter in order to
read the resistance of a calibrated temperature sensing resistor.

Samples were mounted to a coldfinger attached to a LakeShore CT-310
continuous flow cryostat (Fig. A.3). This allowed for Hall measurements at
temperatures ranging from 300 K down to approximately 2.5 K. Appropriate
vacuum (~10-5 torr) was reached via a diffusion pump system. Sub-liquid He
temperatures were achieved by pumping on the He reservoir. Although optical
ports are available for external photon sources, photo-Hall measurements were
performed using an internal blackbody source as will be described in the
following section.

A modified bar configuration was used for measurements of stressed
samples as shown in Figure A.4. Current was passed through contacts 1 and 3
in eithver direction, and all voltages were measured across 2 and 4. The
sample's resistivity was determined by two measurements, one with current
injected at contact 1 and the other at 3. This provided a measure of the sample
resistance (Rresist=0.5V24/113 —0.5V24/131). This resistance was converted to a
resistivity by taking into account a geometric factor determined by obtaining the

actual resistivity of samples configured in the van der Pauw geometry.197 This
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Figure A.2. Schematic of variable temperature Hall effect apparatus.
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Figure A.4. Sample configuration for dark- and photo-Hall measurements.

geometric factor was calculated at one temperature and applied to other
temperaturés. |

The Hall coefficients for the modified bar samples involved four rather
than two measurements. The same arrangement as the one just deécribed was
utilized with the additional requirement of a magnetic field. The magnet was set
at a magnetic induction of 0.3 Tesla. Two measurements were performed with
the field in one direction (normal to both the contactless surfaces and the axis of
compression) and repeated with the field changed to the opposite direction—
the measurements being averaged. By switching the magnetic field direction,
the Hall voltage was obtained from the voltage measurements between contact

2 and 4 (i.e., Rresist. was measured in the presence of a magnetic field):
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Vi/lx=0.5[Rresist]*—0.5[Rresist] (AS)
where the “+” and “~" superscripts indicate the orientation of the field along the
z axis (Fig. A.1). The only sample dimension that is necessary to obtain the
carrier concentration is the distance between the two contactless éurfaces

(equivalent to the dimension t in Figure A.1).

~ A.3 Stressing coldfinger

The characteristics of the stressing coldfinger are most important to the
successful performance of standard and photo-Hall measurements of uniaxially
stressed samples. Three factors were considered in its design: a) the accurate
measure of temperature at low temperatures, b) the ability to apply uniaxial
compression to small, bar shaped samples (=1x1x5 mm?3), and c) the capability
of shining light on the sample. The major overall constraint in the design was
space (=1 inch cubed available). In addition, the coldfinger materials had to be
of sufficient a) strength to support stresses of up to a few kbar, b) thermal
conductivity to minimize thermal time constants and ¢) non-magnetic behavior
sb as to not affect the Hall measurement.

A schematic of the stressing coldfinger is provided in Fig. A.5. lts design
was based on the stressing devices used successfully for low temperature, far-
" infrared photoconductor applications.0 It includes the following components: a)
the main body constructed from a solid piece of brass, b) one stainless steel
piston and sample set screw, c¢) one #4-40 screw with which to apply stress, d)
one stainless steel fulcrum attachment, e) one calibrated temperature sensing
resistor, f) one gold-coated, hemispherical, optical brass cavity, g) one cavity as
described in f) and with a blackbody emitter within it; and h) one brass

attachment used to connect the coldfinger to the LakeShore cryostat. In
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Figure A.5. Drawing of the stressing coldfinger. All labeled components are
identified in the text.

addition, stress was applied via phosphor-bronze, leaf springs of various
thicknesses. |

An Allen-Bradley, 1/8 watt, 1 kQ, carbon composite resistor was used as
the temperature sensor for the stressing coldfinger. After being cycled several
times from room temperature to 4.2 K, the resistor was calibrated between 77 K
and 4.2 K with respect to the DRC-80 unit. All calibration points involved the
measurement of resistance with a Keithley multimeter versus the temperature of
the bath into which the resistor was placed. The 77 K and 4.2 K values were

obtained with liquid nitrogen and liquid helium baths, respectively, at standard

i
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pressure. Measurements below 4.2 Kelvin were made by evacuating the
liquid He space thus reducing the temperature of the bath. The relationship
between pressure and liquid helium temperature is well known. This
information was used to calibrate the resistor by making resistance versus
pressure measurements. All Hall measurements were made with the same
multimeter in order to ensure reproducibility of the temperature reading.

For resistors used over a relatively wide temperature range (3-20 K),
several empirical formulae to fit the temperature-resistance relation of Allen-
Bradley resistors have been proposed.1°8 The data in the present case were fit
with a fourth order polynbmial y = A+Bx+Cx2+Dx3+Ex4, where x is the natural
Iogvarithm of resistance (in units of ohms) and y is 1000/T (in units of K-1). The

values for the constants are given in the tabie below.

Constant Value
A 5169.19
B -2237.89
C 349.817
D -23.5618
E 0.601

Table A.1. Constants of the fourth order polynomial used to fit the resistance-
temperature characteristics of a 1 kQ, Allen-Bradley resistor.
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Figure A.6. Fitting of temperatufe-resistance data of an Allen-Bradley, 1/8 watt,
1 kQ, carbon composite resistor with a fourth order polynomial and the related
constants (Table 3.1).

Figure A.6 is a plot of y versus x. The resistance of the 1 kQ resistor begins to
change significantly at low temperatures (<30 K). Therefore, this calibration
allows for temperature measurements to within two or three percent at
temperatures below 25 K, the accuracy increasing as the temperature is
decreased even further. Subsequent to the calibration process, the resistor was
glued with stycast to a small copper plate such that only the leads were

exposed in order to minimize the effects of humidity and pfovide greater
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structural integrity. The small copper plate was then mounted directly to the
coldfinger.

A knowledge of the carrier generation rate is essential to the
determination of the carrier lifetime by the photo-Hall technique. vTo this end the
optical aspects of the stressing coldfinger were designed with two objectives in
mind: a) the capability of quantifying the spectrum of photons incident on the
sample and b) the ability to determine the number of photons absorbed by the
sample. Because shallow impurities in Ge have ionization energies of ~11 meV
(or ~110 um), a far-infrared photon source was required. And because samples
were measured under stress, the ionization energies were shifted to lower
energies requiring either a tunable or broad bandwidth source.

In the case where a broad bandwidth source is considered, it is
necessary to know the absorption cross section of each impurity type as a
function of photon energy. One can then compute the rate of photon absorption
and, hence, the rate of carrier generation assuming that only one center is
ionized per photon absorbed. This is not a bad assumption if the majority of
photons are of low enough energy so as to not cause, for example, highly
excited free carriers that ionize other centers.

These experimental challenges were met by the design of a closed cavity
containing both the sample and a blackbody emitter (Figure A.5). Two
hemisphere-like cavities were machined from brass and their interiors were
sputter-coated with gold. The emitter is constructed from a ~1 kQ NiCr square
chip one milimeter on the side. The leads are made of 25.4 um brass and are
attached to the chip via silver epoxy. Once the leads were attached, the chip
was péinted with stycast epoxy such that an approximately spherical shape
(diameter ~1.4 mm) was achieved. The leads run out of one of the cavities

through small diameter teflon tubing. The tubing was mounted through a small
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hole on the side of the cavity and secured with stycast outside the cavity and
silver epoxy inside the cavity.

Photo-Hall measurements were typically made below 20 K. At these
temperatures a fraction of the emitter's power was dissipated radiatively when
current was injected through it. The temperature of the emitter was raised
above that of its surrounding. It has been assumed that at the wavelengths of
interest (.> 30 um) the emitter behaved as a blackbody. The photons radiated
follow a Planck distribution which only depends on the blackbody's temperature

and for a 1.4 mm diameter sphere is given by

1.16x10*
-2
7L4[exp(1‘44xm )_ 1]
AT

where A is in units of meters and T is in units of Kelvin. Therefore, it was very

P= (photons/m-s) (A.6)

important to know with some accuracy the temperature of the emitter. This was
determined for three different currents and was measured with a half mil, Type K
thermocouple and an HP3478A multimeter. The thermocouple was placed in
contact with the emitter through a very small amount of GE varnish. Thus the
light source was calibrated for three temperatures 77 K, 99 K, and 122 K.

The goal of constructing and calibrating the emitter was to provide the
best possible quantification of the photon spectrum impingent on the sample,
(i.e., the first objective). Using the two cavities to enclose both the sample and
the emitter would facilitate quantifying the photon absorption rate by
establishing conditions which would best arrive at a quantum efficiency near
unity.

The optical generation rate is equal to the number of photons absorbed

by the sample per unit volume per unit time and is given by41.109
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) Asample asample da
2 A
i

[sample volume]

(photon flux

Gopt = (A7)

where the photon flux (photons per unit time per unit photon wavelength) is
approximated by the Planck spectral distribution, A; is the area of an absorbing
surface within the sample cavity (e.g., the emitter and sample surfaces), and q;
is the corresponding absorptivity. The absorptivity of the sample asample is

given by its quantum efficiency and is approximately equal to

o _ 0.64][1-exp(-o*d)]
sample ~ 1.9 36exp(-a.*d) (A8)

where d is the sample thickness and a* is the wavelength-dependent
absorption coefficient due to the acceptors. This quantity has been measured in
the case of unstressed and stressed Ge:Ga, and the numerator in Eq. A.7 can
be integrated in the spectral range over which the acceptors are optically active.
For an emitter temperature of 77 K, the generation rate for Ge:Ga samples
(stressed and unstressed) is ((}.4-5.4)x1015 cm-3s-1 in the absence of optical
filters. For Ge:Be the calculated generation rates are 5.4x1016 cm-3s-1 and

7.8x1016 cm-3s-1 for unstressed and stressed states, respectively.

A.4 Aspects of the stressing configuration

Beyond having an optical cavity and a built-in emitter, the inain feature of
the coldfinger is the capability of applying uniaxial compression to bar shaped
samples. The uniaxial compression of a sample is achieved by turning the #4-
40 screw shown in Fig. A.5 in the clockwise direction. The rounded tip of the
screw exerts a force on the leaf spring. Because the leaf spring is supported by

the stainless steel fulcrum, the force applied by the screw results in a force on
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the sample via the stainless steel piston. The applied pressure was determined
for each run by comparing the measured binding energy with the published

data relating the binding energy to the applied pressure (e.g., Figure 2.2).
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Appendix B: Aspects of photoconductivity measurements and IR

spectroscopy

Photoconductivity spectroscopy and responsivity measurements were
performed on samples using an Infrared Laboratories (Model HD3) cryostat
designed for low-background testing (106-1010 photons/s).23.57 QOperating

temperatures ranged between 4.2 K and 1.3 K. In order to achieve a/low-

| photon background, the sample and other optical components (e.g., optical
fiters and mirrors) were placed in a copper box that is mounted onto a thick
copper plate in contact with a liquid helium reservoir. In addition, the interior of
the copper box is coated with 3M flat black paint. Attached to one of the walls of
the box is a shutter gperture system having three externally adjustable
positions: 1 mm, 2 mm, and closed. This provides optical access to the sample
as the exciting radiation is produced from outside the cryostat.

The signal resulting from optical excitation was measured with a
transimpedance amplifier (TIA) circuit shown in Figure B.1. The input stage
consists of two matched JFET's that are mounted adjacent to the sample box in
a light-tight copper box on the thick, copper plate. These are operated at a
temperature of approximately 70 K. The typical value of the feedback resistor
(Rs) between the o\utput and the JFET gate is 2.5x1010 Ohm at liquid helium
temperatures. Feedback resistors of smaller resistance were used for
measurements of samples having low impedance (<10® Ohm). For a given bias
an output voltage is produced, and the signal current is obtained by dividing the
output voltage by Rs (Fig. 1.3).

For the responsivity measurements the light signal consisted of photons
from alternately chopped 300 K and 77 K blackbody radiation. The total radiant

emittance of a blackbody at temperature T is proportional to T4. The
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_proportionality factor is called the Stefan-Boltzmann constant and has a value of
5.6705x10-8 Wm-2K-4, The radiation was chopped at a frequency of 23 Hz, and
the rms value of the output voltage was measured with a Hewlett-Packard
3582A spectrum analyzer. Dark currents were measured with the aperture in
the closed position or with a light tight dewar and integrating amplifier (J-F 4
integrating amplifier, Infrared Laboratories) when the sample impedance was
greater that 101 Ohm.

A Fourier transform spectrometer was used to evaluate the
photoconductivity response of the germanium crystais.5°-”° It includes a far-
infrared Micheleson interferometer shown schematically in Figure B.2. Its major
components include a mercury arc lamp (L), a beam splitter (B), a fixed mirror
(FM), and a moving mirror (MM), all of which are contained in a vacuum
enclosure in order to minimize absorption of the infrared radiation by water
vapor. The beam splitter used is made of a thin mylar sheet (either 3.2 um or
6.4 um, depending on the sample). Due to the thickness uniformity of the mylar,
Fabry-Perot interference reduces the transmission of IR radiation through the
beam splitter. For example, the 6.4 um-thick beam splitter shows close to zero
transmission at 500 cm-! with a maximum at 250 cm-! while the thinner one
shows nearly zero and maximum transmission at 1000 cm-! and 500 cm-1,
respectively. Therefore, the 6.4 um beam splitter is desirable if the spectral
features of interest lie near 250 cm-! and not 500 cm-1.

Photoconductivity spectra were obtained by measuring the sample signal
voltage as a function of the moving-mirror position and calculating the Fourier
transform of the resulting interference histogram, or interferogram. Broadband
radiation from the mercury arc lamp travels via reflectors to the beam spilitter
where parts of it are transmitted and reflected to the moving and fixed mirrors,

respectively. The mirrors reflect the two light beams back to the beam splitter
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where they interfere with each other and travel to the sample that is optically
connected to the output assembly.

The light arriving at the sample changes with the moving mirror position
due to the difference in the optical path length which changes the interfered
beam that is produced when the two beams recombine at the beam splitter. For
each photon frequency of the broadband radiation, the intensity from the sum of |
the two beams varies with mirror position as /o(1+cos (4n AmpX)), where x is the
frequency of light in wavenumber, and Amp is the distance the moving mirror
has traveled from its zero-path position (where the mirrors are equidistant from
the beam splitter and the light intensity at the sample for all photon energies is
maximum). The interferogram of a broadband source is then a sum of cosines,
and a Fourier transform of it is a collection of delta functions, one for each light
frequency. The interferogram obtained from a sample is therefore a sum of
cosines associated with those frequencies of light that are absorbed, the Fourier
transform revealing the frequencies contributing to the photocurrent in the
sample. The spectral resolution is limited by the source size and solid angle
and the distance that the moving mirror can travel. The spectral range is
determined by the difference in the moving-mirror position between signal
measurements. A detailed discussion of Fourier transform spectroscopy and its
application has been presented by Béll.111

For the spectral response measurements performed on the Hall samples,
the stressing coldfinger (including the sample) was placed in the HD3 dewar
which was connected to the spectrometer output by a light-pipe/mirror
arrangement. The rms signal output from the TIA (Fig. B.1) was measured with
a lock-in amplifier and transferred to a computer for subsequent analysis.
Pressure-dependent photoconductivity spectra of copper-doped germanium

samples (Figure 4.4) were obtained using the liquid helium insert shown
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schematically in Figure B.3. In this case the signal voltage was measured with
a transconductance amplifier shown in Figure B.4. In this circuit the magnitude
of the feedback resistor could be varied from 1 kOhm to 100 MOhm in order to

match the sample impedance.

COUPLING
ADJUSTING NUT
POLYETHYLENE
' : SLIDING PLUNGER
wiNDOW aﬁ WITH SCALE
CALIBRATED SPRING .
FEED IN FLOATING TENSIONER
THROUGH
I ——— %"0.0. BRASS LIGHT PiPE
v
| _—— S.5. WIRE
rwo'r\ WINSTON CONE CONCENTRATOR
. pe
POINT CONTACT —— L 2¢ HEATER RESISTOR

BRASS PLUNGER —1* SENSOR RESISTOR

7. BRASS BACK BLOCK
SAMPLE LEADS —%."""

:& :g‘t’.‘ cﬁ’f":f.fe ..E... DRY BEARING BRASS ROLLER

$OLID Cu COLD
FINGER INTO LHe

Figure B.3. Stress insert used for the photoconductivity spectroscopy
measurements (schematic).
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1X TO 100M NOTES

1. 21SVDC FROM TRACKING
REGULATED siPoLAR
POWER SUPPLY

2. ALL RESISTORS ARE
LOW- NOISE METAL Fitm
OR METAL OXIOE

3. °R,.Ry CHOSEN FOR
OESIRED OFFSEY
AND BIAS RANGE

LOW NOISE
N-CHAN

BNC

£3—33) TO PAR
LOCK-IN

TO SAMPLE
LEADS

10 TURN DAL
SK POT (BIAS)

Figure B.4. Transconductance amplifier used with the stress insert in Figure

B.3.
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Appendix C: Effective mass approximation for Cu impurities in Ge

Because of the degeneracy of the top of the valence band, the triply
charged acceptor in semiconductors should assume in the configuration (1s)3,
i.e., with occupation of the orbitals (1s I'g)(1s I's)(1s I'g). The total energy of this
state at zero uniaxial stress, in the atomic units system, can be estimated to be15

E[(1s ['s)(1s I'g)(1s I's)}=-8.62 a.u. (C.1)

When uniaxial stress is applied the valence band edge splits into two
doubly degenerate bands I'y and I's. The I's band rises in energy by an amount
A over the I'; band and, neglecting pressure-induced corrections caused by the
slightly varying Coulomb interaction between the electrons and the central-cell

correction, the total energy is
E[(1s I'7)(1s I'7)(1s I'g), A]=-8.62 a.u.+A (C.2)

The first ionization potential for this state is obtained by subtracting the energy
of the unbound state in which the free carrier is at the bottom of the I'7 band, i.e.,
E[(1s I'7)(1s I'y)(free I'7), A]l=E[(1s I'7)(1s I'7)], (C.3)
which from Li spectra and from calculations yields
E[(1s I'7)(1s I'7)(free I'7), A]=-7.29 a.u. (C.4)
Therefore, the ionization potential (IP) in this case is
IP [(1s T7)(1s T7)(1s Te), Al=
E[(1s I'7)(1s I'7)(free Ts), A]-E[(1s T'7)(1s T'7)(1s T¢), Al=
-7.29 a.u.+8.62 a.u.-A=1.33 a.u.-A. -~ (C.5)
At high enough stresses there is a second state that may compete in
~energy. This is equivalent to the normal configuration of the Li atoms, i.e., (1s
I'7)(1s I'7)(2s T'7). The energy of this state can be easily estimated from the Li
spectrum and is equal to the negative of the sum of three ionization potentials:

those of Li9, Li+ and Li++.81
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E[(1s I'7)(1s I'7)(2s I'7), A]=-[0.20+2.79+4.50] a.u.=-7.49 a.u. (C.6)
(Since all eléctrons are in the band I'g, there is no explicit dependence on the
stress A). The ionization potential in this case is |
IP [(1s T'7)(1s I'7)(2s I'y), A]l=
E[(1s I7)(1s I'7)(free I;), A-E[(1s T7)(1s T7)(2s I'7), Al=
-7.29 a.u. + 7.49 a.u.=0.20 a.u. (C.7)
The ground-state configuration is obtained by comparing the total energies
(C.2) and (C.6). Thus,itis
(1sT7)(1s I'7)(1s I'g)
(1sT7)(1s I7)(17s Iy)

for A<1.13 a.u.
for A>1.13 a.u.
Finally the ionization potentials to be observed are |
IP[(1s I7)(1s T'7)(1s Ig), A]=1.33 a.u.-A
IP [(1sT7)(1s I'7)(12s I'y), A]=0.20 a.u.

for A<1.13 a.u.;
for A<1.13 a.u.

C.1 Bound excited states

Neglecting central-cell corrections (which are definitely large) and details
of the changing electron-electron interaction (which is probably small), the
discrete lines or resonances to be observed are the following:

a) Optically active lines for A<1.13 a.u.

From To Energy (a.u.)
(1s I7)(1s I'7)(1s Te) (1s7)(1s I'7)(2p T's)

(1s T7)(1s I'7)(1s Tg) (1s T'7)(2p I'7)(1s Te) 1.20
(1sT7)(1s I'7)(1s Tg) (2p T7)(1s I'7)(1s Tg)

(1s T7)(1s T7)(1s Te) (1s I'7)(1s T7)(3p Te)

(1sI'7)(1s I'7)(1s Tg) (1sI7)(3p I'7)(1s I'g) 1.27

(1s T7)(1s I'7)(1s Tg) (Bp I7)(1s I'7)(1sTe) -
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(1s T7)(1s I'7)(1s T')
(1s T7)(1s I'7)(1s T's)
(1sT7)(1s I'7)(1s T'g)

(1sI7)(1s I'7)(1s Tg)
(1sT7)(1s I'7)(1s I'e)
(1s7)(1s I'7)(1s Tg)

(1s T7)(1s I'7)(1s Te)
(1s T7)(1s I'7)(1s Tg)
(1 sTI7)(1s T7)(1s Tg)

(1sT7)(1s I'7)(1s Tg)
(1sT7)(1s I'7)(1s Tg)
(1sT7)(1s T'7)(1s T'e)

(1s I'7)(1s I7)(4p Te)

- (1sT7)(4pT7)(1s Te)
- (4p T7)(1s I7)(1s Te)

(1sT7)(1s I'7)(Sp T'e)
(1s IT7)(5p I'7)(1s Ts)
(5p I'7)(1sI7)(1s T'g)

(1s I7)(1s I'7)(6p I's)
(1s T'7)(6p I'7)(1s Ig)
(6p I'7)(1s I7)(1s Ig)

(1s I7)(1s I7)(7p Te)
(1sT7)(7p I'7)(1s T'e)
(7p T7)(1s I'7)(1s I'e)

1.30

1.31

1.31

1.32

(These lines are Fano resonances if their energy is larger than the ionization

potential IP=1.33 a.u.-A.)

b) Optically active lines for A>1.13 a.u.:

From

(1sT7)(1s I'7)(2s I'7)
(1sT7)(1s I'7)(2s I'7)
(1sT7)(1s I'7)(2s I'7)
(1sT7)(1s I'7)(2s I'7)
(1sT7)(1s I'7)(2s I'7)
(1sT7)(1s I'7)(2s I'7)

Some of the lowest energy levels not reachable by optical

transitions for A<1.13 a.u.:

From

(1s T7)(1s I'7)(1s )
(1s T7)(1s I'7)(1s Tg)
(1sT7)(1s I'7)(1s T'g)

To

(1sT7)(1s I'7)(2p I7)
(1sI7)(1s I7)(3p I7)
(1sT7)(1s I7)(4p I7)
(1s I7)(1s I7)(5p I'7)
(1sT7)(1s T7)(6p I'7)
(1sT7)(1s 7)(7p I7)

To

(1sI7)(1s I7)(2s I7)
(1sT7)(2s I'7)(1s T'7)
(2s T7)(1s I'7)(1sT7)
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0.07

0.14
0.17
0.18
0.18
0.19

dipole-active

Energy

1.13 a.u.-A



(1sI7)(1sI'7)(1s ) (1sT7)(1s I'7)(2s T')

(1s I'y)(1s I7)(1s Te) (1s T)(2s TY)(1s Te) 1.13au.
(1sT7)(1s I'7)(1s Tg) (2s I'7)(1s I'7)(1s Ie)
etc.

Some of the lowest energy levels not reachable by optical dipole-active

transitions for A>1.13 a.u.:

From - To Energy
(1sI'7)(1sI'7)(2sI'7) (1sT7)(1s I'7)(1s T'e) A-1.13 a.u.
(1sT7)(1sI7)(2sTI'7) (1sT7)(1s I7)(3s I'7) 0.124 a.u.
(1sT7)(1sI'7)(2s T'7) (1sI'7)(1s I'7)(2s I'g) A

etc.

C.2 Central cell correction added

The effective mass approximation in Ge corresponds to an energy scale
1 a.u.=22.4 meV and to a length scale 1 a.u.=4.07 nm=76.9 Bohr radii, and
applies to all ivmpurities. This would give for the ground state of unstressed Cu
impurities, according to the previous calculation by Wu and Falicov

IP [(1s I's)(1s I'g)(1s I'g)]=1.33 a.u.=29.8 meV.

The experimental values is 43.2 meV. In other words, the central cell correction
is 13.4 meV. |

According to the three-exponential approximation (exponents a1=3.540,
ay=2.086, and az=1.486) the value of the central-cell correction for the total
energy.is

Weec[(18)3]=(U/r) Z(ai)3

where the a; are the three exponents. Equivalently the central cell correction for
the ionized state is

Weec[(18)2)=(U/m) Z(ai)®
122



§

The experimental value of the ionization potential and the calculated exponents
(Wu and Falicov15) yields U=0.156 a.u. (energy per length to the third power). A
rough calculation for the (1s I'7)(1s I'7)(2s I'7) configuration (simple Hartree
approximation), with the (2s I'7) envelope function of the form
u(r, b, 2s)=(b3/rx)12(1-br)exp(-br)

yields aj=a2=2.68 a.u. and b=0.68 a.u. The central cell correction is therefore

| Weecl(15)2(2s)]=(U/n){(a1)3+(a2)*+(b)3}.
The equivalent approximation for (1s I'7)(1s I'7)(1s I'g) [from Wu and Falicov] is
aj=az=a3=2.375 a.u. |

With this scaling and since the final state is the same in both cases, one
obtains for the correction to the ionization potential caused by the central cell
correction

d[IP)eccl(15)2(25)]=13.4 meV (38.6/40.2)=12.9 meV.
With these values, and assuming no central cell correction for orbitals other
than the (1s) and the (2s), one obtains
IP [(1s I7)(1s I'7)(1s ), A]=43.2 meV+A;
IP[(1s I7)(1s I'7)(2s I7), A]=17.4 meV.
The other values are
El(1s I'7)(1s I'7)(1s Ts), Al=-5.77 a.u.+A=-129.2 meV+A;
E[(1s I'7)(1s I'7)(2s I'7), A}=-4.62 a.u.+A=-103.4 meV.

The cross over energy is at Across over=1.15 a.u.=25.8 meV.
The optical spectrum is now the following:

a) Optically active lines for A<25.8 meV

From To Energy(meV)
(1sT7)(1s I'7)(1s Te) (1s I'7)(1s I'7)(2p Te)

(1sI7)(1s I'7)(1s T) (1s T7)(2p I'7)(1s Ig) 40.3
(1sT7)(1s I7)(1s Te) (2p I'7)(1s I'7)(1s T'g)
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(1sT7)(1s T7)(1s Te)
(1s T7)(1s I7)(1s Te)
(1sT'7)(1s I7)(1s Te)

(1sT7)(1s I'7)(1s I'g)
(1sT7)(1sT7)(1s Te)
(1s I7)(1s I'7)(1s T'e)

(1sI7)(1s I'7)(1s Tg)
(1s I'7)(1s I'7)(1s Tg)
(1sT7)(1s I'7)(1s T'g)

(1sT7)(1s I7)(1s Tg)
(1sT'7)(1s T'7)(1s Te)
(1sT7)(1s T7)(1s Tg)

(1s I7)(1s I'7)(1s Te)
(1sI'7)(1s I'7)(1s T'g)
(1sI'7)(1s I'7)(1s Te)

(1sT7)(1s I'7)(3p I'e)
(1s I'7)(3p I'7)(1s T'e)
(3p I'7)(1s I'7)(1s Te)

(1sT7)(1s T7)(4pTe)

(1sT7)(4p I'7)(1s T'e)
(4p I7)(1sI'7)(1s Ts)

(1s I7)(1s I'7)(5p T'e)
(1s T7)(Sp I'7)(1s T'g)
(Sp I'7)(1s T7)(1s T'e)

(1sT'7)(1s I'7)(6p Te)
(1s I'7)(6p I'7)(1s T's)
(6p I'7)(1s I'7)(1s T's)

(1sT7)(1s I7)(7p T)
(1s7)(7p T'7)(1s Te)
(7p T'7)(1s T'7)(1s T)

41.9

42.6

43.0

43.0

43.2

(These lines are Fano resonances if their energy is larger than the ionization

potential IP=43.2 meV-A.)

b) Optically active lines for A>1.13 a.u.:

From

(1sT7)(1sT7)(2sT7)
(1sT7)(1sI7)(2s I7)
(1sT7)(1s I'7)(2s I'7)
(1sTI7)(1sI7)(2s I7)
(1s Ty)(1s T7)(2s I7)
(1sT7)(1s I7)(2s I'7)

Some of the lowest energy levels not reachable by optical

transitions for A<1.13 a.u.:

From

(1sI'7)(1s I7)(1s Tg)
(1s I7)(1sT'7)(1s T'e)
(1sI7)(1s T7)(1s Te)

To

(1sT7)(1sT7)(2p T7)

(1sIT7)(1s I7)(3p I7)
(1sT7)(1s I'7)(4p I7)
(1s7)(1s I7)(5p I7)
(1sT7)(1s I'7)(6p I'7)
(1sT7)(1s I7)(7p I'7)

To

(1sI7)(1s I'7)(2s I'7)
(1s7)(2s I7)(1sT7)
(2s T7)(1s T7)(1s I'7)
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14.5
16.1
16.8
17.2
17.2
17.4

dipole-active

Energy(meV)

25.8-A



(1s T7)(1s I'7)(1s ) (1sT7)(1s I'7)(2s I'g)

(1sT7)(1s I'7)(1s Tg) (1sT7)(2s I'7)(1s T'g) 25.8
(1sT7)(1s I'7)(1s Tg) (2s I'7)(1sI'7)(1s Tg) '
etc.

Some of the lowest energy levels not reachable by optical dipole-active

| transitions for A>1.13 a.u.:

From To Energy(meV)
(1sT7)(1sI'7)(2s I'7) (1sT7)(1s T7)(1s ) A-25.8
(1sT7)(1sI'7)(2s I'7) (1sT7)(1sI'7)(2s T'g) A
(1sI7)(1sI'7)(2s I7) (1sT7)(1s I'7)(3s I'e) 2.8

If the (3s I'y) orbital has the same central-cell correction as the (2s I'7) orbital; or
(1sT7)(1sI'7)(2s I'7) (1sT'7)(1s I'7)(3s ') 15.7

If the (3s I'7) has exactly zero central-cell correction; or probably a value in
between.

etc.

'C.3 Ge band-structure corrections

Salib et al.5¢ showed that for the optical lines in the ordinary Cu triple
acceptor in Ge, "the spacings of the excited states of copper and those of the
single-hole acceptors are the same" and that "the effective-mass formalism is an
adequate description of their excited states of the triple-hole syste‘m." They

report for the (1s I'g)(1s I's)(1s I'g) configuration the following lines:

Line Energy (meV)
G 38.67
D 40.37
C 41.12
B 41.76
A" 42.07
A 42.27

In that case the same criterion should apply to the (1s I'7)(1s I'7)(2s I'7)

configuration in the high-stress regime with the values:
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Line Energy (meV)

G 12.9
D 14.6
C 16.3
B 16.0
A" 16.3
A’ 16.5

These lines should be observable, but so far they have not been found

experimentally.
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