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Uniaxially stressed Ge:Ga and Ge:Be
Oscar Danilo Dubon, Jr.

ABSTRACT

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 réduction of the ionization
enérgy 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 cha’racteriz‘ed. Resuits indicate that stress significantly increases the
lifetime and the Hall mobility of photoexcited holes. These observations
may help further the uhde'rstanding of fundamental physical processes that
affect the performance' of stressed Ge photocondﬁctors including the

cépture of holes by shallow acceptors.
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1. Introduction

The photbconductive characteristics of semiconductors have led to
the wide use of materials such as Ge, PbS, and HgCdTe for infrared (IR)
radiation detection.l-2 Semiconductors are photoconductors because they
can show an inér’ease in electrical conductivity upon absorbing
electromagnetic radiation. The absorption of photons can result in (a) the
prométion‘ 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 'conducvtivity 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.:y
(or impurity) photoconductivity because the photoéxéited charge carriers
originate from impurity atoms.

Energy levels near the vaIenc_:e band edge of a semiconductor can be
introdubed_ by doping, the controlled addition of impurities. The presence
of “shallow” levels makes the ine_:asurement of the photoconductivity
behavior in doped semiconductors an effective method for long-wavelength
photon detection.!:3 This has significant applications in several areas
i_ncluding IR astronomy and IR spectroscopy. Doped germanium
photoconductors are well suited for detection of far IR radation (10-200 ‘
pm). 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 pum range.4> Radiation between 50 um and 120

pum is detected with Ga- or B-doped Ge.3:6 In recent years the detection of



200 um photons has been acéomplished 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 tirrie they spend in the conduction (valence) band rbefore‘ being
captured by dopant impurities and/or recorhbining with carriers of
opposite charge. The quantity describing the average carrier velocity per
unit of applied electric field is the mobility u. The length of time carriers
typically spend. in the energy bands is described by the carrier lifetime.
The effectiveness of a semicohduc_tor 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-ddpedvGe photo¢onductor'
not only changes the speétral range of detectable photons but also increases
the photocurrent of the device. The former effect results from a reduction
in the bindihg energy of the Ga level from which holes are photoexcited.
An explanation for the increase in photocurrent is likely to Ibe founded on
the effect of uniaxial stress on both the mobility and lifetime of holes. The
stress dependence of mobility has been studied,3:° but the behavidr of the
carrier lifetime is not yet well understood. |

The work presented irn this _thesié has two principal objectives: 1) to

provide a method for using the photd-'Hall ,technique to study
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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 ilecéssary 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.



2. Semiconductor Basics
- 2.1 Band structure and effective mass theory

Energy bands in a crystal arise from the interaction of the valence
electron wavefunctions of each atom with those of the other atoms. Each
germaniﬁm atémv 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 vélence
eleqtrons 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
con"stituting an energy band as dépicted in Figure 2.1. 1In é covalently
bonded crystal such as Ge, the s and p orbitaIs-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 befween the valence and
conduction bands is called the bandgap and has a value of 0.67 eV 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 (th T=0 K). (Note:

any future reference to a valence or conduction band refers to those bands
\
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Figure 22 (a) Band structure of Ge obtamed by a non-local
pseudopotentlal calculation lncludmg spin orbit interaction,!! (b)
comparison of the calculated valence bands with angular resolved
photoemission data.12 .



whose maxima and minima form the bémdgap.) So if an external field is
applied, no electrical current will flow because all allowed enérgy 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 magnitudé of the bandgap determines whether a material
is called insulator or semiconductor. If the gap is less than 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 significan; number of electrons frdm
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 eleétn’cal current. _

In order to treat classically the motion of electrons and holes in the
 bands, effective mass theory (EMT) is applied.!3 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. ft can be shown that a charge carrier travelling in an energy

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

SR
S vt ey | - (2.1)
This equation reveals that the effective mass is inversely proportional to the
curvature of the energy band in momentum space—described in E vs. k

diagrams—which the electron (hole) occupies. Electrons conduct in bands



with positive curvature while holes are the charge carriers in bands of
negative curvature. In addition, the magnitude of the curvature of the band |
determines the magnitude of the mass; 'thus, a band of high curvature is
populated with carriers of small effective rrlass typically leading to higher
mobilities. | | | |

| The top of the valence band in Ge (Fig. 2.2) and many other
semiconductors is found at k=0 and is fourfold degenerate. The bands
creating the fourfold degeneracy are, as mentloned before constructed
from p orbltals with total angular momentum quantum number mj, of 3/2.
In addition, there exists a doubly degenerate band (mj=1/2) w1th its
extremum also located at k=0. 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 eV. 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 formulation 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 hght -hole effective mass while the heavy holes are

de51gnated 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

Fis
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where 1/m* is a tensor relating a to F, and each tensor component, mij-1, is

given by
2
1__.-2 dE
m;:=Hh .
T okoki 23)

The interaction between the heavy and li'ght hole bands in Ge produces

allowed energy states near the valence band edge described by

E(k) = Ak + Bk + C(kiky + k ko + Kkpl 2.4
where [k[2=ky2+ky2+k,2. 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 hol¢ band.
In the approximation of spherical constant energy surfaces, an average,
~ scalar effective mass is obtained for heavy and light holes (0.3511'146' and
- 0.043me, respéctively, where me is the free electron mass) as in the one-.
dimensional case since the principa_l axes are equivalent. Actual effective
masses have been determined form cyclotron resonance experiments.14.15

The conduction band in Ge is characterized by ‘a band minimum
located at each of the eight equivalent <111> directions at the Brillouin
~ zone boundary. Each is characterized.by ellipsoidal éonstant energy
surfaces with the axis of revolution Icoincident with the associated <111>

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

E(k) = Akj2 + B(k;2 +ks2) (2.5)



where kj is oriented along' the axis of revolution, and k2 and k3 are
perpenaicular to each other and to kj. Two effective masses are associated
with such energy surfaces. The longitudinal effective mass my* equal to
1.6me defines the motion along k; while the transverse mass m,* 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
introdueed 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 III and V impurities in Ge are monovalent dopants since

~they can 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 valence 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.c., 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 coneepts of

dielectric screening and effective mass theory to the quantum mechanical =

model of the hydrogen atom.

| ‘The quentum 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 13.622/112 eV where n is the principal quantum number and Z is

'y



the number of unit charges m the nucleus (equal to 1 for hyd(ogen). The
distance from the proton at which there is a maximum probability of
finding the electron is given by the Bohr radius ap equal to 0.053 nm.
These results can be applied to group III and V impurities in Ge by
rhultiplying (a) the permitivity in free space &g with the dielectric constant
of Ge and (b) the free electfon 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 elcétrons in energy bands versus free space. The two

formulas for the hydrogen atom become

_0.053me, om
T m* (2.6)

eV and r'
€,m

where €r is the relatiVe dielectric conétant of the semiconductor and r' is
the impurity Bohr radius. For Ge the ground staté energy is 10 meV and
the Bohr radius is 8 nm for m*=0.2m, and e=16. The orbiting electron
(hole) is delocalized over many atomic spacings and only lightly bound fo
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.16 The actual ionization energies'bf hydrogenic inipurities 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



the nucleus due to the reduced screening by core electrons. A consequence
of this is that the energy requlred 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=0, 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 IIB and VIB elements can provide two holes
and two electrons, respectively. Beryllium, which occupies a substitutional
position in Ge, can provi‘de 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 mechanical 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 enefgy required for the atom to reach its
first ionization state, (i.e., removing the first electron). The electrons feel

both the electrostatic repulsion of one another and the Coulombic attraction

11



of the nucleus resulting in a het field proportional to Z'e2/r 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
enefgy 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 experieﬂces a nuclear charge of +2e when
the atom is in its first ionization state. This information can be used to
uriderstand the energy quantization of the bound excited states of the double
acceptof Be in Ge. |
Each neutral beryllium atom in germanium binds two holes. The
ground state is located 24.5 meV 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 excitgd states corresponds
closely to the spacing of the excited states of neutral single acceptors. In
both cases the optically-accessible bound excited states ére of p-like
character, and the atom cores appear as a point charge (Z’=1) to holes
located at any of these excited states. The neutral Be atom and the neutral,
single acceptor are in these réspects analogous to-the neutral He and neutral
'H atoms, respectively. '
Singly-ion‘ized beryllium atoms in germanium each bind one hole.
The ground state is located 58 meV 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



ionzéd Be atoms are exposed to a core potential having a Z’ equal fo 2 in an
analogous manner to the valence electron in the He* ion. The factor of
four arises because the bound state energies are proportibnal to (Z°)2.
Although Be normally acts as a double aéceptor,‘ it can bind a third
hole!8 (designated as Be+) under certain conditions in a mannér analogdus
to 0vercharged atomic hydrogen H-. The existence of Bet centers occurs
at low temperatures and requires the presence of excess holes in the valence
~ band. Like the Helium atom a Be impurity 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 exélusién principle. Photoconductive |
responSe spectra perfdnhed at low temperat.ure18 (<3 K) show that the Be*
center has a binding energy of about 4 meV and that it disappears upon the
application 6f uniaxial compression. The stress reduces the degeneracy'of
the band edge from fourfold to twb twofold split bands. ‘The effect of

- stress on the valence band of Ge is discussed in Section 2.8
2.4 Freeze-out statistics

Under thermal equilibrium the free vcarrier _density in the bands
depends on both the likelihood of generating free carriers with the
available thermal energy at a given temperature and the density of st'atesv'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



* 3/2 | |
_ 21tm,,2kBT ox P(EF EC) Neex P(EF—EC)..
b kgT T KT 2.7)

The pre-exponential term Ncis 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,

* 32 | | -
21tmpkBT Ep EC EV_EF ‘
=P B 1| e = Nyexp| ———— '
P 2( 2 ) x"( kyT VI kT (2.8)

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

p,

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

| E
pn= nl NCNVexp( k;‘) | - - 2.9)
where n; is defined as the intrinsic carrier Eoncentration and E¢ is the
magnitude of the bandgap Although the hole and electron densities are not
equal in extrinsic semiconductors, the above equation still apphes This
relation is known as the "law of mass action." The doping of a
semiconductor shifts the Fermi 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 concéntration will not
have an impact on the carrief density at room temperature. But n; has an
exponential dependence with temperature and decreases very rapidiy on
éooling. Because the ionization energy of shallow hydrogenic impurities is
so small combared to the bandgap, a temperature (béidw 300 K) is reached
at which the carrier concentration is mainly generated by the thermal
ionization of dopants and not by the exéitation_ 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 sﬁfficiently low temperature, however, there is no
longer enough thefn.l‘al energy to fully ionize the. impurity leyel, 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 binding energy Ea is

Na° Ny Ea| ' | |
= —expl— —2-] . .
PTNAB p( kBT) | (2.10)

B is the spin degénéracy factor equal to 4 for the case of a fourfold
degenerate valence band edge. If the semiconductor has Na acceptors and
Np donors (per cm3) and Nao>>Np, the ionized impurity concentration,
N A—, iS given by the sum of the hole concentration and the concentration of |

compensated centers:

15



| N AP +N D
The neutral acceptor concentration is the difference between the total and

ionized acceptor concentrations:

NA°= NA—NA- = NA—ND—’p .

Thus, the hole concentration may be formulated as

@eNpD @ _Ny_ [ E,4
= exXpl——— (2.11)

N A— ND -P 8 kBT :
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
reglon |

If all dopants are ionized, the net dopant concentratlon is Nao—Np for

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

less than No—Np. If Np<<p<<Na—Np,

_(p+Np) (p) p2~Nvex _Ea /NANv
Ng-Np-p N, B8 2kBT

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

relation with slope proportional to Ea/2. If p<<Np,

(p+Np) (p) zNDpz-Nvex _Ea and pz—N’ANVex —h.
NA—ND-p NA B kBT N& kBT

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

natural log of the hole concentration with inverse temperature is

proportional to Ea.

16



. Y'I'he }change' from halféslope to full slope occurs at p=Np. It should
be notéd that the temperature dependence of the effective density of states
was not considered; a plot of ln(pT-3/2) versus 1/T better represents an
Arrhenius relation. In addition, there may be other factors which affect
fféezé-out statistics (e.g.; excited states, ground state splitting, etc.). ‘Thesé :
~ have been reviewed by Blakemore.!9 Figure 2.3 is a theoretical curve
following the above model for the case of p-t;'pe‘ Ge With the specifics

D

‘given in the figure.
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Figure 2.3. Theoretical curve for the freeze-out of holes in p-Ge.
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The Statistics thus far discussed assumed monovalent ixhpurities 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 cdmpensated. 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—
Nminbrify and Nmajority—Nminority)- |

The Be-doped Ge samples used in this study have a compensation
ratio, Np/N A, of about 0.001. In turn, the freeze-out curve is véry similar
to that of shallow levels clearly showing halféslope and full-slope regions
for the singly ionized state (with the appropriate impurity ionization
energy). lonization 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 Hol_e 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 1is
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 p_roportibnal to the field
applied, and the constant of propot_tionality is the materials parameter
,known as the electron (hole) mobility which is typically expressed in units
of cm2/Vs. |

| The three major scattering mechanisms that affect the mobi'lity 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.v As
the temperature drops below seventy or eighty degrees Kelvin, scattering
from ionized impurities becomes the dominant mechanism regulating
carrier mobility in modei’ately to highly doped material. It is no surprise
then that the dopant concentration plays a significant role, for every
impurity center represents a po_tentiél scattéring 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 temperatufe. 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 ifnpurities. Highly
compensated, doped matérial, 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

T m*

1.
T i

i
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 can 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 présence of lattice vibrations in a crystal results in small
| fluctuations in the spacing of atoms. This motion of the atoms leads to
dev1at10ns from the posmons they would occupy in a I‘lgld lattice and
creates a coarsemng " of the band edges; that is, lattice vibrations manifest
themselves as small band fluctuations. The charge carriers encounter these
band ripples and have a finite probability of being reflected in an analogous
manner to an electron éncbuntering a step potential. This reflection can be
interpreted as a scattering event and leads to a formulation of mobility20
that is proportional to m*-52T-3/2,

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 usﬁally

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 iinpurity
concentration, and proportional to the effective mass for shallow
hydrogemc impurities.13. 21 |

Finally, in the temperature region where the dens1ty of phonons,
(i.e., quanta of lattice vibrations) is low, ionized impurities are the most
vlikely 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 detai_l |
by Rutherford.22 A moving charge appreaching a stationary charged
~ particle will be deﬂected by the Coulomb 1nteract10n between the two
charges. This change in trajectory constitutes a scattenng 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
ionized a,cceptor. 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 preduces a relaxation time approximately
proportional to T32m™*12Z-2, Consequently, the mobility is proportional to
T32m*-127-2.
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2.6 Non-radiative capthre of holes by acceptors

A semiconductor material in thermal equilibrium maintains a
- concentration of eléctrons, n, and holés, 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 s‘teady-state' conditions, a new balance between
generation and recombination rates is established. In this case the sum of
the thermal and external generati‘oh, rates must equal‘ the recombinatidn
rate, |

: GEXT+ GTH =R.

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

A EA . '
_ A N ,-
,NAogA+ NAOBANVZCX% kBT) | pBAB A (212)

where ga is the photon absorption rate by the neutral acceptor centers and
B, is the recombination coefficient defined as the product of the free hole

thermal velocity and the impurity center capture cross-section, 6¢. Thus,

= GgxrTp | (213)
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-and Tp is defined as the hole lifetime (or the majority carrier lifetime since
acceptbrs 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 abceptor centers. A hole
travelling through a crystal at a velocity v traverses a volume Avyt in the
crystal over a time t.23 A is the crystal’s cross-sectional area normal to the-
hole's trajectory, and vyt is the length of the hole's path. In this volume
the hole potentially encounters (vmtA')N A- recombination centers. If the
~hole approa'ches'the center at a distance r, it is captureél. This event is
assumed irideperident of the direction of approach. Therefore, there is an

effective volumé for capture around a recombination center equal to a

~ sphere of radius r.. If these spheres wére'projected onto a plane of area 4,

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

of the cross-sectional areas (20.) of the recombination centers divided by

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

Z(Gc‘)' | Na- (VthtA)o;: | | |
L= =Na-(vipt
n A Nalvate | (2.14)
‘and the rate of recombination R (the number of carriers captﬁre_d per unit
time_) is
pNA"(Vtht)Cc
t

=pNp-VyO: C(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 impﬁn'ty is the conceptualization and subsequent quantification of the
carrier capture.cr'oss-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 chargéd ion if its
energy is of the order of the thermal energy 3kpT/2. If the ion approaches
the attractive cen_tevr,within a critical radius rcri; 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 (~kgT) is insuffi_ciént to cause ion-center dissociation.
The minimum cohdition for this is |

. ZeYre=3kgT/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 4rerit/3/, where [ is the
ion's mean free path and 4/3 is an avéraging factor. The cross-sectional
" area of the sphere given by mrcrit2. The product of these two terms defines
Thomson's capture cross section, O = 47(rer)3/31. |

There are several meché_nisms 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 collisioh wit_hvanother '
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 Lax?25 first proposed that impurity centers exhibiting large capture
cross sections (=10-14 cm?) 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 o is given by |
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E,g o(Eo)exp{— %) dE,
g Seo®) ) : |
T T o @1
o | Eo
. : | Eoexp( kBT) dEo

where Ej the carrier energy and the o(Ep) is the cross-sectional term that is
formulated based upon the appropriate capture mechanism. The latter can
be formulated without lvosing any generality by an impact parameter

calculation,

o(Eg = f 27b P, (Eq,b) db

‘ wheré b is known as the impact parameter. P.(Eg, 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 Ey. |

~ The general equations above can be specified for the case of cascade
capture of holes by emission of acoustic phonons (Whic_h 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 |
timé t the hole is at a distanée r from the center and, under the influence of -

the Coulomb potential, is accelerated to a kinetic energy
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.
Ze

. E(t) = EO - V[I'(t)] = Eo+ e—o—e—rth)

(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 6f energy Eo+U. This
requires the kinetic energy E to be greater than an energy Em=
ms2/2[1+(Eo+U)/(2ms2)]2 where s is the speed of sound in the material.
The hole will achieve a kinetic energy of Ey, by approaching the attractive

center at a distance rg such that

2 2ms2
Therefore,
o= 16Z¢'ms’ ~
2 2.
280 er(Eo +U) ( 20)

-indicates thé radius of the orbit necessary for capture into a state of binding
energy U. In the crude approximation that the binding energies of greatest
releva;nce are of the order of kgT (as assumed by Lax) and that the initial
energy_for a hole that is likely to be captured is also of ’the order of kgT,
then

G(Eg) = [ 2nb db - fl—"

and
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where by is given by 1o(E/Eq)!/2, and [ is the hole}mealrv_l free path. This
order of magnitude approximation is similar to Thomson's result but for a
factor of E/Eg. This factor indicates that the particle's initial energy (and
‘not just the particle's energy at the tiﬁle of capture) plays a role in the

formulation of the capture cross section. In the limit of kgT>>ms?2,
3 5
. 2
r|{ Ze
2
E€p€,MmS

2
ms

o= »
kgT

- (221

The reader is referred to the original article?> for the rigorous derivation
of the capture cross-section from the Lax model. Neve_rtheless, this
approximation reveals the functional dependence of T-4 (since / is
proportional to m*-2T-1) of the cross-section given by Lax. The validity of
the model has been evaluated at least in part by the comparison of the
temperature dependence of the measuredv 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 prOb_ability 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 erie_rgy states and the sticking probability detemiinihg the
- likelihood that the hole will eve_ntually' reach the ground state. For the case
of states of binding energy equal to kT, the sticking probability is close to |
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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 observed pliotoconductive-de.cay time (=carn'ef
lifetime) regardless of whether the final result is capture to the ground
state or re-emission into the band. |
Revisions have been nlade 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 kg T were involved in the capture into
states of binding energies of the order of ms2 (and not kgT). Thus, Lax
undereétimated the value of the sticking probability at binding energies of
 the order of ms2. In addition, the particles lose energy continuously (for
the case kgT>>ms?) 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 captnre cross section whose functional dependenee on

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

3

2 2 |
4w | 2ms Ze 2
c= for kgl >>ms, .
3 kgl /\epe kgT B (2.22a)
.3
_ 1675 V 1 Z(Ze2 ‘ ' 2
6= — for ke << ms”. |
45 lmsz_(kBT) €0&; l (2.22b)

These may be combined into an interpolation equation:

ZeZ

21
€0&,(kgT + 2.74 ms )

Ze2
€0€; kgl

2ms2
kgT

_4r

°=3

(2.22¢)
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These equations show that the capture cross section is proportional to T-3
for kgT>>ms2 and T-1for kgT<<ms?2.

In addition to the modifications by Abakumov et‘al., attempts have
been made to incorporate the qhantum mechanical nature of bound excited
states of hydrogenic impUrities to the formulation of the capturé Cross

section in n-type Si and‘Gev.30-32 “The authors considered only the role of
the six lowest, s-type, bound excited statés on the capture process. In their

analysis the total cross sebtio_n is given appropriately by
. -1 |
n=2

where P, is the sticking probability and o 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 preseritation regarding the
details of the.rr‘lechaniSm for carrier capture by "giant traps'.’ has yet to be

preseflted.

2.7 Hall effect and photo-Hall effect

Several methods exist for determining the carrier lifetime in 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 experiénces a
Lorentz force Fi defined by.

|  Fo=q(vxB) | (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 Ix and placed in a
maghetic- field B, normal to the currenﬁ direction exhibited a voltage Vy
perpendicular to both I and B,. This is the Hall effect, and Vi is known
as the Hall voltage. The Hall effect is a direct manifestation of the
| produétiqn of a Lorentz force in a material by applied fields and the
reaction of the material revealed as the Hall voltage. This phenomenon has
since been used in the study of the nature and concentration of charge
carriers not only in metals but also in other materials including |
semiconductors. | | |

Figure 2.4 shows a bar of material which for this discussion is taken
to be an extrinsic semicdnductor. A current Ix injected in the +x direction
results in the motion of mobile, charge carriers along the length of the bar

with a drift velocity vx =Ix/(nqtw) where n is the majority carrier
concentration. (It is assumed that minority carriers contribute a‘negligible
amount to electrical ’condu‘ction.) If a magnetic field B; is applied in the +z
direction, the carriers will be deflected in the -y direction by a Lorentz
force of magnitude Fp = qvxB3. 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 Fg equal to gEg. In a homdgeneous material under a
uniform magnetic field, Eg = Vg/w. Thus,

I Vv
B,~gEy= X —a—2=0
qvsb,—qEy Q(nq )Bz G W

and

/

qn= I&%‘ =Ril (2.24)
H .

- where Ry is the Hall coefficient. Because Ix, Bz, t and Vy can usually be

determined experimentally, the Hall coefficient is readily computed.

B

z

Figure 2.4. Schematic arrangefnent 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 méj_ority
carrier concentration and carrier type in a material. If Ry is negative, q=—
e which means that electrons are the majority charge carriers; if q=e, then
Ry is positivé and the material is p-type. The majority carrier
concentration is determined from the magnitude of the Hall coefficient
(n=1/Ruq); consequently, the‘ measurement of the Hall coefficient as a
function of temperature yiél_ds a profile ‘of concentration versus
temperature that generally obeys the freeze-out statistics covered in Section
2.4. The temperature dependént Hall measurements can allow for the
dete-nninati'on 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 Ry-! is not exactly equal to the prodilct of
the charge and the carrier concentration. In general, RH=rH/q'n where ry is
called the Hall factor whichvis 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 ry 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
uB>1 (U is the carrier mobility in m2/Vs and B is in units of Tesla)

reducmg Ty to approximately 1. |
| The photo- Hall effect is very s1m11ar 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 external generation sources on the carrier concentration and

arrive at the relation

Vo

R; = qn = G gx1T; -
Thus, the determination of the Hall coefficient in conjunction with the
knowledge of the external (optical) generation ;\rate yields the majority
carrier lifetime (assuming that the photons are of sﬁffiéient energy to
ionize impurities and not to produce electron-hole pairs due to band to

band excitation).

2.8 Effects of uniaxial stress

The application of uniaxial stress to Ge has thé 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 deéeneracy of the valence band
édge is broken leaving two, doubly 'd'egenerate 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 to the I's*
irreducible representation of the Oy point group. Compres_sion' along a
<100> direction reduces the crystal symmetry to D4y and splits the ['g*
) krepresentation to the I'¢* and I';* irreducible representations of the group
D4h.4°"41' Similar group theofetical argurhents have been provided for the

splitting of bound states of hydrogenic acceptors.4042 The actual energy
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shifts and splittings have been determined both experimentally9416,“42»43 and
 theoretically.39. 42, 44,45 | '

The motion of the I'¢* and T4+ bands with respect to the unstressed
valence band edge differs. Under compression the I'7* 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 I's irreducible representation of
the T;i point grou‘p.l Uniaxial stress splits the'v ground state into the I'7 and
I'e irreducible representions of the Dag 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 "heévy hole” band shifts with respect t(}
uniaxial pressure is'Iarger 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 meV 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 lérge o

compression is applied along one of the <100> directions the nearly
spheroidal constant energy surfaces of the valence band become ellipsoidal
with the lonéitudinal effective mass achievixig a smaller value than that of
the transverse mass (oblate ellipsoids).39,4° 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* = (mllm_Lz)lB’
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and the motion of carriers becomes anisotrbpic. The density of states
which exhibits an effective mass dependence changes as well.
| The piezoresistance of Ge was first report_ed by Smith.46 This
providéd evidence that the application of uniaxial stress to this
semiconductor altered the electrical properties of the material. The 1_ise of
cyclotron resonance and the quantum mechanical analysis of the deformed
energy bands47-49 provided a fuhdamént_al physical basis for such
piezoresistive behavior.. Finally, in 1960 J. J. Hall® performed Hall effect
measurements on uniaxially stressed, p-type Ge émd showed that both the
mdbility of holes is anisotropic and the ionization energy of the hydrogenic
acceptor centers (Al and In) decreases with 'incfeasing compressive stress.
_Saxﬁples under [100]-oriented stress and whose ineasurements were
perfomed with the ,elé_ctrical cﬁrrent flowing in the stress direction
exhibited an increase in the Hall mobility of a factor of two from the

- unstressed condition.
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3. Expe‘rimental

3.1 Hall apparatus 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 magnet. 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 Lakeshbre DRC 80 cryogénic thermometer when the
standard coldfinger was used. The stressing coldfinger requires the use of
~ a multimeter in order to read the resistance of a calibrated temperature
sensing resistor.

Samples were mounted to a coldfinger attached to a Lakeshore CT-
310 continuous flow cryostat (Fig. 3.2). This allowed for Hall
measurements at temperatures ranging from 300 K down to apprOximétely :
2:5' K. Appropriate vacuum (~10-5 torr) was reached via a diffusion pump
system, and sub-liquid He temperatures were achieved by pumping on the
He reservoif. 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 configuration50 were used, the
determination of the Hall coefficient and the resistivity involved sixteen
measurements, eight for each paraméter. 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 cése where a magnetic field was necessary.

Because uniaxial stress induces anisotropic effects in the electrical
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1 LakeShore
| : — DRC-80
_ IBM AT -l ‘ Thermometer
HP 59500A Multiprog. Interface
| HP 6940B Mutliprogrammer | ( Keithley \
. 617 program.
elecrometer | |
;Ecithly :
220 program.
current source
" Keithley
. 196 System
Keithley buffer amp. DMM
175 autoranging e’
multimeter
(for temp. sensing) -
R RIS
LakeShore Liquid He
DTC-500-SP
Temp. Controller
Vacuum
System
Kepco
Power Supply

Magnet

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 crystalliné materials, a ‘modified bar configuration was
used for all stressed sarhples 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 résistivity was determined by two
méasurements, one with current injected at contact 1 and the other at 3.
This provided a measure of the sample resistance (v,¢;i3t=o.5v24/113
+0.5V24/13;). This resistance was converted to a resistivity by takmg into
account a geometric factor determined by obtaining the actual resistivity of = .'
- samples configured iri.the van der Pauw geometry. This geometric factor

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

<F

<

g Yresist

1 mm

_ Figure 3.3. Sample configuration for dark- and photo-Hall mea’s'urement's‘.
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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

measurements were performed with the field in one direction (normal to

1 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 Halll‘voltag—e
from the voltage measurements between contact 2 and 4:

+ -
: VH= Vresist" Vresist , |
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 t in Figure 2.4).

3.2 Stressing COIdﬁnger

" The characteristics of the stressing celdfinger are most important to
the successful performance of standard and photo-Hall measurements of
uniaxially stressed sarhples. Three factors were considered in its design:
a) the accurate measure of 'tempera.ture at low temperatures, b) the ability
to apply uniaxial compression to small, bar shaped samples (=1x1x5 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 coldfihger materials had to be of sufficient a) strength to support
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stresses of up to 6 kbars (60 kg/mm2), 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 coldfinger is provided 1n Fig. 3.4. Its
design was based on the stressing devices used successfully for low
temperature, far-infrared photoconductor applications.3! 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 ) and vyith a
blackbody emitter within it, and h) one brass attachment used to connect
the coldﬁnger to the Lakeshore cryostat. In addition‘, stress was appliedvvia

phosphor-bronze, leaf springs of various thicknesses.

3.2.1 Temperature sensing resistor |

An Allen-Bradley, 1/8 watt, 1 k€, carbon composite resistor wasl
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 77K and 4.2 K values were obtained with liquid nitrogen and
liquld helium baths, respectively, at standard pressure. Measurements

below 4.2 Kelvin were made by evacuating the liquid He Space thus

41



@ — \

@

25.4mm

- 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 inforrnatioanas used
to calibrate the resistor by making resistance versus pressure
measurements. All Hall measurefnents were made with the same
multimeter in order to ensure reproducibility of the temperature reading.
For resistors used over a relatively wide temperaturé 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+Cx2+Dx3+Ex4, where x
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is the natural logarithm of resistance (in units of ohms) and y is 1000/T (in
units of K-1). The values for the constants are given in the table below.

Constant Value
A 5169.19
-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€, Allen-Bradley resistor.

‘Figure 3.5 is a plot of y versus x. The resistance of the 1 kQ resistor
begins to change significantly at low temperatures (<'3O K). ' Therefore,
this calibration allows for temperature méasurements to within two or -
three percent at temperatures below 25 K, the accuracy increasing as the
temperature is decreésed even further. Subsequent to the '_Calibrétion
process, the resistbr was mounted with stycast to a small copper plate such
that only the leads 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 blackbbdy 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 incidentv on the sample and b) the ability to determine the number
of photons absorbed by the sample. Because shallow impurities in Ge have
| ionization energies of ~11 meV (or ~110 um), a far-infrared photon source
was required. And because samples were measured under stress, the
ionization energies were shifted to lower éhefgies requiring either a

tunable or broad bandwidth source.

1000 ¢ T T T 1
; :
- :
<100 E E
- :
~ - _
S L 4
(-
o
— 10 F E
‘ 1 .1 1 1 ] 2 PR | PI | 1 f {

5 7 o 1 13 15
| In [R (ohm)]

Figure 3.5. Fitting of temperature-resistance data of an Allen-Bradley, 1/8
watt, 1 kS, 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 bandwid'th'source. is considered, it is
necessary to know the,abéorption cross section of each impurity type as a
function of photon cnergy. One éan 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 endugh 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
ca\}ity containing both the sample and a blackbody emitter (Figure 3.4).
Two hemisphere-li.ke. cavities were machined from brass and their interiors
were sputtered with gold. The erhiiter is constructed from a ~1 kQ NiCr
square chip one milimeter on the side. The leads are made of 25.4 pm
brass and are attached to the chip' via silver epoxy. Once the leads were
attached, the chip was paihted with- styéast hepoxy such that an
‘approximately spherical shape (diameter ~‘—1.4r:rnm) waé 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 outsivdeAthe cavity and silver epoxy inside the cavity.

Photo-Hall measurements were typically made below 20 K. At these
temp_eraturesvzli }fraction}of the emitter’s powér was dissipated‘ radiatively
when curreﬁt was injected through it. The temperature of the emitter was
raised above that of its surrounding. It has been a;sumed that at the
wavelengths of interest (> 30 um)'fhe 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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P=— 1.16x10 : (photons/m-s)
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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. | o

The goal of constructing and calibrating the emitter was to provide
the best possible quantification of the photdn spec'trum'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 e'stablishing conditions which would best arriv‘e 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 zit a rate similar to that with which the
- photons are emitted by the blackbody. This'approximation irhplies that the
~ time required for the abSorption of photbns (including photons that are
initially reflected by the sarriple surface) is small compared to the lifétime
of the photoexcited ’holes. ‘ |

The approximation of a quantum efficiency of one can be irﬁproved
by accounting for the fraction of photons that is absorbed by surfaces
within the cavity other than the sample surfaces.5? In this case the fraction

of photons absorbed by the sample is
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where A; is the area of an absorbing surface within the cavity, and @ is the

cor‘rcspondihg absorptivity which depends on the photon energy.: This
quantity is difficult to calculate due to thé limited data available regarding
the absorptivities (Ctsampies’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 the 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'lreported .
lifetimes.proviHe a limit as to how small these values ac‘tually ére, i.é., the

actual lifetimes are equal to or'greate'r 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
' t}o 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. Bec‘ausé the.
leaf spring is supported by the stainless steel‘ fulcrum, 'the force applied by
the screw results in'la force on the sample via the stainless steel piston. The
mechanical analysis for thé calculat,ioh of the stress applied is provided in
Appendix A | o ) |
| 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, brassv, phosphdr bronze, and the Ge sainple), the stress is not
expected to change very much in the narrow low temperature range in
which the phdto-Hall measurements are taken. In addition, as in the case of
the stressed detectors, the leaf spring design should c/:ompénsate for having
~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 ﬂlat in which the piston was plaéed
just in contact with the sample was slightly lowered. This suggesis 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 1x1 mm?
cross section. All the surfaces of the sarriples are oriented in <100>
directions. In addition, 728-8.7 was anneaied at 700 °C for 1 hour in a |
KCN soak}pn'or 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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Electncal contacts consxst of a layer with two B- -implants (25
keV/ 1x10%4 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 °C 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 produeing four bare and two fully metallized
surfaces. All bare surfaces were then lapped in a water-alumina_or water-
SiC slurry (S1'900, grit). Three narrow lines (each about a half rnillimeter
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 HNOs3:HF etch for 25 seconds. This final etching step also
removes lapping damage frem all exposed surfaces. The picene wax was
“removed with a TCA rinse followed by a fiual methanol rinse.

Four of the six contacts are necessary for making Hall
measurements. The middle contact on either surface must be used. The
other two may be configured in any manner so long as it is possible to
inject current along the sample's length through the contacts ehosen.
Usually three copper wires (insulated) were connected on one side, and a
fourth wire was connected to the middle contact on the othér srde Wires
were fixed to the metal pads with sﬂver epoxy (cured at 125 °C 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, ¢) alignment
with respect of the magnetic field, and d) effective heat-sinking. Samples
were electrically insulated frorh the coldfinger with thin pieces of mica
(~25 um) placed at each of the 1x1 mm? bare surface. Proper alignment
with the pisto'n was achieVed-by the use of a medium which served to
compensate for any misalignment ih the system (e.g. non-parallel 'sample
surfaces, mis'aligned.rpiston', 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 1x5 mm? 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. Samﬁles were
aligned with respect to the coldfinger in this mannei, é‘nd 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 vamish. The varnish bridged the sample to
the coldfinger reducing the relianbe of heat sinking through the mica and. A
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.

-—r s o= - e --_—--1.

IBM card
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IGE vamish
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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 measure the
carrier lifetime in un.iaxially'stre_ss‘ed material. Chapter 3 describes the
experimental methods allowing for the estirhation of two of the parameters
that most influence the success of this effort: the photon absorption rate
and ‘th.e stress applied. The best way to assess the dégree of success
achieved with these methods is to i_review the results of Hall and photo-Hall

measurements.

4.1.1 Photon absorptidn 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 generétion dominaics.
The data points above a concentration of 2x10° c¢m-3 correspond to
'photoexcita‘tio'n by a 99 K source while the values below were recorded in
the presence of a 77 K emitter. Because it is assumed that the spectral
distribution of the emitter is that of a blackbody, the temperature
determines the phbton .emission féte of the emitter. But not all photons
incident on the sample are absorbed 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 samplé 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 photoexcxted 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 um to 130 pm 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 absorptmn rate is about 3. 0x1015 photons/sec.
In the case of the 99 K source the rate is approximately 6.4x1015
photons/sec. Since thc 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 ca_rrier
lifetime is independent of photon flux. At 4 K the hole concentrations are
2.5x10% cm -3 and 1 .4x10§ 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 absorptlon 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 wavelengthv light is not absorbed
becéuse the ionization cross sections of Ga impurities at these wavelengths
are srnall énough such that these photons may be absorbed elsewhere. So
When the temperature 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 ssale with the overall change in
photonQemission of the source (Fig. 4.3). Finaily’, this analysis provides no
information vregarding the absolute intensity of the emitter. That is, the
validity of the assumptibn that the source is a perfect blackbody has not

been tested.

412 Stress cahbratlon _ |

- Appendix A provides a means of calculatmg 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 élways 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 thé 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_.tOtél 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 éompared to the actual stress applied by analysis of the
binding energy bf the acceptofs associated with each state of stress. In his
study of the strain dependence of binding energies of In- and Al-doped Ge, |
J.J. Hall® provides an analytical formula d'escribing the binding energies,'

W, as a functi_on of strain, €:
W = Weot W1/e +Wo/e2 | 4.1)

where We, Wi, and W2 are constants given 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 [100] dlrcActnon_. 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.

56



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
concei‘ning the majority and minority impurity concentrations in the

samples. These are provided in Table 4.2.

Sample LD. | Nmajority (¢m -3) | Nminority (cm -3)

. 773-6.8 1.4x1014 _1.4x1012
783-4.4 1.0x1014 5x1012
728-8.7 1.2x1015 2.4x1012

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
involve’d in carrier freeze-out of double .acceptors is somewhat more
complicated than the simple expressions gerrning éimple_ impurity centers.

~ For samples under stress, Hall measurements yield information
régarding 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 meV at vthe 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 kbaf, 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 ,thé impurity concentrations listed above, it was
necessary to account for the effect of stress on the effective density of states
of the valence band in the fitting of the freeze out curves. This was
achieved by changing 8 from 4 to 2 since the band edge goes from having a
spin degeneracy factor of four io 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 tran'sverse; effective mass--is that of the deformed ;’heavy"
hole band.3940 | | |

Figure 4.4 elucidates many of the poirits 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 factor. The dashed line that does not match any data set is the
theoretical curve f,or'an unstressed samplé 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 (5x10'3'vc'm3 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 cm3s1 . For the
samples under stress, the photon absorption rate changes because the
_ impurity centers can absorb photohs of ,lower energy. The extra photons -
aré associated with tﬁe tail of the Planck distribution (i.e., long
wavelengths) and consequently are relatively few in number. The resulting
'abs}or'ption rate increases by about 10% to 3.3x10!5 photons/sec which
translates into a carrier generation»raté of 6.6x1017 cm-3s-1. The resulting
calculated lifetimes ét 4 K for.783-4.4 are given in Table 4.3. In the high

stress limit the calculated lifet_ixne 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/T=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)
o |  eoxio7 2.3x10-9
3.5 | 6.6x1017 1.4x10-8
6.3 . 6.6x1017 . 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 concéntrat_ion_ 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 center_s corresponds to the
minority impurity concentration. Thus, Fig; 4.5 shows thai 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
inverses 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 ~gi\}es directly the change in the
lifetimes. - | |

Kaufm.in et al.54 have perfbrrned lifetime measurements in p-Ge
(with shallow acceptors) by the generation-recombination noise téchnique
~revealing a power law dependence of Tr where n is between 2.4 ,an'd‘ 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 (assufning the mean velocity is proportional to T1/2).
Clearly the data for 783 and 773 (Ga-doped crystals) do not exhibit such a
strong temperature dependence. Because the temperature rahge 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 propoftional to T» where n=1.0+0.3.

’The discrepancy between these results and the data of Kaufman et al.
is at the presént time not well understood. One possibility is that'a
- significant fraction of the optically generated carriers is "hot"; that is, the
" holes which have been excite& 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 thé lattice. Carriers can become hot with the -
application of high electric fields. But higher energy carriers can also be
produced when high energy 'photo'ns are used in the excitation process.
Kaufman et al. provide evidence indicating that photons of energies smaller
~ than 25 meV will not produce hot carriers in Ge doped with shallow
impurities having minority impurity concentrations COhiparable 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 effécts such\ as free carrier absorption
may prevent the hbles in the valence band from achieving a thermal
distribution. Measurements in which greater than 25 meV 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 stress on the Hall
mobility of holes in Ge doped with shallow acceptors has been well
documented. The work in the early sixties by John J. Hall® 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 injécted ‘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 éhahge 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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of ' both ionized and néﬁtral impurity scattering at low temperatures (6.2
K), each Scattering mechanism having a ':different_ effective mass
dePendence. The impact of changes in the cffectiVemass on the mobility of
Ge under stress has also been supported by recent experiments.>7 |

Figure 4.6 is a plot of the Hall mobility as a function of inverse
temperafure for sample 783-4.4. The data depict measurements performed
under no stress, 3.5 kbar, and 6.3 kbar. The filled s"yinbols 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 unstressed 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 thé
state of stress. This genéral shape reveals that ionized (and perhaps
neutral) impurity scattering exists in the temperature range where the
majority of free carriers are optically génerate‘d.

‘From the photo-Hall results in Fig. 4.6, one éan see that the dptically
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
i)nvestigated.- ‘These photo-Hall mobilities appear to be very weakly
dependent on( temperature. Such behavior sugge/sts' once more that hot
carriérs are being cfeated_ optically. The temperature dependence for
ionized impurity scattering arises from the assumption that the mean
energy of carriers in thermal equilibrium is proportiorial to kgT 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/mdmentum g
‘losing processes. Under a ternperature 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 experirnents 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 in 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, additiona_l notation has been used to
differentiate arnong bars #1, #2, #3, etc.) The beryllium and minority
(donor) impurity concentration.s»vare approximately 1x1015 cm-3 and
2.4x10'2 cmr3, respectively.: As was observed in the Ge:Ga system, the
application of uniaxial cornpression_ reduces the amount of .energy required '
to excite a hole from the a neutral Be atom; thus, the carrier c_oncentmtion
-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/T=100)
“ correspond to photo-Hall measurements where photoexcitation dominated.

one order of magnitude with stress indicating 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 Ga in Ge. v‘ 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 apparétus more precise
information regarding the temperature dependence of the hole lifetime in
the Ge:Be systerh 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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recalchlation of the rate of photon absorption. For unstressed samples the
estimated phofon absorption rates are 9.6x1014 photons/s, and 6.5x1015
photons/s for emitter temperetures of 77 K and 122 K, respectively. These
yield generationvrates of 4.8x10!7 cm-3/s and 3.2x1018 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 cafrier 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 '12_2 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). Fvigure'4.8b reveals a reduction in the temperature dependence
of the calculated hole lifetimes and a significant venharicefnent_ 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 greeter than the
_lifetime when no stress is applied. Consequehtly, above 5 K the holes in
the li'ghtly 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 vmeasured 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 T#4.
The filled symbols correspond to exictation by a 77 K emitter while the
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Figure 4.9. Hole concentration in sample 728-8.7#3 for three states of
stress. Above 5 K (1000/T=200) the hole concentration of photoexcited
holes in the unstressed case is higher than the concétration 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.

Thé origin of this effect has not yet been deciphered. However, the
first step toward addréssing thé problem is to consider the materials aspects
that change upon the application of a small amount of stress. The fourfold
dégeneracy of both the excited energy states and the valence band edge is
lifted when uniaxial compression is applied (Sec.2.8). Such changes result
ina reduction of the ionization energy of shallow levels. In addition, the
binding energy of the third hole of Be+. is rapidly lowered.!8 Sufficient

splitting of these levels eliminates the presence of Be+ centers thus allowing |
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this overcharged state to exist oﬁly for compressions below 0.8 kbar. Sd,
for a given temperature the concentration of Be* centers decreases as the
pressure is increased up to 0.8 kbar. In the low stress limit the curvatires
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 épplied. ‘,
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
sensitive to stress making the ovércharged centers potentially significant
cointributo.rs 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 concentration 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

-c—i-E- =g- P _ BBeopNBeo'f‘ BBeoNBe*Nv €Xpi— L
dt T, | kgT

and

dp+Ng')_ . p
______g—-——— s
dt Tp
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where Bge° is the recombination conefficient, E is the binding energy of |
the third hole, and all other terms are as previously defined.

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:
PNg.
N, exp{— —-E‘-—-
kgl

It is then possible to calculate the concentration of Be+ centers as a

NBe‘ =

»

function of temperature for the cases of zero stress and 0.3 kbar under the -
“illumination conditions which have already been described. The binding
energies E were estimated as 4.5 meV and 4.0 meV for zero stress and 0.3
kbar, respectively. Figure 4.10 is a plot of the hole and Be* concentrations
as functions of temperatﬁre. 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 NBe* violate the starting assumption that -
Np>>N Be®t. This does not riecessarily 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 ‘depic'ted in Fig. 4.11. Holes can be

- optically excited from neutral centers ata rate that is independent of
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Figure 4.10. - 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. Théy are thermally excited from the overcharged sites at
a rate that does depend on températlire. ‘The recombination process can .
occur a't Be- or Beo sites, each type having associated with it a rahge 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. :

432 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 therrnal.' or the ‘optical generation of hole appears to
dominate. 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 't_emperature range. Above 13 K the major
feature common to the three states of stress corresponds to the transition
from lattice scattering to _ionized/neutra’l 'impurity scattering. Such a
_ transition appears as a maximum in the mobility and is best shown by the
data depicted with open circles (Fi-g; 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 observeds® and analyzeds%-60 in the Ge:Cu system. The
authors attribute the abrupt increasé 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+ forfnation 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 kbér. Second, the mobility decreases slightly with the increése
in photon flux for the zéro stress and 0.3 kbar but decreases slightly for
6.3 kbar. These observations present the following possibility: at _zerb
stress and 0.3 kbar the mobility decreases (with respect to both photon flux
and témperature) due to'thé scattering Contribution of Bet; 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
syétem. | |

In addition to showing thz':lt' high compressive stress increases the
mobility of holes in Al-doped Ge by a factor of 2, J.J. Hall® 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 inéreases by a factor of 4 in the high stress limit (chosing
the mobility maxima located at v17 K for comparisbn) 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 N
to those at 17 K (due to differences in the Hall factor and in the
. contribution of the various scattering méchanisms), yet Figure 4.13
indicates strongly that 0.3 'kbar-of stress will result in a significant increase
even at lé:wer 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 sémple'728-8.7#3. The
‘data were taken in the dark. -
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4.4 Recombination coefﬁcientg 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 smgle term, the effective recombination coefficient
(ERC). In pr1nc1ple, the ERC for shallow hydrogemc impurities should be
very similar in a partlcular 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 s_tates (in which case the
effect of the impurity core is reduced for p-like states). Thus, a plot of the
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 (assu‘rned‘to be equal to the |
minority impurity concentratio.n in every case). In addition, recombination
coeffiecients were extracted for comparison from the data of Kaufman et
al.53 for Ge: Al (5.7x1012 cm-3 Al, 2. 7x1012 cm'3 donors) and Ge:Sb (n-

type, 4.5x1013 cm-3 Sb, 5x1012 cm-3 acceptors). |

- The values obtamed in thlS study have been calculated based on the
assumptlon of having a perfect blackbody and unity quantum efficiency
(Section 3.2.2). In essence the values provrde an upper limit to the
magnitudeé 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 thfs 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 shghtly different dopant concentrations

(for both majonty and more 1mportantly minority impurities).

107 - — ———
t 1 = 783-4.4,6.3 kbar
{ 1 o 783-4.4, 3.5 kbar
@ 10 3 § o 783-4.4, unstressed
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F ] —— Ge:Al (Kaufman et al)
5 4 —— Ge:Sb (Kaufman et al.)
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Temperature (K)

-

Figufe 4.14. Effective recombination coefficients (E}RC’_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

78



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 degerieracy f_actof, the mean hole velocities,
and the capture cross sections (as modeled by Lax or Abakumov et al.) due

| to their dependence on the hole effective mass.
.The lifetime associated with hot carriers has in the pasts9 béen
related to the lifetime under thermal equilibrium, To, by the follbwing

equation:

12

Thot = To (__Bk F:r 72
: B

where € is the energy associated with a hot carrier. Thus, to obtam the
measured lifetime one must average over the dlstnbutlon 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 Tpq is proportional to to/T1/2.
That is, the measured recombination coefficient is proportional to the

“product of the “true” coefficient and the square root of temperature. In the

(19 ka4

Ge:Ga system the measured ERC’s produce a “true” coefficient
proportional to T-m 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 distribu.tion similar td that of the absorbed photdns leads to
another important simplification: at a g'iven temperature the increase with
stress of the lifetime of the hot carriers should be the same as the lifetime

for carriers 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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where B is the valence band degeneracy factor, N, is the trap concentration,
Vi is the holev thermal velocity, and ¢ is the 'captilre cross section. For
large applied stresses B 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*)-122 while ¢ is proportional to (m*)3 (given by Eq.
| 2.22a). Thus, 19 is proportional to B-1(m*)-5/2, 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

(Camesea_ (Bm* st _ (BE™ hunstosea _ 41110717 _
(g (Bm*m’mmsed (BESﬂ)sumsed 267
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 partlcularly mterestmg '

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. In other words, the
mobility data for unstressed Ge:Be has the signature of hot carriers (Sec.
4.3.2), but the concentration of photqexcited_ holes—which is inversely
proportional to the ERC for a constant trap concentration—decreases with
temperature in a manner observed for thermalized carriers. Any
explanatioh 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 coxhlcentvration‘ 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 uniéxially »stressved, 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
cohcentration (l>f photoexcited holes in both Ge:Ga and Ge:Be crystals.
These results suggest that the hole lifetime also increases significantly with
stress. The oﬁgin 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 dépendence of the optically
generated holes is very sensitive to the application of stress in Be-doped Ge
but not s}en'sitive\ in Ga-doped Ge. Second, the stress-induced increase of
the Hall mobility in GeV:Be, is two tirh¢s greater than that observed in
Ge:Ga. These two effects suggest the following: the stress-induced
increases in the hole concentration and Hall mo_bility do not'd’epend 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 the Ge. The changes in (a)
the host material (including 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 i)hoto-Hall data can provide information regafding 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 givén by the product of the factors by which the lifetime and
mobility increase (approximately equal to 20 for the Ge:Ga systétn and the
experimental conditions /described in this thesis). Any deviation from this
limit is due to the effect of stress on other aspects of the detector including
the impurity absorption coefficient and the electrical cyon»tacts. - 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 appliéd by the stfessing 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 dvérhanging one
support with avéoncentrated load at the end of the overhang (Figure A.1).
A force P deflects the leaf spring by an amount Ac. 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

R=§a+@ | A

where / and a are fixed by the coldifinger design. The force P is expressed

in terms of Ac, a, E, and I by the following equation:

p=3IACE '
" (I +a) a2 ' (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 thé 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 inerﬁa is proportional to the cube

of the spring thickness, P is also proportional to t3. Consequenﬂy, the
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amount stress applied to the bar sample is strongly dépendent 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 Ac

is equal to the sum of the forces required to deflect each spring by an

amount Ac. 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

89



coldfinger is cooled to 4 K. Second the leaf-spﬁng 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=1.1x103 kbar).

6,9

Second, the coldfinger was designed such that the dimensions / and “a” are -

equal to each other. Third, the cross sections of all samples were 1x1
~mm?2. Finally, the #4-40 stressing screw was turned about 1/4 of a
révolut_jon. The screw label #4-40 refers to a #4 screw with 40 threads per
inch. Thérefore, 1/4 of a revolution produced a Ac of 0.00625” or 0.016
~cm. The spring-leaf configurations that were used are de‘scribed in Table

'A.l. The error in the estimated stresses is of the order of 10%.

Spring thickness, | Spring wi_dth, No. of springs | Estimated stress
‘ticm) __w(em) ~(kbar)
0.84 047 1 0.3
0.16 ] 0.47 1 1.7
0.16 047 2 3.5
0.25 0.46 1 6.3

Table A.1.
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