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Uniaxially stressed Ge:Ga and Ge:Be 

by 

Oscar Danilo Duhon, Jr. 

ABSTRACf 

The. application of a large uniaxial stress to p-type Ge single crystals 

changes the character of both the valence band and the energy levels 

associated with the acceptors. Changes include the splitting of the fourfold 

degeneracy of the valence band top and the reduction of the ionization 

energy of shallow acceptors. In order to study the effect of uniaxial stress 

on the transport properties of photoexcited holes, a variable temperature 

photo-Hall effect system was built in which stressed Ge:Ga and Ge:Be could 

be characterized. Results indicate that stress significantly increases the 

lifetime and the Hall mobility of photoexcited holes. These observations 

may help further the understanding of fundamental physical processes that 

affect the performance of stressed Ge photoconductors including the 

capture of holes by shallow acceptors. 
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-1. Introduction 

The photoconductive characteristics of semiconductors have led to 

the wide use of materials such as Ge, PbS, and HgCdTe for infrared (IR) 

radiation detection.I.2 Semiconductors are photoconductors because they 

can show an increase in electrical conductivity upon absorbing 

electromagnetic radiation. The absorption of photons can result in (a) the 

promotion of electrons from the valence band to ·the conduction band 

producing electron-hole pairs or (b) the excitation of electrons (holes) 

from an impurity level within the energy gap to the conduction (valence) 

band. Both processes increase the concentration of mobile carriers in a 

semiconductor thus increasing the material's conductivity as well. In 

process (a) the light interacts with the atoms of the semiconducting host; 

this is called intrinsic photoconductivity. Process (b) is termed extrinsic 

(or impurity) photoconductivity because the photoexcited charge carriers 

originate from impurity atoms. 

Energy leveis near the valence band edge of a semiconductor can be 

introduced by doping, the controlled addition of impurities. The presence 

of "shallow" levels makes the measurement of the photoconductivity 

behavior in doped semiconductors an effective method for long-wavelength 

photon detection_1.3 This has significant applications in several areas 

including IR astronomy and IR spectroscopy. Doped germanium 

photoconductors are well suited for detection of far IR radation (10-200 · 

J.tm). Dopants such as Cu, Zn, and Be produce an extrinsic 

photoconductivity behavior in Ge via hole excitation with photons of 

wavelengths in the 10-50 Jlill range.4.5 Radiation between 50 Jli11 and 120 

Jlm is detected with Ga- orB-doped Ge).6 In recent years the detection of 
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. 200 Jliil photons has been accomplished with uniaxially stressed, Ga-doped 

Ge detectors.? (Note: the energy, E, of a photon is obtained from its 

wavelength, A., by the relation E=hc/A., where h is Planck's constant and c is 

the speed of light in a vacuum.) 

When a voltage bias is applied across a photoconductor, the increase 

in the material's conductivity upon the photoexcitation of charge carriers is 

measured as an increase in the electrical current flowing · along the 

direction of the applied bias. _The ability of the electrons (holes) to conduct 

depends on (a) how fast they can drift through the semiconductor and (b) 

how much time they spend in the conduction (valence) band before being 

captured by dopant impurities and/or recombining with carriers of 

opposite charge. The quantity describing the average carrier velocity per 

unit of applied electric field is the mobility J..l. The length of time carriers 

typically spend in the energy bands is described by the carrier lifetime. 

The effectiveness of a semiconductor as an IR detector is therefore 

determined by both the photon energy range over which the semiconductor 

is sensitive and the electrical characteristics of the detector. 

The application of uniaxial stress to a Ga-doped Ge photoconductor 

not only changes the spectral range of detectable photons but also increases 

the photocurrent of the device. The former effect results from a reduction 

in the binding energy of the Ga level from which holes are photoexcited. 

An explanation for the increase in photocurrent is likely to be founded on -

the effect of uniaxial stress on both the mobility and lifetime of holes. The 

stress dependence of mobility has been studied,8,9 but the behavior of the 

carrier lifetime is not yet well understood. 

The work presented in this thesis has two principal objectives: 1) to 

provide a method for using the photo-Hall technique to s~udy 
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simultaneously the mobility and lifetime of uniaxially-stressed, 

semiconductor single crystals and 2) to report both quantitative as well as 

qualitative evidence for the change in carrier lifetime with stress in Ga

doped and Be-doped Ge. The chapter following this introduction 

summarizes the major concepts in semiconductor physics necessary as a 

background for this work. Chapter 3 describes the experimental 

requirements and the means by which these were met. Results are then 

presented and discussed in Chapter 4. The thesis will end with some 

concluding comments . 

3 



2. Semiconductor Basics 

2.1 Band structure and effective mass themy 

Energy bands in a crystal arise from the interaction of the valence 

electron wavefunctions of each atom with those of the other atoms. Each 

germanium atom possesses 4 valence electrons: two 4s and two 4p 

electrons. For the case of isolated atoms, the 4s and 4p energy levels are 

·split, and all atoms can have this same electronic structure. But when the 

Ge atoms become covalently bonded, the wavefunctions of the valence 

electrons in the crystal overlap, and the Pauli exclusion principle forbids 

these bonding electrons from occupying the same energy state, (i.e., no two 

electrons can have the same quantum number). As a result each energy 

level splits, and essentially a continuum of allowed energies is formed 

constituting an energy band as depicted in Figure 2.1. In a covalently 

bonded crystal such as Ge, the s and p orbitals· interact with each other 

creating s-p hybridization. This orbital mixing is reflected in the energy 

bands. The valence bands are composed of one s- and three p- states and 

can accommodate a total of four electrons per atom. Likewise, the 

conduction bands consist of one s- and three p-like bands although the 

mixing of the states does not result in the same band configuration as that 

· · of the valence bands. The minimum energy gap between the valence and 

conduction bands is called the bandgap and has a value of 0.67 e V at room 

temperature for germanium (Fig. 2.2). 

Because Ge has 4 valence electrons per atom, the valence bands are 

completely filled and the conduction bands are empty (at T=O K). (Note: 

any future reference to a valence or conduction band refers to those bands 
\ 
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Figure 2.2. (a) Band structure of Ge obtained by a non-local 
pseudopotential calculation i-ncluding spin orbit interaction,ll (b) 
comparison of the calculated valence bands with angular resolved 
photoemission data.I2 
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whose maxima and minima form the bandgap.) So if an external field is 

applied, no electrical current will flow because all allowed energy states in 

the valence band ·are occupied, and the electrons will have no states into 

which to move. Insulators do not carry any appreciable current for the 

same reason. The magnitude of the bandgap determines whether a material 

is called insulator or semiconductor. If the gap is less 1han a few electron 

volts in magnitude, the material is a semiconductor; thus, Ge falls under 

this category. 

In the case of semiconductors, the thermal energy at room 

temperature is sufficient to excitate a significant number of electrons from 

the valence band to the conduction band. Once the electrons are in the 

conduction band, there are many states available for them to occupy. In an 

electric field these excited charge carriers, electrons as well as holes, will 

be able to move through the crystal creating an electrical current. 

In order to treat classically the motion of electrons and holes in the 

bands, effective mass theory (EMT) is applied.I3 EMT brings together the 

wave-like and particle-like character of electrons and provides a means of 

using the classical equation of motion to current carrying electrons (holes) 

in crystals. It can be shown that a charge carrier travelling in an energy 

band behaves as if-having an "effective" mass m* given by 

(2.1) 

This equation reveals that the effective mass is inversely proportiqnal to the 

curvature of the energy band. in momentum space;..._<fescribed in E vs. k 

diagrams-which the electron (hole) occupies. Electrons conduct in bands 
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with positive curvature while holes are the charge carriers in bands of 

negative curvature. In addition, tl_le magnitude of the curvature of the band 

determines the magnitude of the mass; thus, a band of high ~urvature is 

populated with carriers of small effective mass typically leading to higher 

mobilities. 

The top of the valence band in Ge (Fig. 2.2) and many other 

semiconductors is found at k=O and is fourfold degenerate. The bands 

creating the fourfold degeneracy are, as I?entioned before, constructed 

from p orbitals with total angular momentum quantum number, m} of 3/2. 

In addition, there exists a doubly degenerate band (mj= 1/2} with its 

extremum also located at k=O. · The spin-orbit interaction moves the top of 

this band, also called the split-off band, to higher hole energies. The split

off band in Ge is separated from the valence band edge by 0.29 e V. This 

large split-off energy reduces the impact of this band on the transport and 

optical properties considered to negligible values. The structure of the 

valence band edge is very important because the current carrying holes 

populate this region of the band. The degeneracy of the valence band top 

must be taken into account in the fonnulation of the effective mass of 

holes. In fact, two. separate effective masses are designated, one for each of 

the bands creating the fourfold degeneracy. The band with the larger 

curvature contributes a light-hole effective mass while the heavy holes are 

designated to the band of lower curvature. 

Although the above expression of the effective mass· holds for a .one

dimensional systems, it does not suffice to use this scalar formula to 

describe the three dimensional character of the band structure of a solid. 

The acceleration a that a charge carrier experiences under an applied force 

F is 
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dv 1 a - . -. • F ----
. dt m* 

(2.2) 

where 1/m~ is a tensor relating a to F, and each tensor component, mifl, is 

given by 

2 
-1 ..:.2 a E 

mij = fi '::\ jJ . 
ok k· J 

(2.3) 

The interaction between the heavy and light hole bands in Ge produces 

allowed energy states near the valence band edge described by 

. 2 2 4 2 2 2 2 2 2 2 1(2 
E(k) = Ak + [B k + C (kxky+ k~z + kzkJ] (2.4) 

where lkl2=kx2+ky2+kz2. A, B, and C are constants determining the 

magnitude of the components of the effective mass tensor. The plus sign 

corresponds to the heavy hole band and the minus to the light hole band. 

In the approximation of spherical constant energy surfaces, an average, 

scalar effective mass is obtained for· heavy and light holes (0.35me and 

0.043me, respectively, where me is the free electron mass) as in the one

dimensional case since the principal axes are equivalent. Actual effective 

masses have been determined form cyclotron resonance experiments.I4.15 

The conduction band in Ge is characterized by ·a band minimum 

located at each of the eight equivalent <Ill> directions at the Brillouin 

zone boundary. Each is characterized by ellipsoidal constant energy 

surfaces with the axis of revolution coincident with the associated <111> 

direction. The allowed energy states near each minimum is given by 

(2.5) 
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where kt is oriented along the axis of revolution, and k2 and k3 are 

perpendicular to each other and to k 1· Two effective masses are associated 

with such energy surfaces. The longitudinal effective mass mu* equal to 

1.6Ille defines the motion along kt while the transverse mass m.1 *equal to 

0.082me reflects the curvature of the surfaces in directions perpendicular · 

to the axis of revolution. 

2.2 Monovalent impurity states in germanium 

When impurities are added to a semiconductor, energy states may be 

introduced in the bandgap of the· material. The position of the energy level 

depends on the chemical nature of the impurity with which the state is 

associated. Group Ill and V impurities in Ge are monovalent dopants since 

they qm provide one current carrier per atom leaving each impurity site 

singly 'charged. Group III elements are known as acceptors because they 

bind an extra electron typically leading to either the formation of a hole in 

the yalence band or the compensation of a donor impurity. On other hand, 

column V elements provide an electron to the conduction band or an 

acceptor impurity, (i.e., compensation). These dopants are thus called 

donors. ·Although these elements are chemically distinct, many of their 

spectral features can be understood by the application of the concepts of , 

dielectric screening and effective ma.ss theory to the quantum mechanical 

model of the hydrogen atom. 
' 

The quantum mechanical solution of the hydrogen atom problem 

reveals that the electron is bound to the nucleus with a ground state energy 

of 13.6 eV. There exists a series of discrete bound excited states which is 

given by 13.6Z2fn2 e V where n is the principal quantum number and Z is 
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the number ofunit charges in the nucleus (equal to 1 for hydrogen). The 

distance from the proton at which there is a maximum probability of 

finding the electron is given by the Bohr radius ao equal to 0.053 run. 

These results can be applied to group III and V impurities in Ge by 

multiplying (a) the permitivity in free space-£() with the dielectric constant 

of Ge and (b) the free electron mass with the electron or hole effective 

mass. These substitutions account for both the screening of the impurity 

nuclei caused by the electron cloud of the host atoms and the difference in 

the motion of electrons in energy bands versus free space. The two 

formulas for the hydrogen atom become 

E =- 13·6m* eV and 
2 

Erm 

, 0.053mer 
r = . nm 

m* (2.6) 

where £r is the relative dielectric constant of the semiconductor and r' is 

the impurity Bohr radius. For Ge the ground state energy is 10 me V and 

the Bohr radius is 8 nm for m*==0.2me and Er=l6. The orbiting electron 

(hole) is de localized over .many' atomic spacings and only lightly bound to 

the impurity site as a result of the dielectric screening. Hence, these 

dopants have energy levels in- the bandgap close to the respective band 

minima~. They are also known as shallow, hydrogenic impurities. 

The experimental evidence supports the general features of this 

model.I6 The actual ionization energies of hydrogenic impurities vary 

from 10 meV to 14 meV depending on the element involved. Such 

deviations from the model reflect the validity of the assumptions made. In 

particular, the assumption that the core electrons screen the nucleus so as to 

make it seem like a single point charge is not completely accurate. When 

the electron (hole) is in the s-like ground state, it is more tightly bound to 

10 
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the nucleus due to the reduced screening by core electrons. A consequence 

of this is that the energy required to promote the orbiting charge from the 

ground state to an excited state is larger thah expected. But the energy 

separation of the optically accessible,. bound excited states follows exactly 
. ' 

from the quantum mechanically more rigorous model (which takes into. 

account the degeneracy of the valence band and the symmetry of the 

environment of the impurity). Because they are p-like in character with a 

node at r=O, the bound excited states do not interact strongly with the atom 

core. 

2.3 Be: an example of a double acceptor in Ge 

Group III and V elements are not the only chemical species that can 

dope a Ge crystal. . Column liB and VIB elements can provide two holes 

and two electrons, respectively. Beryllium, which occupies a substitutional . 
position in Ge, can provide two holes for conduction and is therefore called 

a double acceptor. Although the hydrogen atom does not serve as an 

appropriate system from which to make quantum rp.echanical comparisons 

with Be in Ge, the helium atom is a suitable analog for , this double 

acceptor. 

There are two major features which distinguish the He atom problem 

from that of the hydrogen atom. First, the nucleus has a charge of +2e; 

second, there are two orbiting electrons that interact with each other as 

well as with the nucleus. Electron-electron interaction must be taken into 

account in the calculation of the energy required for the atom to reach its 

first ionization state, (i.e., removing the first electron). The electrons feel 

bo.th the electrostatic repulsion of one another and the Coulombic attraction 

1 1 



of the nucleus resulting in a net field proportional to z'e2fr where 1 <Z'<2 

·and Z' is the effective charge number of the atom core. A Z' between 1 

and 2 results from the partial screening of the He nucleus by the electrons. 

Because both electrons are indistinguishable particles when in their ground 

state, they screen each other equally from the nucleus. Yet the ionization 

energy for the electron first removed will be smaller than that of the 

second electron. The removal of the first electron eliminates the additional 

screening from the electron-electron interaction, and the nucleus is fully 

exposed. So, the second electron experiences a nuclear charge of +2e when 

the atom is in its first ionization state. This information .can be used to 

urtderstand the energy quantization of the bound excited states of the double 

acceptor Be in Ge. 

Each neutral beryllium atom in germanium binds two holes. The 

ground state is locateq 24.5 me V from the valence band edge. Similar to 

the_case of shallow hydrogenic impurities, holes may be optically excited 

from the ground state to bound states which are described by effective mass 

theory. The relative separation of these bound excited states corresponds 

closely to the spacing of the excited states of neutral single acceptors. In 

both cases the optically-accessible bound excited states are of p-like 

character, and the atom cores appear as a point charge (Z'=l) to holes 

located at any of these excited states. The neutral Be atom and the neutral, 

single acceptor are in these respects analogous to the neutral He and neutral 

'H atoms, respectively. 

Singly-ionized beryllium atoms in germanium each bind one hole. 

The ground state is located 58 me V from the valence band edge. The 

spacing of the excited states associated with singly ionized Be atoms is four 

times that associated with neutral group III acceptor. · Bound holes in the 

12 
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iomed Be atoms are exposed to a core potential having a Z' equal to 2 in an 

analogous manner to the valence_ electron in the He+ ion. The factor of 

four arises because the bound state energies are proportional to (Z')2. 

Although Be normally acts as a double acceptor, it can ~ind a third 

holel8 (designated as Be+) under certain conditions in a manner analogous 

to overcharged atomic hydrogen H-. The existence of Be+ centers occurs 

at low tempera~res and requires the presence of excess holes in the valence 

band. Like the Helium atom a Be i111purity would only be able to 

accommodate two holes in its ground state if holes had spin 1/2. But the 

fourfold degeneracy of the valence band top gives holes a pseudo spin of 

3/2, and this permits the ground state to be occupied with up to four holes 

without violation of the Pauli exclusion principle. Photoconductive 

response spectra performed at low temperature18 (<3 K) show that the B~+ 

center has a binding energy of about 4 me V and that it disappears upon the 

application of uniaxial compression. The stress reduces the degeneracy of 

the band edge from fourfold to two twofold split bands. The effe~t of 

stress on the valence band of Ge is discussed in Section 2.8 

2.4 Freeze-out statistics 

Under thermal equilibrium the free carrier density in the bands 

depends on both the likelihood of generating free carriers with t~e 

available thermal energy at a given temperature and the density of states in 

the bands to which these electrons and holes can be promoted. Therefore, 

the concentration of electrons in the conduction band, n, as a function of 

temperature is given by 

13 
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* )3/2 

_ 2mnnkBT ~Ep- Ec) _ N ~Ep- Ec) 
n - 2 ex - cex k .,... · (2.?) 

h k~ · B• 

The pre-exponential term Nc is called the effective density of conduction 

band states and may be interpreted as the density of states at the conduction 

band edge representing the density of states over the whole band. An 

analogous result is obtained for the hole concentration in the valence band, 

p, 

~ 
* )3/2 

_ 2mnpkBT ~Ep- Ec) _ N ~Ev- Ep) p- ex - vex 
~ k~ k~ (2.8) 

where Nv is the effective density of hole states in the valence band. 

A semiconductor whose properties are determined by the host atoms 

and not the impurities is an intrinsic semiconductor. The hole and electron 

concentrations in intrinsic semiconductors are equal. So, the product of 

Equations 2. 7 and 2.8 yields 

(2.9) 

where ni is defined as the intrinsic carrier toncentration and EG is the 

magnitude of the bandgap. Although the hole and electron densities are not 

equal in extrinsic semiconductors, the above equation still applies. This 

relation is known as the "law of mass action." The doping of a 

semiconductor shifts the Penni energy from near the center of the bandgap 

for the intrinsic . case to energies at or close to the level of the impurity. 

When acceptors are introduced, the Fermi energy approaches the valence 

band resulting in a greater concentration of holes than electrons. 

14 



The carrier concentration· In a semiconductor may exhibit both 

intrinsic and· extrinsic behavior depending on the level of doping and the 

temperature range under observation. For example, at room temperature 

the intrinsic carrier concentration of Ge is of the order of 1013 cm-3; 

consequently, a doping level significantly below this concentration will not 

have an impact on the carrier density at room temperature. But ni has an 

exponential dependence with temperature and decreases very rapidly on 

cooling. Because the ionization energy of shallow hydrogenic impurities is 

so small compared to the bandgap, a temperature (below 300 K) is reached 

at which the carrier concentration is mainly generated by the thermal 

ionization of dopants and not by the excitation of electrons across the 

bandgap. This temperature marks the beginning of the extrinsic region 

which is characterized by a constant carrier concentration over a broad 

temperature range. At a sufficiently low temperature, however, there is no 

longer enough thermal energy to fully ionize the. impurity level, and the 

onset of the freeze-out region occurs. 

The change in the hole concentration with temperature for p-type 

semiconductors with monovalent acceptors of l;:>inding energy EA is 

(2.10) 

B is the spin degeneracy factor equal to 4 for the case of a fourfold 

degenerate valence band edge. If the semiconductor has NA acceptors and 

No donors (per cm3) and NA>>No, the ionized impurity concentration, 

NA-, is given by the sum of the hole concentration and the concentration of 

compensated centers: 

15 



NA-=p+No. 

The neutral acceptor concentration is the difference between the total and 

ionized acceptor concentrations: 

NAo= NA-NA- = NA-No--P. 

Thus, the hole concentration may be formulated as 

(2.11) 

The concentration of holes can then be derived from the Equation 2~ 11, 

which is a quadratic equation in p. However, some simplifications lead to 

less complicated approximations for different parts of the freeze-out 

region. 

If all dopants are ionized, the net dopant concentration is NA-No for 

the present case. Consequently, during freeze-out the hole concentration is 

less than NA-No. If No<<p<<NA-No, 

(p+No) (p) == J{ == Nv exj- EA) and p == -~ exj- EA )· 
NA-No-P NA B \ k8T "/ ~ \ 2k8T 

This is known as the half-slope region and is characterized by an Arrhenius 

relation with slope proportional to EA/2. If p<<No, 

Similarly, this is known as the full slope region since the change in the 

natural log of the hole concentration with inverse temperature is 

proportional to EA. 

16 
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The change from half-slope to full slope occurs at p=No. It should 

be noted that the temperature dependence of the effective density of states 
-

was not considered; a plot of ln(pT-3/2) versus 1/f better represents an 

Arrhenius relation. In addition, there may be other factors which affect 

freeze-out statistics (e.g., excited states, ground state splitting, etc.). These 

have been reviewed by Blakemore.19 Figure 2.3 is a theoretical curve 
I 

following the above model for the case of p-type Ge with the specifics 

given in the figure. . .. ·.-

1016 intrinsic region 
~ 

,.-.. ..., 
NA-ND I 

E 
u 1014 ...._, 

= 0 ·--C'j 

""" -= 1012 Q) 
u 
= 0 

N A= lxl015 cm·3 u 
Q) - 10

10 ND = lxlOI2 cm-3 0 :r: 
EA = 11.07 meV 

108 
6=4 

0 50 100 150 200 
1000{f (K.1

) 

Figure 2.3. Theoretical curve for the freeze-out of holes in p-qe. 
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The statistics thus far discussed assumed monovalent impurities but 

the fundamental concepts do apply to divalent centers including Be in 

germanium. To a limited extent the two levels may be treated 

independently-as two different dopants of the same type. However, the 

centers must first be singly .ionized in order for the deeper level to interact 

with either the band or with dopants of the opposite type. . It is also clear 

that the carriers excited from the deeper level freeze-out at higher 

temperatures than carriers resulting from singly ionizing the centers. If 

the minority impurity concentration is equal to or less than the 

concentration of the divalent majority impurities, only the shallower level 

will be compensated. The deeper level will undergo 1/2-slope freeze-out 

statistics. In practice this slope cannot be accurately determined since it 

occurs over a small· range in concentration (i.e., between 2Nmajority

Nrrunority and Nmajoricy-Nminority). 

The Be-doped Ge samples used in this study have a compensation 

ratio, No/NA, of about 0.001. In tum, the freeze-out curve is very similar 

to that of shallow levels clearly showing half-slope and full-slope regions 

for the singly ionized state (with the appropriate impurity ionization 

energy). Ionization of Be- to Be-- occurs at the higher temperatures and is 

not expected to have any significant impact on the physical processes of 

interest in the samples used for this study. 

2.5 Hole mobility in Ge 

When an external electric field E is applied to a semiconductor, the 

charge carriers experience a force given by F=eE. Yet the carriers do not 

accelerate continuously; rather, they undergo collisions with impurities 
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and/or lattice vibrations which cause them to decelerate. This process is 

physically expressed in terms of a mean free path and a scattering time 

(also known as the time between collisions and the relaxation time). Under . . 

low field conditions the velocity of the carriers is proportional to the field 

applied, and the constant of proportionality is the materials parameter 

known as the eiectron (hole) mobility which is typically expressed in units 

ofcm2Ns. 

The three major scattering mechanisms that affect the mobility of 

carriers in a non-degenerately doped semiconductor are 1) phonon or 

lattice scattering, 2) ionized impurity scattering, and 3) neutral impurity 

scattering. The dominance of each mechanism depends on the temperature. 

Lattice scattering in doped Ge is significant above liquid nitrogen 

temperatures (> 77 K) due to the increased density of acoustic phonons. As 

the temperature drops below seventy or eighty degrees Kelvin, scattering 

from ionized impurities becomes the dominant mechanism regulating 

carrier mobility in moderately to highly doped material. It is no surprise 

then that the dopant concentration plays a significant role, for every 

impurity center represents a potential scattering site. As the temperature is 

decreased, carrier freeze-out returns ionized· impurities to their neutral 

state. So, the impact of ionized impurities on mobility should deminish 

with decreasing temperature. Such is the case in semiconductors with very 

low compensation; most impurities become neutral. This leads to the third 

scattering mechanism, that dominated by neutral impurities. Highly 

compensated, doped material, on the other hand, contains a significant 

number of impurities that remain ionized regardless of temperature, and 

neutral impurity scattering is not observed. 
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In order to evaluate the impact· of various scattering mechanisms on 

mobility, it is important to understand how each of these contribute to the 

relaxation time. Once a scattering time has been formulated, the mobility 

of carriers can be estimated: 

1 1 -=I-
1: 't· i 1 

and · J.l = e't 
m* 

( 

where the average overall time between collisions 't is equal to the inverse 

of the sum of the inverse of the relaxation times associated with each of the 

mechanisms. As cari be seen from this sum, the mechanism yielding the 

smallest scattering time is dominant. Because the temperature range of 

interest in this study lies below 15 K, scattering by impurities is of 

particular importance, but a brief summary of phonon scattering is 

presented as well. 

The presence of lattice vibrations in a crystal results in small 

fluctuations in the spacing of atoms. This motion of the atoms leads to 

deviations from the positions they would occupy in a rigid lattice and 
/ 

creates a "coarsening" of the band edges; that is, lattice vibrations manifest 

themselves as small band fluctuations. The charge carriers encounter these 

band ripples and have ~ finite probability of being reflected in an analogous 

manner to an electron encountering a step potential. This reflection can be 

interpreted as a scattering event and leads to a formulation of. mobility20 

that is proportional to m*-512T-312. 

Neutral impurity scattering is a low temperature process because it 

requires a significant fraction of the dopants to be neutral. For Ge this 

mechanism can become dominant below 20 K. In general, it is usually 

difficult to observe neutral impurity scattering. As the free carrier 
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concentration decreases, the material's impedance increases significantly 

making electrical measurements difficult. If carrier scattering were 

dominated by neutral impurities, the carrier mobility would be independent 

of temperature, inversely proportional to the neutral impurity 

concentration, and proportional to the effective mass for shallow 

hydrogenic impurities.l3, 21 

Finally, in the temperature region where the density of phonons, 

(i.e., quanta of lattice vibrations) is low, ionized impurities are the most 

likely scatterers of charge carriers. The interaction between holes 

(electrons) in the valence (conduction) band and ions is analogous to the 

scattering of alpha particles through a thin metal foil first analyzed in detail 

by Rutherford.22 A moving charge approaching a stationary charged 

particle· will be deflected by the Coulomb interaction between the two 

charges. This change in trajectory constitutes a scattering event. In the 

case of a hole in a p-type semiconductor,_ this positive charge carrier 

experiences a repulsive force upon encountering an ionized (compensating) 

donor and an attractive force in the presence of a Coulomb field of an 

ioniz~d acceptor. Regardless of the type of interaction, the main result is 

that the trajectory of the hole changes, and the average time required to 

alter the carrier's forward trajectory by more than 90° defines the 

relaxation time for this mechanism. The geometry and mathematical 

analysis of this physical problem produces a relaxation time approximately 

proportional to T3flm*t!lz-2. Consequently, the mobility is proportional to 

T3flm * -t!lz-2. 
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2.6 Non-radiative capture of holes by acceptors 

A semiconductor material in thermal equilibrium maintains a 

. concentration of electrons, n, and holes, p, which is determined by the 

statistical considerations discussed in Section 2.4. Just as carriers are 

generated in the bands at a particular rate, the inverse must occur. 

Carriers must be removed from the bands 'so as to maintain the 

thermodynamically favored carrier concentrations. In the case of extrinsic 

semiconductors, the carriers may leave the bands via recombination at 

impurity centers. This concept of the rate equality of a process and its 

inverse is known as the principle of detailed balance. 

In the presence of an external excitation such as electromagnetic 

radiation and under steady-state conditions, a new balance between 

generation and recombination rates is established. In this case the sum of 

the thermal and external generation rates must equal the recombination 

rate, 
'·, 

GmiT + GTH = R. 

This simple expression can be rewritten for p-type semiconductors as 

(2.12) 

where gA is the photon absorption rate by the neutral acceptor centers and 

B A is the recombination coefficient defined as the product of the free hole 

thermal velocity and the impurity center capture cross-section, crc. Thus, 

(2.13) 
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. and 'tp is defined as the hole lifetime (or the majority carrier lifetime since 

acceptors are the majority impurities). The hole concentration at low 

temperatures is the product of the external generation rate and the lifetime. 

The lifetime contains terms which are intricately woven into the 

physics involved in the capture of holes by acceptor centers. A hole 

travelling through a crystal at a velocity Vth traverses a volume Avtht in the 

crystal over a time t.23 A is the crystal's cross-sectional area normal to the· 

hole's trajectory, and Vtht is the length of the hole's path. In this volume 

the hole potentially encounters (v1htA)NA- recombination centers. If the 

. hole approaches the center at a distance rc, it is captured. This ev~nt is 

assumed independent of the direction of approach. Therefore, there is an 

effective volume for capture around a recombination center equal to a 

sphere of radius rc. If these spheres were projected onto a plane of area A, 

the fraction of the plane which may involve hole capture events is the sum 

of the cross-sectional areas (Lac) of the recombination centers divided by 

the total cross-sectional area. Consequently, the probability for capture is 

L{crc)i _ NA-{v 1htA}a~ _ N -( ~ 
--- - A vthtJVc 

A A . 
(2.14) 

and the rate of recombination R (the number of carriers captured per unit 

time) is 

(2.15)' / 

which is the same as the expression for recombination rate given by 

Equation 2.12 once the spin degeneracy factor has been taken into account. 
) 
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The major challenge in understanding the physics of carrier capture 

by an impurity is the conceptualization and subsequent quantification of the 

carrier capture cross-section. Yet this was not a new problem when first 

considered for the case of semiconductors. In 1924 J J. Thomson proposed 

a model for recombination in gases.24 An ion can be captured by a 

Coulombic (attractive) center such as an oppositely charged ion if its 

energy is of the order of the thermal energy 3kB T /2. If the ion approaches 

the attractive center within a critical radius rent and undergoes a collision 

with a third body (like a neutral atom), the ion will lose energy, and the 

Coulombic well will trap the ion into a state in which the thermal energy 

available to the ion ( -kB T) is insufficient to cause ion-center dissociation. 

The minimum condition for this is 

Ze2/rcrit = 3kB T /2 (2.16) 

where Z is the charge state of the center. The probability that a capturing 

collision within a sphere of radius rcrit will occur is 4rcrit/3l, where l is the 

ion's mean free path and 4/3 is an averaging factor. The cross-sectional 

· area of the sphere given by 1trcrit2· The product of these two terms defmes 

Thomson's capture cross section, aT = 41t(rcriJ3/3l. 

There .are several mechanisms by which a hole that has been excited 

to the valence band can be captured and return to the acceptor ground state. 

The charge carrier may lose energy through a collision with another 

charge carrier (Auger process), the emission of a photon, the emission of 

phonons, or a combination of these processes. In his well known paper 

Melvin Lax25 first proposed that impurity centers exhibiting large capture 

cross sections ( = 1 G-14 cm2) in Si and Ge trap charge carriers by a phonon 

cascade mechanism based on Thomson's model. For carriers with an 

equilibrium thermal distribution, the cross section a is given by 
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= f E0cr(Eo)ex+~)dEo 

f Eo ex+ k:;) dEo 
(2.17) 

where Eo the carrier energy and the cr(Eo) is the cross-sectional term that is 

formulated based upon the appropriate capture mechanism. The latter can 

be formulated without losing any generality by an impact parameter 

calculation, 

cr(Eo) = J 21th Pc(Eo,b)db 

. where b is known as the impact parameter. Pc(Eo, b) is the probability that 

a collision leading to capture will occur along an orbit that begins with an 

impact parameter b and a particle energy Eo. 

The general equations above can be specified for the case of cascade 

capture of holes by· emission of acoustic phonons (which occurs at 

sufficiently low temperatures) in the following manner. A hole with 

kinetic energy Eo approaches an attractive Coulombic center. The hole is a 

distance b away from an imaginary line that is drawn through the capture 

center and parallel to the hole's path at a point where the energy due to 

center's Coulomb field is lower than the available thermal energy. At a 

time t the hole is at a distance r from the center and, under the influence of 

the Coulomb potential, is accelerated to a kinetic energy 
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E(t) = E 0 - V[r(t)] = E 0 + Ze 
· EoErr(t) 

(2.18) 

but still with a total energy of Eo. In order for a hole to be captured into a 

state of binding energy U, it must emit a phonon of energy Eo+U. This 

requires the kinetic energy E to be greater than an energy Em= 

ms2/2[1+(~o+U)/(2ms2)]2 where s is the speed of sound in the material. 

The hole will achieve a kinetic energy of Em by approaching the attractive 

center at a distance ro such that 

Therefore, 

2 2 
16Ze ms ro=------

2 
2toEr(Eo+U) 

(2.19) 

(2.20) 

indicates the radius of the orbit necessary for capture into a state of binding 

energy U. In the crude approximation that the binding energies of greatest 

relevance are of the order of ks T (as assumed by Lax) and that the initial 

energy for a hole that is likely to be captured is also of the order of ks T, 

then 

and 

cr(Eo) = J 27tb db • ~ 0 

2r 0 cr = 1t b0 -
/ 

26 



where bo is given by ro(E/Eo)I/2, and I is the hole mean free path. This 
\ 

order of magnitude approximation is similar to Thomson's result but for a 

factor of E/Eo. This factor indicates that the particle's initial energy (and 

not just the particle's energy at the time of capture) plays a role in the 

formulation of the capture cross section. In the limit of kBT>>ms2, 

(2.21) 

The reader is referred .to the original article25 for the rigorous derivation 

of the capture cross-section from the Lax model. Nevertheless, this 

approximation reveals the functional dependence of T~4 (since I is 

proportional to m*-2T-1) of the cross-section given by Lax. The validfty of 

the model has been evaluated at least in part by the comparison of the 

temperature dependence of the measured cross sections with the model. 

Even the rigorous formulation set forth by Lax requires some 

fundamental assumptions. First, capture occurs largely at high bound 

excited states (having large Bohr radii) associated with the center. 

Consequently, the motion of the particle can be treated classically, and the 

energy levels are sufficiently close that they may be treated as a continuum 

of states. Second, the probability for capture, or sticking probability, is 

independent of the particle's angular momentum. Third, like Thomson, 

Lax assumed that only one collision is required for capture. This is the 

first of a two step process. The second step involves the particle transiting 

over the energy states and the sticking . probability determining the 

likelihood that the hole will eventually reach the ground state. For the case 

of states of binding energy equal to ks T, the sticking probability is close to 

27 



one. Also, Lax assumed in his model that the time required for the particle 

to diffuse through the states subsequent to the initial collision is small 

within the time scale of the obsetved photoconductive decay time (=carrier 

lifetime) regardless of whether the final result is capture to the ground 

state or re-emission into the band. 

Revisions have been made to this model,26-29 the major one. having 

been proposed by Abakumov et al.28,29 The Leningrad group proposed 

that particles of energy -ms2 and not kB T were involved in the captUre into 

states of binding energies of the· order of ms2 (and not kB T). Thus, Lax 

underestimated the value of the sticking probability at binding energies of 

the order of ms2. In addition, the particles lose energy continuously (for 

the case kBT>>ms2) through the zero energy point (where bound states are 

of negative and band states are of positive energies). This yields a new 

expression for the capture cross section whose functional dependence on 

temperature is different in the energy range kBT>>ms2 and kBT<<ms2: 

2 
kBT << ms 

These may be c~mbined into an interpolation equation: 

0 
= 41t 2ms Ze Ze ' ( 2) ( 2 ) ( 2 )

2 

31 kBT EoEr kaT EoEr(kaT + 2.74 ms 2) 

28 

(2.22a) 

(2.22b) 

(2.22c) 
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These equations show that the capture cross section is proportional to T-3 

for ks T>>ms2 and T-1 for ks T <<ms2. 

In addition to the modifications by Abakumov et al., attempts have 

been made to incorporate the quantum mechanical nature of bound excited 

states of hydrogenic impurities to the formulation of the capture cross 
. . 

section in n-type Si and Ge.30-32 ·The authors considered only the role of 

the six lowest, s-type, bound excited states on the capture process. In their 

analysis the total cross section is given appropriately by 

where P0 is the sticking probability and crc is the cross section for the 

bound excited state of quantum number n. Below 10 K this quantum 

mechanical treatment provides an adequate temperature dependence but 

fails to give correct-order-of-magnitude values. A variety of efforts to fit 

the cascade model to the experimental values has achieved a varying degree 

of success. Recent results from Darken et al.33 suggest that capture does 

not occur via a cascade process. A definitive presentation regarding the 

details of the mechanism for carrier capture by "giant traps" has yet to be 

presented. 

2.7 Hall effect and photo-Hall effect 

Several methods exist for determining the carrier lifetime m a 

material.34,35 The method chosen for this study was the photo-Hall effect 

measurement technique. The two concepts which form the basis for this 

method are the Hall effect36 and carrier statistics in the presence of an 

external generation source. The latter has already been described in 
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Sections 2.4 and 2.6. This section briefly reviews the basics of Hall effect. 

More elaborate presentations on the subject may be found elsewhere.37 

In the presence of a magnetic field B, a moving charge experiences a 

Lorentz force FL defined by 

(2.23) 

where v is the velocity of a carrier of charge q. In 1879 E.H. Hall36 

observed that a metal strip carrying an electrical current lx and placed in a 

magnetic field Bz normal to the current direction exhibited a voltage V H 

perpendicular to both lx and Bz. This is the Hall effect, and V H is known 

as the Hall voltage. The Hall effect is . a direct manifestation of the 

productio:II 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 1n metals but also in other materials including 

semiconductors. 

Figure 2.4 shows a bar of material which for this discussion is taken 
·, 

to be an extrinsic semiconductor. 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 +z 

direction, the carriers will be deflected in the -y direction by a Lorentz 

force of magnitude FL = 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 direction which prevents 

further accumulation ·of carriers. So, the Lorentz force is balanced by a 
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field induced force FE equal to qEH. In a homogeneous material under a 

uniform magnetic field, EH = VHfw. Thus, 

and 

(2.24) 

where RH is the Hall coefficient. Because lx, Bz, t and VH can usually be 

determined experimentally, the Hall coefficient is readily computed. 

z 

X 

y 

Figure 2.4. Schematic arrangement of a Hall measurement. 
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The final result above (Eq. 2.24) ·elucidates the two features that 

make the Hall effect important for semiconductor characterization. The 
-· .. 

knowledge of the value of the Hall coefficient provides at once the majority 

carrier concentration and carrier type in a material. If RH is negative, q=

e which means that electrons are the majority charge carriers; if q=e, then 

R H is positive and the material is p-type. The majority carrier 

concentration is determined from the magnitude of the Hall coefficient 

(n=l/RHq); consequently, the measurement of the Hall coefficient as a 

function of temperature yields a profile of concentration versus 

temperature that generally obeys the freeze-out statistics covered in Section 

2.4. · The temperature dependent Hall measurements can allow for the 

determination of the majority and minority impurity concentrations and 

may provide information about the ionization energy of the majority 

impurity level. 

It is found in practice that RH-1 is not exactly equal to the product of 

the charge and the carrier concentration. In general, RH=rH/qil where rH is 

called the Hall factor which is .a function of the relaxation time 't (defined 

in Sec. 2.5). Values for the Hall factor range from 1 to 2 and depend on 

the dominant carrier scattering mechanism(s). However, at high magnetic 

fields rH approaches unity. ·It has been shown38 that for p-type Ge at low 

temperatures, a magnetic field of 1 kG is sufficient to meet the condition 

J..LB> 1 (J..L is the carrier mobility in m2N s and B is in units of Tesla) 

reducing rH to approximately 1. 

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 
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dominates. In this case one may refer to the discussion regarding the 

influence of extemal."generation sources on the carrier concentration and 

arrive at the relation 

-1 
RH = qn = qGEXTtn • 

Thus, the determination of the Hall coefficient in conjunction with the 

knowledge of the external (optical) generation rate yields the majority 

cairier lifetime (assuming that the photons are of sufficient energy to 

ionize impurities and not to produce electron-hole pairs due to band to 

band excitation). 

2.8 Effe.cts of uniaxial stress 

The application of uniaxial stress to Ge has the effect of changing the 

character of the energy bands,39.40 thus altering both the electrical 

properties of charge carriers· and spectroscopic features of impurities in the 

material. When Ge is compressed along one. of its principal · . 
crytallographic directions, the fourfold degeneracy of the valence band 

edge is broken leaving two, doubly degenerate split bands (along with the 

split off band which remains doubly degenerate below them). In the 

absence of stress, the valence band edge transforms according t<> the r s + 

irreducible representation of the Oh point group. Compression along a 

<100> direction reduces the crystal symmetry to D4h and splits the rs+ 

' representation to the r 6 + and r 7 + irreducible representations of the group 

D4h.40,41 Similar group theoretical arguments have been provided for the 

splitting of bound states of hydrogenic acceptors. 40-42 The actual energy 
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shifts and splittings have been determined both experimentally9.16.42.43 and 

theoretically .39. 42. 44.45 

The. motion of the r 6 + and r 7 + bands with respect to the unstressed 

valence band edge differs. Under compression the f7+ or "heavy hole" 

band shifts into the bandgap while the "light hole" band moves in the 

opposite direction on the energy scale. Similar behavior occurs with the 

ground state split levels of acceptors. In the unstressed condition the 

impurity ground state transforms as the r s irreducible representation of 

the Td point group. Uniaxial stress splits the ground state into the r1 and 
\ r 6 irreducible represeiitions of the D2d point group, and their motion in 

energy space with stress is analogous to that of the valence band edge. To 

first order the rate at which the "heavy hole'' band shifts with respect to 

uniaxial pressure is larger than that of the acceptor ground state. Thus, the 

ionization energy of the acceptor center decreases with increasing stress 

and may be reduced by as much as 5 me V from its unstressed value.43 

In addition to these energy changes, the motion as well as the density 

of states of carriers in the bands is significantly altered with stress. This is . 
reflected in the different values of the effective masses. When a large 

compression is applied along one of the < 1 00> directions the nearly 

spheroidal constant energy surfaces of the valence band become ellipsoidal 

with the longitudinal effective mass achieving a smaller. value than that of 

the transverse mass (oblate ellipsoids).39.40 If the stress is of the tensile 

kind, the ellipsoid is prolate in shape; that is, the curvature of the band in 

the direction of stress is lower than that in an equivalent crystallographic 

direction which is normal to the stress. The effective mass is then given by 

m* = (mum.L2)II3, 
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and the motion of carriers becomes anisotropic. The density of states 

which exhibits an effective mass dependence changes as well. 

The piezoresistance of Ge was first reported by Smith.46 This 

provided evidence that the application of uniaxial stress to this 

semiconductor altered the electrical properties of the material. The use of 

cyclotron resonance and the quantum mechanical analysis of the deformed 

energy bands47-49 provided a fundamental physical basis, for such 

piezoresistive behavior .. Finally, in 1960 J. J. Hall9 performed Hall effect 

measurements on uniaxially stressed, p-type Ge and showed that both the 

mobility of holes is anisotropic and the ionization energy of the hydrogenic 

acceptor centers (AI and In) decreases with increasing compressive stress. 

Samples under [100]-oriented stress and whose measurements were 

perfomed with the ,electrical current flowing in the stress direction 

exhibited an increase in the Hall mobility of a factor of two from the 

unstressed condition. 

,J 
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3. Experimental 

3.1 Hall awaraws and measurement 

Only three pieces of equipment are needed to perform a Hall effect 

measurement: a) a volt meter, b) a current source, and c) a ~gnet; Fig. 

3.1 is 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 coldfmger requires the use of 

a multimeter . in order to read the resistance of a calibrated temperature 

sensing resistor. 

Samples were mounted to a coldfmger attached to a Lakeshore CT-

310 continuous flow cryostat (Fig. 3.2). 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, and sub-liquid He temperature$ 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. 

When samples in the van der Pauw configurationso were used, the 

determination of the Hall coefficient and the resistivity involved sixteen 

measurements, eight for .each parameter. Although ideally only two 

measurements are required for each, eight were performed in order to 

minimize the effects of any voltage offsets (e.g. offsets at the contacts) and 

magnetoresistive effects in the case where a magnetic field was· necessary. 

Because uniaxial stress induces anisot.::opic effects in the electrical 
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Figure 3.1. Schematic of Hall effect apparatus. 
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Figure 3.2. Schematic of Lake Shore CT-310 continuous flow cryostat 
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properties of most crystalline materials, a ·modified bar configuration was 

used for all stressed sami?les as shown in Figure 3.3. Current was passed 

through contacts 1 and 3 in either 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 (V resist=O. 5 V 241113 . . 

+0.5V 241l31). This resistance was converted to a resistivity by taking into 

account a geometric factor determined by obtaining the actual resistivity of 

samples configured iii the van der Pauw geometry. This geometric factor 

may be calculated at one temperature and applied to other temperatures. 

1 

2 

4 

3 

1mm 

Figure 3.3. Sample configuration for- dark- and photo-Hall measurements. 

39 



The Hall coefficients for the modified bar samples involved four 

rather than two measurements. The same arrangement as the one just 

describe was utilized with the additional requirement of a magnetic field. 

The magnet was set at a magnetic induction of 3 kGauss. Two 

~easurements 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 field direction, one obtained the Hall voltage 

from the voltage measurements between contact 2 and 4: · 

+ -
y _ V resist - V resist 

H- 2 ' 

where the "+". and "-" superscripts indicate the orientation of the field 

along the z axis (Fig. 2.4 ). The only sample dimension that was necessary 

to obtain the carrier concentration is the distance between the two 

contactless surfaces (equivalent to the dimension tin Figure 2.4). 

3.2 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 (=lxlx5 mm3), 

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 
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stresses of up to 6 kbars (60 kglmm2), b) thermal conductivity to minimize 

thermal time constants and c) non-magnetic behavior so as to not affect the 

Hall measurement. 

A schematic of the stressing coldfmger is provided in Fig. 3.4. Its 

design was based on the stressing devices used successfully for low 

temperature, far-infrared photoconductor applications.Sl 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 brass, 

hemispherical, optical cavity, g) one cavity as· described in f) and \l{ith a 

blackbody emitter within it, and h) one brass attachment used to connect 

the coldfinger to the Lakeshore cryostat. In addition, stress was applied via 

phosphor-bronze, leaf springs of various thicknesses. 

3.2.1 Temperature sensing resistor 

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 pressure. Measurements 

below 4.2 Kelvin were made by evacuating the liquid He space thus 
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Figure 3:4. Drawing of the stressing coldfinger. All labeled components 
are identified in the text. 

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.52 The data in the present case 

were fit with a fourth order polynomial y = A+Bx+Cx4Dx3+Ex4, where x 
I 
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is the natural logarithm of resistance (in units of.ohms) andy is 1000{f (in 

units of K -1 ). The values for the constants are given in the table below. 

Constant Value 

A 5169.19 

B -2237.89 

c 349.817 

D -23.5618 

E 0.601 

Table 3.1. Constants of the fourth order polynomial used to fit the 
resistance-temperature characteristics of a 1 k!l, Allen-Bradley resistor. 

Figure 3.5 is a plot of y versus x. The resistance of the 1 k!l 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 mounted with stycast to a small copper plate such 

that only the Jeads were exposed in order to minimize the effects of 

humidity and provide greater structural integrity. The small copper plate 

was then mounted directly to the coldfinger. 

3.2.2 The blackbody emitter and other optical considerations 

A knowledge of the carrier generation rate is essential 'to the 

determination of the carrier lifetime by the photo-Hall technique. To this 

end the optical aspects of the stressing coldfinger were designed with two 
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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 J.Uil), 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. 

1000 

---100 
~ 

C: 
0 
0 
0 

- 10 

1 
5 

0 

7 9 11 13 15 
In [R (ohm)] 

Figure 3.5. Fitting, of temperature-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). 
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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 3.4 ). 

Two hemisphere-like cavities were machined from brass and their interiors 

were sputtered with gold.0 The emit~er is constructed from a -1 ill NiCr . 

square chip one milimeter on the side. The leads are made of 25.4 Jlffi 

brass and are attached to the chip. via silver epoxy. Once the leads were 
? 

attached, the chip was painted with· sty cast 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 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. A~ 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 J.lm) ·the emitter behaved as a blackbody so 

This distribution of the photons radiated followed a Planck distribution 

which is only depends on the blackbody's temperature and for a .1.4 mm 

diameter sphere is given by 
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(photons/m -s) 

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

very 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 of one. To a first approximation all photons incident on the 

sample that can be absorbed will be absorbed. Once steady state is 

reached, carriers are generated at a rate similar to that with which the 

photons are emitted by the blackbody. This approximation implies that the 

~ime required for the absorption of photons (including photons that are 

initially reflected by the sample surface) is small compared to the lifetime 

of the photoexcited holes. 

The approximation of a quantum efficiency of one can be improved 

by accounting for the fraction of photons that is absorbed by surfaces 

within the cavity other than the sample surfaces.st In this case the fraction 

of photons absorbed by the sample is , 
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i 

where Ai is the area of an absorbing suiface within the cavity, and <Xi is the 

corresponding absorptivity which depends on the photon energy. This 

quantity is difficult to calculate due to the limited data available regarding 

the absorptivities (<Xsamples 's) of Ge:Ga and Ge:Be as a function of photon 

energy. However, it is important for the reader to know that absorption by 

other surfaces may have reduced ihe photon absorption rate of the samples 

by as much as a factor of 2 in Ge:Be (728-8.7) and a factor of 8 in Ge:Ga 

(783-4.4). The lifetimes presented in Chapter 4 have been calculated with 

the assumption of a quantum efficiency of one; in this way the reported 

lifetimes provide a limit as to how small these values actually are, i.e., the 

actual lifetimes are equal to or greater than the calculated lifetimes. 

3.2.3 Aspects of the stressing configuration 

Beyond having an optical cavity and a built-in emitter, the main 

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. 3.4 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 the sample via the stainless steel piston. The 

mechanical an~lysis for the calculation of the stress applied is provided in 

Appendix A. 

Although the actual stress on the sample does change due to the 

differences in the thermal expansion of the materials used (including 
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stainless steel, brass, phosphor bronze, and the Ge sample), the stress is not 

expected to change very much in the narrow low temperature range in 

which the photo-Hall measurements are taken. In addition, as in the case of 

the· stressed detectors, the leaf spring· design should compensate for having 
I . 

a device constructed of materials with a variety of thermal expansion 

coefficients. A quantitative determination of this effect was not performed, 

but it was observed that at 15 K the change in the· sample resistance 

between the fully unstressed case and that in which the piston was placed 

just in contact with the sample was slightly lowered. This suggests that the 

stress on the sample increased slightly when the coldfinger was cooled 

from 300 K to 15 K. 

3.3 Materials selection and preparation 

Samples were produced from two Ga-doped Ge bulk crystals (773 

and 783) and one Be-doped Ge bulk crystal (728). Approximately one 

millimeter thick slices were cut at a distance of 6.8 mm, 4.4 mm and 8.7 

mm from the seed end of 773, 783 and 728, respectively. Samples are thus 

designated 773-6.8, 783-4.4, and 728-8.7. The sample configuration is 

depicted in Figure 3.3. The bars are 5 mm in length and have a 1xl mm2 

cross section. All the surfaces of the samples are oriented in <100> 

directions. In addition, 728-8.7 was annealed at 700 oc for 1 hour in a 

KCN soak prior to processing for electrical contacts. The anneal removes 

Be-H complexes, which form shallow levels in Ge, and the KCN (10 wt.% 

in water) soak prevents copper from diffusing into the wafer during the 

annealing period. 
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Electrical contacts consist of a layer with two B-implants (25 

keV/1x1014 cm-2 and 50 keV/2x1014 cm-2) and subsequent metallization . 

. After the implantation procedure 20 nm of Pd and 800 nm of Au (in this 

sequence) were Ar sputtered on the implanted surfaces of the wafers. The 

slices were then annealed at 300 oc for 1 hour under Ar flow. This heat 

treatment removes implantation damage, activates the B implant (although. 

up to 50% of the B may be electrically active as implanted in Ge, and 

reduces stresses at the heterointerfaces. At this point 1x1x5 mm3 samples 

were diced from the wafers producing four bare and two fully metallized 

surfaces. All bare surfaces were then lapped in a water-alumina or water

SiC slurry (~1900 grit). Three narrow lines (each about a half millimeter 

wide) of picene wax were painted on each of the metallized surfaces at 

locations designated for electrical contacts. Excess metal was then removed 

via a KBr etch (-1 minute), and the exposed implanted layer was removed 

with a 3:1 HN03:HF etch for 25 seconds. This final etching step also 

removes lapping damage from all exposed surfaces. The picene wax was 

removed with a TCA rinse followed by a final methanol rinse. 

Four of the six contacts are necessary for making Hall 

measurements. The middle contact on either surface must be used. The 

otl!er two may be configured in any manner so long as it is possible to 

inject current along the sample's length through the contacts chosen. 

Usually three copper wires (insulated) were connected on one side, and a 

fourth wire was connected to the middle contact on the other side. Wires 

were fixed to the metal pads with silver epoxy (cured at 125 oc for 1 

hour). 
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3.4 Sample mounting 

Samples were mounted with four objectives in mind: a) electrical 

insulation from the coldfinger, b) alignment with the piston, c) alignment 

with respect of the magnetic field, and d) effective heat-sinking. Samples 

were electrically insulated from the coldfinger with thin pieces of mica 

(-25 Jlill) placed at each of the lxl mm2 bare surface. Proper alignment 

with the piston was achieved by the use of a medium which served to 

compensate for any misalignment in the system (e.g. non-parallel 1Santple 

surfaces, misaligned piston, etc.)~ Small pads cut out from an IBM 

computer card were used for_ most measurements. Some measurements on 

sample 728-8.7 were made with thin indium pads. 

As can be . noted from the Hall effect arrangement for the bar 

configuration, the 1 x5 mm2 contactless surfaces of the bar samples must be 

normal to the direction of the magnetic field. In order to accomplish this, 

the large faces of the coldfinger were chosen as a reference. Samples were 

aligned with respect to the coldfinger in this manner, and the coldfinger 

was then mounted onto the cryostat such that its faces (and therefore the 

contactless sample surfaces) were aligned normal to the field direction . 

(Fig. 3.6). Finally, effective heat sinking was achieved with the use of GE 

varnish. The sample, the mica and the aligning pads were attached to the 

piston and the set screw via GE varnish. The varnish bridged the sample to 

the coldfinger reducing the reliance of heat sinking through the mica and 

pads. Miller-Stephenson 907 epoxy was also used as a heat sinking 

medium. Although more effective, the epoxy has a major drawback in that 

samples become fixed to the coldfinger beyond the point of their non-
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destructive removal. Sample mounting has become a continuously evolving 

aspect of this experiment. 
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Figure 3.6. Schematic example of a mounted sample. 
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4. Results and discussion 

4.1 Calibration results 

As mentioned in the introduction of this thesis, the work has been 

performed with two principal objectives in mind. The first objective has 

been to show that the photo-Hall technique can· be used to measu~ the 

earner lifetime in uniaxially stressed material. Chapter 3 describes the 

experimental methods allowing for the estimation of two of the parameters 

that most influence the success of this effort: the photon absorption rate 
{ 

and the stress applied. The best way to assess the degree of success 

achieved with these methods is to .review the results of Hall and photo-Hall 
i 

measurements. 

4.1.1 Photon absorption rate at 77 K and 99 K 

Figure 4.1 is a plot of hole concentration for sample 783-4.4 as a 

function of temperature in the range where photon generation dominates. 

The data points above a concentration of 2x109 cm-3 correspond to 

photoexcitation by a 99 K source while the values below were recorded in 

the presence of a 77 K emitt~r. Because it is assumed that the spectral 

distribution of the emitter is that of a blackbody, the temperature 

determines the photon emission rate of the emitter. But not all photons 

incident on the sample are absorb_ed by the impurity centers in the material. 

Figure 4.2 shows the spectral response of Ge:Ga material in the 

energy range where Ga impurities absorb photons. As photons are 

absorbed, the resistance of the sample decreases and is measured as the 

response of the material. One can see that photons of wavelengths between 
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Figure 4.1. Concentration of photoexcited holes in sample 783-4.4. Two 
emitter temperatures were used in this case. 
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30 and 130 micrometers are absorbed. With this information it is possible 

to calculate the fraction of the blackbody spectrum that can be absorbed by 

the sample. Because the sample is in the cavity along with the emitter, the 

simplifying assumption is made that all photons emitted by the blackbody in 

the range of 30 J.Ull to 130 Jlm are absorbed (Figure 4.3). 

Numerical integration of the Planck blackbody distribution provides 

a quantitative result for the photon emission rate, which has been assumed 

to be equal to the rate of photon absorption by the sample. Therefore, for 
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Figure 4.3. Blackbody spectra at 77 K, 99 K and 122 K. The bold sections 
of the 77 K and 99 K spectra indicate the wavelengths of the photons that 
are absorbed by holes bound to Ga dopants in Ge:Ga. A larger number of 
photons is emitted by the 99 K blackbody. This produces a higher 
concentration of holes (Fig. 4.1). 
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the 77 K emitter the photon absorption rate is about 3.0x1Ql5 photons/sec. 

In the case of the 99 K source the rate is approximately 6.4x1Ql5 

photons/sec. Since the hole concentration measurements were performed 

on the same material, the ratio of the hole. concentrations should equal that 

· of ,the photon absorption rates in the low injection limit where the carrier 

lifetime is independent of photon flux. At 4 K the hole concentrations are 

2.5x109 em -3 and 1.4x1Q9 cm-3 for the emitter temperatures of 99 K and 

77 K, respectively. Thus, the ratio of hole concentrations is 1.8, and the 

ratio of emission rates (and absorption rates for the assumptions made) is 

2.1. 

The implication of this result is that not all photons are absorbed. It 

is possible that a fraction of the shorter wavelength light is not absorbed 

because the ionization cross sections of Ga impurities at these wavelengths 

are small enough such that these photons may be absorbed elsewhere. So 

when the tem,perature of the emitter is changed and the peak of the 

blackbody distribution is shifted, the fraction of higher energy photons 

which may not be absorbed does not scale with the overall change in 

photon ~mission of the source (Fig. 4.3). Finally, this analysis provides no 

information regarding the absolute intensity of the emitter. That is, the 

validity of the assumption that. the source is a perfect blackbody has not 

been tested. 

4.1.2 Stress calibration 

Appendix A provides a means of calculating the stress on the sample 

by mechanical analysis. The two variables which determine the stress 

being applied are the leaf-spring configuration and the degree to which the 

#4-40 screw has been turned to deflect the leaf spring(s). The latter 
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variable was eliminated by always turning the screw 1/4 of a revolution. 

This is experimentally practical, for it facilitates the reproduction of 

measurements. Thus, the leaf-spring configuration is the determining 

factor. 

The load applied to the sample is proportional to the product of the 

width w and the cube of the height t of the leaf spring. If more than one 

leaf spring is used, the . total load is the sum of the load caused by each of 

the springs. The four arrangements used resulted in the following values 

of stress: 0.3 kbar, 1.7 kbar, 3.5 kbar, and 6.3 kbar. These calculated 

values can be compared to the actual stress applied by analysis of the 

binding energy of the acceptors associated with each state of stress. In his 

study of the strain dependence of binding energies of In- and Al-doped Ge, 

J.J. Hall9 provides an analytical formula describing the binding energies, 

W, as a function of strain, e: 

W = Woo+Wt/E +W2fe2 (4.1) 

where Woo, Wt, and W2 are constants g1ven by 4.75+0.15 meV, 

(11.2+1.5)x10~3 meV, and (-8.8+3.0)x10-6 meV, respectively, for the case 

of Ge:Al and compression in the [ 1 00] direction. These constants were 

determined from Hall effect measurements. Because the binding energy of 

Al (10.90 meV) is close to that of Ga (11.07 meV), this expression was 

used to compare the values for stress calculated following the method in 

Appendix A with the measured binding energies obtained from Hall 

measurements performed in this study. These results are discussed in the 

following section. 
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4.2 Experimental results in the Ge:Ga system 

4.2.1 Freeze out statistics where thermal generation dominates 

Standard Hall effect measurements provide basic information 

concerning the majority and minority impurity concentrations in the 

samples. These are provided in Table 4.2. 

Sample I.D. Nmaiority (em -3) Nminority (cm,-3) 

773-6.8 . 1.4x1Q14 1.4x1Q12 

783-4.4 l.Ox1Q14 5x1Q12 

728-8.7 1.2x1Q15 2.4x1Q12 

Table 4.2. Impurity concentrations for the samples tested. 

' These values were obtained by fitting the Hall data with the semiconductor 

statistics discussed in Chapter 2. It should be noted that the actual statistics 

involved in carrier freeze-out of double acceptors is somewhat more 

complicated than the simple expressions governing simple impurity centers. 

For samples under stress, Hall measurements yield information 

regarding the binding energy of the acceptors. Given the information in 

Table 4.2, the binding energies of Ga centers in 783-4.4 are 6.7 meV and 

7.3 me V at the calculated compressions of 6.3 kbar and 3.5 kbar, 

respectively. The binding energies corresponding to 6.3 kbar and 3.5 kbar 

are 6.4 meV and 7.3 meV, respectively, when computed from Equation 4.1 

(given a Young's modulus of 1.06x103 kbar). It should be noted that 

subsequent to the Hall measurements of 783-4.4 performed at 3.5 kbar and 
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6.3 kbar, a run of the same sample was made for a calculated stress of 1.7 

kbar, and the results matched the data taken a 3.5 kbar. 

In addition to the impurity concentrations listed above, it was 

necessary to account for the effect of stress on the effective density of states 1 

of the valence band in the fitting of the freeze out curves. This was 

achieved by changing B from 4 to 2 since the band edge goes from having a 

spin degeneracy factor of four to two and by exchanging the density of 

states· effective mass from 0.37me to 0.082me when going from the 

unstressed to the stressed condition. This new effective mass--which is 

equal to the cube root of the product of the longitudinal mass and the 

square of the transvers~ effective inass--is that of the deformed "heavy" 

hole band)9,40 

Figure 4.4 elucidates many of the points just discussed. Freeze-out 
' 

curves of 783-4.4 are shown for the two states of stress described above 

(6.3 kbar and 3.5 kbar) and for an unstressed sample with data taken using 

the van der Pauw configuration. The solid lines matching the data sets are 

the theoretical fits, each. with the appropriate effective mass and spin 

degeneracy fact?r. The dashed line that does not match any data set is the 

theoretical curve for an unstressed sample having impurity concentrations 

equal to those in 783-4.4 but with an impurity binding energy of 6.7 meV, 

(i.e., like that of the 6.3 kbar measurement). 

4.2.2 Carrier lifetime 

The change in the hole concentration between stressed and unstressed 

states in the temperature range of optical generation dominance reflects a 

change in the carrier generation rate and lifetime (Fig. 4.5). The hole 

generation rate is equal to the product of the photon absorption rate and the 
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Figure 4.4. Freeze-out curves for sample 783-4.4 for three states of stress: 
unstressed (filled squares), 3.5 kbar (filled circles), and 6.3 kbar (clear 
circles). The lines are theoretical fits which were obtained as described in 
the text. 

sample volume (5x1Q-3 cm3 in the present case) if photon absorption occurs 

uniformly throughout the sample. If a 77 K blackbody is considered, the 

hole generation rate in a Ga-doped Ge sample is 6x1017 cm-3s-I . For the 

samples under stress, the photon absorption rate changes because the 

impurity centers can absorb photons of lower energy. The extra photons 

are associated with the tail of the Planck distribution (i.e., long 

wavelengths) and consequently ate relatively few in number. The resulting 

absorption rate increases by about 10% to 3.3x1Q15 photons/sec which 

translates into a carrier generation rate of 6.6x1QI7 cm-3s-I. The resulting 

calculated lifetimes at 4 K for 783-4.4 are given in Table 4.3. In the high 

stress limit the calculated lifetime increases by a factor of 10. 
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Figure 4.5. Hole concentrations in sample 783-4.4 under three states of 
stress: 6.3 kbar (circles), 3.5 kbar (squares), and unstressed (triangles). 
The filled symbols refer to dark Hall and clear symbols to photo-Hall 
measurements. The cross legend ( +) denotes photo-Hall data for unstressed 
773-6.8. In the nearly flat regions below 5 K (1000!f=200), holes were 
generated optically, and the temperature dependence of the hole lifetime is 
that of the hole concentration. 

Stress (kbar) Generation (cm-3s-1) . Lifetime (s) 

0 6.0x1017 2.3xl0-9 

3.5 6.6xl017 1.4xl0-8 

6.3 6.6xl017 2.2x10-8 

Table 4.3. Calculated lifetimes for sample 783-4.4 at 4 K for the three 
states of stress indicated in the first column. 
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Because lifetime is inversely proportional.to the concentration. of 

capture centers, the lifetimes listed in Table 4.3 are specific to the sample. 

For the temperatures at which the photo-Hall measurements were 

performed, . the concentration of capture centers corresponds to the 

minority impurity concentration. Thus, Fig. 4.5 shows that the hole 

concentration in the region of optical· generation is higher for 773-6.8 than 

for 783-4.4 approximately by a factor corresponding to the ratio of the 

inve~es of the minority impurities (-3). Because both measurements are 

for Ga-doped, unstressed. samples in the presence of a 77 K blackbody, the 

difference in the hole concentrations "gives directly the change in the 

lifetimes. 

Kaufman et al.54 have performed lifetime measurements in p-Ge 

(with shallow acceptors) by the generation-recombination noise technique 

revealing a power law dependence of Tn where n is between ~.4 .and 3. 

This is in good agreement with the model for the capture cross section 

proposed by Abakumov et · al. in which the capture cross section is 

proportional to T-3 (assuming the mean velocity is proportional to T112). 

Clearly the data for 783 and 773 (Ga-doped crystals) do not exhibit such a 

strong temperature dependence. Because the temperature range over 

which hole lifetimes were extracted is so small, a dependence could not be 

determined precisely. However, to first order the hole concentrations (and 

therefore the lifetimes) are proportional to Tn where n=1.0±0.3. 

1 The discrepancy between these results and the data of·Kaufman et al. 

IS at t~?-e present time not well understood. · One possibility is that a 

significant fraction of the optically generated carriers is "hot"; that is, the 
I ' 

holes which have been excited to the valence band by the blackbody 

radiation behave as if having a mean energy higher than that which would 
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correspond with a normal thermal distribution of carriers at the lattice 

(sample) temperature. Even as the lattice is cooled, the energy of the holes 

need not be correspondingly reduced, i.e., the holes may be considered 

thermally decoupled from the lattice. Carriers can become h?t with the 

application of high electric fields. But higher energy carriers can also be 

produced when high energy photons are used in the excitation process. 

Kaufman et al. provide evidence indicating that photons of energies smaller 

than 25 me V will not produce hot carriers in Ge doped with shallow 

impurities having minority impur;ity concentrations comparable to those of 

773-6.8 and 783-4.4. If the lifetime of the holes is of the order of the 

mean time between energy relaxation events (usually meaning relaxation, 

time for lattice scattering events), the holes will not thermalize prior to 

being captured. In addition, other effects such as free carrier absorption 

may prevent the holes in the valence band from achieving a thermal 

distribution. Measu-rements in which greater than 25 me V photons were 

partially filtered have not provided clarification 'at the present time. 

4.2.3 Carrier mobilities 

As mentioned .in Sec. 2.8, the effect of uniaxial str~ss on the Hall 

mobility of holes in Ge doped with shallow acceptors has been well 

documented. The work in the early sixties by John 1. Hall9 remains the. 

fundamental experimental evidence showing the factor of two increase of 

the Hall mobility in the high stress limit for bar-shaped samples (where the 

current was injected in a direction parallel to the direction of 

compression). J.J. Hall proposed that the change· in the mobility with stress 

could be due to the change in the hole effective mass but did not provide a 

detailed analysis on account that the mobility may depend on a combination 
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ofl both ionized and neutral impurity scattering at low temperatures (6.2 

K), each scattering mechanism having a different effective mass 

dependence. The impact of changes in the effective· mass on the mobility of 

Ge under stress has also been supported by recent experiments.S7 

Figure 4.6 is a plot of the Hall mobility as a function of inverse 

temperature for sample 783-4.4. The data depict measurements performed 

under no stress, 3.5 kbar, and 6.3 kbar. The filled symbols refer to Hall 

measurements made in the absence of light while the open symbols 

correspond to photo-Hall experiments. At 6.2 K the dark Hall data indicate 

an increase of a factor of 2 in the mobility between the unstresseq and the 

stressed conditions in good agreement with J .J. Hall's observations. In· 

addition, these data show a maximum in the mobility (as a function of 

temperature) and a decrease at the lower temperatures regardless of the 

state of stress. This general shape reveals that ionized (and perhaps 

neutral) impurity scattering exists in the temperature range where the · 

majority of free carriers are optically generated. 

'From the photo-Hall results in Fig. 4.6, one can see that the optically 

generated holes are of higher mobility than those excited thermally into the 

valence band. This effect is observed in the three states of stress that were 
) 

investigated. These photo-Hall mobilities appear to be very weakly 
I I. 

dependent on temperature. Such behavior suggests once more that hot 

carriers are being c~eated optically. The temperature dependence for 

ionized impurity scattering arises from the assumption that the mean 

energy of carriers in thermal equilibrium is proportional to kaT where T 

is the lattice temperature. But the energy distribution of the holes is 
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Figure 4.6. Hall mobility corresponding to the hole concentration data in 
Fig. 4.5. The same convention has been used in both figures. 
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associated with the position in the valence band to which they are optically 

excited and their ability to interact with the lattice in energy/momentum/ 

· losing processes. Under a temperature independent optical generation rate 

(assumed to be the case in this study) the mean energy of the hot holes is 

then weakly dependent on the lattice temperature, and the mobility should 

achieve a roughly constant value. One should not attribute this behavior 

exclusively to hot holes. Further experiments are necessary. 

4.3 Experimental results in the Ge:Be system 

4.3.1 Free carrier statistics and lifetimes in Ge:Be 

Beryllium doped germanium samples were studied m a similar 

manner to that described for Ge:Ga crystals. Results were obtained for 

several states of compressive stress: unstressed, 0.3 kbar, 1.7 kbar, 3.5 

kbar, and 6.3 kbar. Fig. 4. 7 is a plot of the hole concentration as, a 

function of inverse temperature for 728-8.7#2. (Because several bar 

samples were cut from slice 728-8.7, additional notation has been used to 

differentiate among bars #1, #2, #3, etc.) The beryllium and minority 

(donor) impurity concentrations are approximately 1x1QI5 cm-3 and 

2.4xiQI2 cm-3, respectively. As was observed in the Ge:Ga system, the 

application of uniaxial compression reduces the amount of energy required 

to excite a hole from the a neutral Be atom; thus, the carrier concentration 

at any given temperature in the freeze.;out region increases with the applied 

stress. Below 10 K the measured hole concentration is largely due to 

photoexcitation of neutral Be. From this data one can immediately see that 

in the low temperature limit the hole concentration increases by more than 
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Figure 4.7. Hole concentration versus inverse temperature for~sample 728-
8. 7#2. Each type of legend corresponds to a different state of stress as 
labeled in the figure. The nearly flat regions below 10 K (1000/r=IOO) 

·correspond to photo-Hall measurements where photoexcitation dominated. 

one order of magnitude with stress iJ1dicating a significant increase in the 

hole lifetime. 

The energy associated with the first ionization state of Be is more 

than two times greater than that of Gain Ge. 'Consequently, the onset of 

carrier freeze-out occurs at a higher temperature, and optical generation of 

holes becomes ·significant at a higher temperature as well. It is possible 

then to obtain with the available experimental apparatus more precise 

information regarding the temperature dependence of the hole lifetime in 

the Ge:Be system than in the Ge:Ga system. In addition, the spectral 

response for Be centers is different than for Ga impurities requiring the 
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recalculation of the rate of photon absorption. For unstressed samples the 

estimated photon absorption rates are 9.6xiOI4 photons/s, and 6.5x1015 

photons/s for emitter temperatures of 77 K and 122 K, respectively.· These 

yield generation rates of 4.8x10I7 cm-3/s and 3.2xiOI8 cm-3/s, respectively. 

Such values increase by approximately 20% for the cases in which stress 

> 1.5 kbar has been applied (due to- a reduction in the ionization energy). 

The change in the carrier concentration with emitter temperature is well 

illustrated in Figure 4.8a (sample 728-8.7#4). Hole lifetimes calculated for 

temperatures below 10 K are presented in Fig. 4.8b. 

Because hole concentrations achieved with a 77 K emitter exhibited a 

slight electric field dependence, lifetimes were obtained for holes which 

were photoexcited by the 122 K emitter. A higher generation rate 

decreases the resistivity of the sample reducing the electric field in the 

sample for a given applied current (equal to 20 nA for most of the photo

Hall data). Figure 4.8b reveals a reduction in the temperature dependence 

of the calculated hole lifetimes and a significant enhancement of the 

lifetime (by as much as a factor of 20 at 5 K) as the stress is increased. In 

fact, extrapolation of the data down to 3 K suggests that the lifetime of 

holes even for a stress of 0.3 kbar is a factor of two greater than the 

lifetime when no stress is applied. Consequently, above 5 K the holes in 

the lightly stressed material have a shorter lifetime than in the unstressed 

material, but the opposite is true at lower temperatures. Evidence of this 

effect is given in Figure 4.9, a plot of hole concentration versus 

temperature for sample 728-8.7#3 measured in the presence of a 77 K 

emitter. (The hole concentrations are proportional to the lifetime when the 

generation rate is constant.) It is clear that the capture dynamics in the 

Ge:Be system is very sensitive to compression. 
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Figure 4.8. (a) Concentration of photoexcited holes in sample 728-8.7#4. 
The filled symbols correspond to exictation by a 77 K emitter while the 
clear were obtained with a 122 K emitter. Symbols correspond to different 
states of stress: 63 kbar (circles), 0.3 kbar (squares) and unstressed · 
(triangles). (b) Lifetimes computed from the data measured wi~ the 122 
K emitter. Symbols are consistent with (a). · 
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Figure 4.9. Hole concentration in sample 728-8. 7#3 for three states of 
stress. Above 5 K (1000!f=200) the hole concentration of photoexcited 
holes in the unstressed case is higher than the concetration when 0.3 kbar is 
applied. However, the opposite is true below 5 K indicating a reduction in 
the temperature dependence of the hole concentration as stress is applied. 
At the lowest temperatures measured a stress of 1.7 kbar increases the hole 
concentration by more than one order of magnitude. This suggests that the 
hole-lifetime increases strongly as well. 

The origin of this effect has not yet been deciphered. However, the 

first step toward addressing the problem is to consider the· materials aspects 

that change upon the application of a small amount of stress. The fourfold 

degeneracy of both the excited energy states and the valence band edge is 

lifted when uniaxial compression is applied (Sec.2.8). Such changes result 

in a reduction of the ionization energy of shallow levels. In addition, the 

binding energy of the third hole of Be+ is rapidly lowered.I8 Sufficient 

splitting of these levels eliminates the presence of Be+ centers thus allowing . 
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this overcharged state to exist only for compressions below 0.8 kbar. So, 

for a given temperature the concentration of Be+ centers decreases as the 

pressure is increased up .to 0.8 kbar. fu the low stress limit the curvatUres 

and consenquently the effective masses for the light and heavy hole bands 

do not change very much. The relative shifts of the bands should not 

significantly alter their relative carrier population since about 94% of the 
. ' 

free holes already occupy the heavy hole band when zero stress is applied. . 

With these points in mind, is it possible to provide a qualitative 

descripition of the effect of uniaxial compression in the Ge:Be system? 

One can only propose some possibilities. The stability of Be+ is very 
r 

sensitive to stress making the overcharged centers potentially significant 

contributors to ·the dynamics of hole caputre. Analysis of transient 

response measurements by Haegel et al.58 have indicated that trapping by 

neutral Be (forming Be+) in samples with a Be concentration less than 1014 

cm-3 does not affect the steady state cpncentration of photoexcited holes 

under low level excitation conditions at the temperatures where thermal 

generation is negligible. Under these circumstances the concentration of 

negatively charged beryllium is approximately equal to the concentration 

of compensating minority impurities. This leads to the rate equations 

and 
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where Bse0 is the recombination conefficient, E is the binding energy of 

the third hole, and all other terms are as previously defmed. 

If the neutral and overcharged Be centers are assumed to be in 

thermal equilibrium with each other, one may· approximate the Be+ 

concentration under 'steady state conditions: 

N •- pNae 

Be - Nv exrl-~) . 
\ ksT 

It is then possible to calculate the concentration of Be+ centers as a 

function of temperature for the cases of zero stress and 03 kbar under the 

· illumination conditions which have already been described. The binding 

energies E were estimated as 4.5 me V and 4.0 me V for zero stress and 0.3 

kbar, respectively. Figure 4.10 is a plot of the hole and Be+ concentrations 

as functions of temperature. As the sample is cooled, the concentration of 

Be+ centers increases becoming comparable to the minority carrier 

concentration. Clearly, the experimental work presented here does not 

meet the condition of low level photoexcitation, for in the low temperature 

limit the estimated values of Nse + violate the starting assumption that 

No>>Nse+. This does not necessarily mean that Be+ formation plays a 

dominant role in the trapping of holes but does mean that trapping by 

neutral Be must be considered. 

If the formation of Be+ centers is a strong factor in determining the 

hole lifetimes, one can view. the measured lifetimes. to be composed of · 

several processs, two of which are depicted in Fig. 4.11. Holes can be 

optically excited from neutral centers at a rate that is independent of 
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Figure 4.1 0. · Calculated concentration of Be+ centers in photon 
background conditions at low temperatures. The triangles correspond to 
unstressed Ge and squares to 0.3 kbar. 1 and 2 are for the case of 122 K. 
emitter and 3 and 4 to 77 K emitter. 

termperature. They are thermally excited from the overcharged sites at 

a rate that does depend on temperature. The recombination process can 

occur at Be- or Beo sites, each type having associated with it a range of 

lifetimes which depends on the energy distribution of free holes. Thus, the 

measured lifetime in the low temperature region can be a combination of a 

variety of capture processes. A broad band source such as the ·one used in 

this study may also result in the photoexcitation of Be+ centers. One may . 

also have to account for trapping by residual shallow acceptors (which are 

assumed to exist in very low quantities in these samples). 
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Figure 4.11. Generation-recombination (G-R)_ processes that are possible 
if Be+ centers play an important role. G-R permutations of processes 1-4 
provide the possibilities. 

4.3.2 Hall mobilities in the Ge:Be system 

Hall mobilities have been calculated for the data appearing in Figure 

. 4.8 and are plotted as a function of inverse temperature in Figure 4.12. 

The actual values are not as important as the general features which change 

with stress and temperature. Each set of data exhibits distinct regions in 
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Figure 4.12. Hall mobility of holes in sample 728-8.7#4 for three states of 
stress as indicated in the plot. In the optical region, hole generation is 
dominated by photoexcitation (except for the dark Hall measurements 
performed under a stress of 6.3 kbar and indicated in the plot by the clear 
circles). The filled symbols in the optical region represent data taken in 
the presence of a 77 K emitter. The clear or dotted symbols represent data 
taken in the presence of .a 122 K emitter. 
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which either the thermal or the optical generation of hole appears to 

domiriate. The temperature at which the transition between these regions 
- . 

occurs is approximately 13 K for all states of stress with photoexcitation · 

predominating in the lower temperature range. Above 13 K the major 

feature common to the three states of stress corresponds to the transition 

from lattice scattering to ionized/neutral impurity scattering. Such a 

. transition appears as a maximum in the mobility and is best shown by the 

data depicted with open circles (Fig. 4.12). The region dominated by 

optical excitation is characterized by an abrupt increase in the mobility 

with a subsequent reduction in its temperature dependence. These features 

have also been observed59 and analyzed59,60 in the Ge:Cu system. The 

authors attribute the abrupt increase in mobility to hot carrier effects. 

Although probable, such an assertion cannot be conclusively made for the 

Ge:Be results at the present time. 

The mobility of holes in the photoexcitation dominated region may 

provide information regarding the effect (if any) of Be+ formation on 

carrier transport. First, the· mobility of carriers under zero stress and 0.3 
' 

kbar is weakly dependent on temperature, but at 6.3 kbar the mobility is 

constant. Temperature independent mobilities have also been observed at a 

stress of 1.7 kbar. Second, the mobility decreases slightly with the increase 

in photon flux for the zero stress and 0.3 kbar but decreases slightly for 

6.3 kbar. These observations present the following possibility: at zero 

stress and 0.3 kbar the mobility decreases (with respect to both photon flux 

and temperature) due to the scattering contribution of Be+; for higher 

stresses at which no Be+ can form, the mean energy of the holes increases 

with the increase in photon flux resulting in higher mobilities that are 
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temperature independent for the same reason described for the Ge:Ga 

system. 

In addition to showing that high compressive stress increases the 

mobility of holes in Al-doped Ge by a· factor of 2, J.J. Hall9 showed that the 

mobility changes very little and may even go down in the limit of ·small 

applied compressions (< 1 kbar). Figure 4.12 not only shows that the 

mobility of holes increases by a factor of 4 in the high stress limit ( chosing 

the mobility maxima located at 17 K for comparison) but also reveals an 

increase of a factor of two for low stresses (0.3 kbar for example). One 

may argue that Hall measurements taken at 6.2 K should not be compared · 

to those at 17 K (due to differences in the Hall factor and in the 

contribution of the various scattering mechanisms), yet Figure 4.13 

indicates strongly that 0.3 kbar of stress will result in a significant increase 
\ 

even at lower temperatures. The reason for this is not well understood at 

. the present time. 
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Figure 4.13. Relative Hall mobilities for holes in sample 728-8.7#3. The 
data were taken in the dark. 
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4.4 Recombination coefficients for the Ge:Be and Ge:Ga systems 

The carrier lifetime has been previously defined as the inverse of the 

product of the trap concentration and· the recombination coefficient which 

is in itself the product of the mean carrier velocity and the capture cross 

section. Figure 4.14 is a plot of the product of the recombination 

coefficient and the degeneracy factor~ For the sake of simplicity these will 

be lumped into a single term, the effectiye recombination coefficient 

(ERC). In principle, the ERC for shallow hydrogenic impurities should ~ 

very similar irta particular host material such as Ge or Si since the mean 

velocity is specific to the host and the capture process is thought to be 

determined at highly delocalized, bound excited states (in which case the 

effect of the impurity core is reduced for p-like states). Thus, a plot ofthe 

ERC versus temperature reveals the degree of similarity among' the various 

capture centers. The ERC's in Figure 4.14 were obtained by dividing the 

. calculated lifetimes by the trap concentrations (assumed to be equal to the 

minority impurity concentration in every case). In addition, recombination 

coeffiecients were extracted for comparison from the data of Kaufman et 

ai.53 for Ge:Al (5.7xlOI2 cm-3 AI, 2.7xJQI2 cm-3 donors) and Ge:Sb (n

type, 4.5x1QI3 cm-3 Sb, 5xiQI2 cm-3 acceptors). 

The values obtained in this study have -been calculated based on the 

assumption of having a perfect blackbody and unity quantum efficiency 

(Section 3.2.2). In essence the values provide an upper limit to the 
I 

magnitudes of the ERC's. However, the temperature dependence and the 

relative changes for a given sample with respect to the applied stress should 

in general be correct, for the determination of the carrier concentration 

has been done independent of these optical considerations which are some . 
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. of the most challenging aspects of this experiment. The quantification of 

optical ionization cross sections would be helpful. Experimental 

reproduciblity was satisfactory. This is best exemplified by the fact that 

the zero stress ERC's for 773-6.8 and 783-4.4 are very similar even though 

· they are from different crystals of slightly different dopant concentrations 

(for both majority and more importantly minority impurities). 

• 783-4.4, 6.3 kbar 

Cl 783-4.4, 3.5 kbar 

0 783-4.4, unstressed 

A 773-6.8, unstressed 1 

0 728-8.7 unstressed 
u 
ffi 1 o-s 0 728-8.7, 0.3 kbar 

• 728-8.7, 6.3 kbar 

Ge:Al (Kaufman et al.) 

Ge:Sb (Kaufman et al.) 

1 o-6 L-_ __.. _ __... _ _,____.____._--.~-_,_""'--~ 

2 .4 6 8 10 14 

Temperature (K) 

Figure 4.14. Effective recombination coefficients (ERC's) as a function of 
temperature for the materials and states of stress listed next to the legends. 

As mentioned in Sec. 4.2, the weakness of the temperature 

dependence of Ge:_Ga data suggests the existence of hot holes. The factor 

of ten increase between the stressed and unstressed states may be due to the 

effective mass dependence of the ERC's. If the holes were in thermal 
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equilibrium with the lattice, one could examine if the decrease in the ERC 

with stress at a particular temperature corresponds directly with that 

expected from changes in the degeneracy factor, the mean hole velocities, 

and the captJ,Ire cross sections (as modeled by Lax or Abakumov et al.) due 

to their depen~ence on the hole effective mass. 

, The lifetime associated with hot carriers has in the past59 been 

related to the lifetime under thermal equilibrium, 'to, by the following 

equation: 

't - 't ( e )In. 
hot- o 3kBT/2 

where e is the energy associated with a hot carrier. Thus, to obtain the 

measured lifetime one must average over the distribution of carrier 

energies. If one approximates this distribution by that of the photons 

absorbed by the sample (meaning that the lifetime is equal to the energy 

relaxation time), one immediately sees that 'thot is proportional to 'tofTI/2. 

That is, the measured recombination coefficient is proportional to the 

product of the "true" coefficient and the square root of temperature. In the 

Ge:Ga system the measured ERC's produce a "true" coefficient 

proportional to T-n where n=1.5±0.3 compared to n=2.36 (Ge:Al) and 2.94 

(Ge:Sb) for the results of Kaufman et al.54 In addition, the assumption of a 

carrier energy distribution similar to that of the absorbed photons leads to 
' 

another important simplification: at a given temperature the increase with 

stress of the lifetime of the hot carriers should be the same as the lifetime 

for ca~ers having a thermal distribution. 

The increase of the free hole lifetime due to the application of a 

large uniaxial stress can be estimated. As indicated in Chapter 2, 
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'to=----

. ~Nt Vth () 

where~ is the valence band degeneracy factor, Ntis the trap concentration, 

v th is the hole thermal velocity, and cr is the capture cross section. For 

large applied stresses ~has a value of 2 rather than 4. The effect of stress 

on the velocity and the capture cross section appears via their functional 

dependence on the hole effective mass. The thermal velocity is 

proportional to (m*)-I/2 while cr is proportional to (m*)3 (given by Eq. 

2.22a). Thus, 'to is proportional to ~-I(m*)-512, and by Eq. 2.6 the effective . 

mass is proportional to the acceptor binding. energy E. The increase in the 

lifetime of Ge:Ga for a stress of 6.3 kbar applied in a <100> direction is 

( ) ( 512) ( 5/2) 5/2 ' 
'to stressed = ~m * WlStressed = ~E unstressed = 4111.07) = 7 

('to) unstressed {~m* 512}stressed (~E 512
Lressed 2(6. 7)

512 
. 

This is in fair agreement with the factor of ten increase observed for 

sample 783-4.4 (Fig. 4.5 and Table 4.3). 

Finally, the Ge:Be system presents a particularly interesting 

situation. Under large stresses the ERC does not vary very much with 

temperature, yet in the unstressed case the temperature dependence is 

similar to that of the data of Kaufman et al. for Ge:Al. Iri other words, the 

mobility data for unstressed Ge:Be has the signature of hot carriers (Sec. 

4.3.2), but the concentration of photoexcited holes-which is inversely 

proportional to the ERC for a constant trap concentration--decreases with 

temperature in a manner observed for thermalized carriers. Any 

explanation of this result is purely speculative at this point. Barring major 

experimental errors, the temperature dependence possibly results from the 
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changes in the trap concentration and. not the ERC. Thus, for complex 

systems like Ge:Be one cannot obtain the effective recombination 

coefficient by simply multiplying the lifetime by the minority impurity 

concentration as was done for Figure 4.14 . 
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5. Conclusion 

The photo-Hall effect of uniaxially . stressed, p-type Ge has been 

successfully measured. The application of large stresses to { 100}-oriented 

sample surfaces produces a one order of magnitude increase in the 
I 

concentration of photoexcited holes in both Ge:Ga and Ge:Be crystals. 

These results suggest that the hole lifetime also increases significantly with 

stress. The origin of this effect ·is not yet well understood but may be 

associated with the effect of stress on the hole effective mass. In addition, 

the Hall mobilities exhibit an increase of a factor of two in Ga-doped Ge 

and a factor of four in Be-doped Ge. The enhancement of the Hall 

mobilities is due to stress-induced changes of the conductivity effective 

mass of holes. . 

There are two major differences between the photo-Hall data of 
' 

Ge:Ga and Ge:Be. First, the· temperature dependence of the optically 

generated holes is very sensitive to the application of stress in Be-doped Ge 

but not sensitive, in Ga-doped Ge. Second, the stress-induced increase of 

the Hall mobility in Ge:Be is two times greater· than that observed in 

Ge:Ga. These two effects suggest the following: the stress-induced 

increases in the hole concentration and Hall mobility do not depend on 

whether the dopant is Ga or Be; however, the details of the hole capturing 

and scattering processes are determined by the nature of the dopant. In 

other words, stress produces certain changes in ihe Ge. The changes in (a) 

the host material (incl~ding the deformation of the Ge band structure) and 

(b) general features of the effective mass theory lead to the major effects 

observed. Shallow single acceptors will probably react to stress in a 
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similar manner. The degree of similarity of multilevel acceptors such as 

Cu,.Zn, and Be at low temperatures is not clear. 

Finally, the photo-Hall data can provide information regarding stress 

related changes of the photocurrent in Ge photoconductors. The 'results 

establish a fundamental limit as to how much the photocurrent can change 

With stress when a constant number of holes is being photogenerated. This 

limit is given by the product of the factors by which the lifetime and 

mobility increase (approximately equal to 20 for the Qe:Ga system and the 
) . 

experimental conditions described in this thesis). Any deviation from this 

limit is due to the effect of stress on other aspects ~f the detector including 

the impurity absoq)tion coefficient and the electrical contacts. · By 

understanding the behavior of fundamental physical properties such as 

lifetime and mobility, one will be able to determine if the performance of a 

photoconductor can be further improved. 
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7. Appendix A 

The amount of uniaxial stress applied by the stressing coldfinger 

(Fig. 3.4) on a bar-shaped sample can be calculated from a simple 

structural model. The leaf spring is treated as a beam overhanging one 

support with a concentrated load at the end of the overhang (Figure A.l ). 

A force P deflects the leaf spring by an amount ~c. This is achieved by 

turning the #4-40 screw as shown in Fig. A.l .. This force produces a force 

at point B that is· given by 

p 
R =- (l +a) 
' l 

(A.l) 

where l and a are fixed by the coldilmger design. The force P is expressed 

in terms of ~c, a, E, and I by the following equation: 

p = 3 I~cE . 
2 

(l +a) a 
(A.2) 

E is the Young's modulus and I is the moment of inertia of the spring leaf. 

The amount of uniaxial stress applied to the bar sample is simply R divided 

by the cross-sectional area of the bar. 

The characteristics of the leaf spring determine P in two ways. 

First, the Young's modulus E is that of the spring material. Second, the 

dimensions of the spring determine the magnitude of I. The moment of 

inertia I is equal to wt3/12, where w is the width and t is the thickness of 

the leaf spring. Because the moment of inertia is proportional to the cube 

of the spring thickness, P is also proportional to t3. Consequently, the 
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Structural model 

Leaf spring 

Figure A.l. 
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Coldfinger 

amount stress applied to the bar sample IS strongly dependent on the 

thickness of the leaf spring. 

Leaf springs .can be stacked in order to obtain large uniaxial stresses. 

The total force P' necessary to deflect the stack of springs by an amount ~c 

is equal to the sum of the forces required to deflect each spring by an 

amount ~c. It is possible to achieve large stresses by using a thicker 

spring. There are two important factors which must be weighed when 

choosing the appropriate configuration. First, the deflection of the leaf 

spring(s) should be sufficient to achieve a stable applied stress as the 
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coldlmger is cooled to 4 K. Second the leaf-spring configuration should 

not be deflected beyond its elastic deformation limit; that is, plastic 

deformation of the spring(s) should be avoided. 

The stress measurements performed in this study had several aspects 

in common. All springs were made of phosphor bronze (E=l.lxi03 kbar). 

Second, the coldlmger was designed such that the dimensions l and "a" are ·· 

equal to each other. Third, the cross sections of all samples were lx1 

mm2. Finally, the #4-40 stressing screw was turned about 1/4 of a 

revolution. The screw label #4-40 referS to a #4 screw with 40 threads per 

inch. Therefore, 1/4 of a revolution produced a ~c of 0.00625" or 0.016 

em. The spring-leaf configurations that were used are described in Table 

A. I. The error in the estimated stresses is of the order of 10%. 

Spring thickness, Spring width, No. of springs Estimated stress 

t_(cm) w(cm) (kbar) 
-

0.84 ·0.47 1 0.3 

0.16 0.47 1 1.7 

0.16 0.47 2 3.5 

0.25 0.46 1 6.3 

Table A.1. 
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