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We have investigated the effect of static uniaxial compression along the [0017], [1107, and [111] directions
on the Fy, Eo+Ao, Ey, and E14-A; electroreflectance peaks of Ge and GaAs, and the Ey’ electroreflectance
peaks of Si. From the stress-induced splittings and shifts of the Ey, Eo+A, peaks of Ge and GaAs, the hydro-
static and shear deformation potentials of the k=0 valence-band maximum have been determined. We have
also observed a nonlinear stress dependence of the energies of these peaks, which is caused by the stress-
induced coupling between the upper stress-split valence band and the spin-orbit split band. A theory for the
stress-induced variations in intensity caused by this interaction will be presented and compared with the
experimental results. The hydrostatic and shear deformation potentials of the A;-conduction and Aj-valence
bands of Ge and GaAs have been determined from the stress dependence of the E; and E1+A; peaks of these
materials. We have attributed the observed stress-induced changes in intensity of these peaks to theintraband
splitting of the As-orbital valence bands. The experimental results are compared with our theoretical calcu-
lations. The stress dependence of the Ey’ electroreflectance peaks of Si for [001] stress seems to indicate that
[1007] critical points are responsible for this structure. However, we have also observed large polarization-
dependent intensity changes for [1117] stress, which we have not been able to explain on the basis of the
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above assignment.

I. INTRODUCTION

HE application of a uniaxial stress to a semicon-
ductor produces a strain which reduces the sym-
metry of the material and results in significant changes
in the electronic energy bands.! Some of these changes
can be determined? from a study of the stress-induced
variation of the structure in the normal-incidence optical
spectrum, which is attributed to direct interband tran-
sitions at certain critical points in the Brillouin zone
(BZ). From an analysis of these changes, including
polarization and intensity effects, as a function of the
magnitude and direction of the applied stress, it is
possible to measure deformation potentials and, in
principle, to determine the symmetry of the point (or
points) in the BZ responsible for the structure.
Recently, several modulation techniques®~® have been
developed which greatly increase the resolution of
optical spectra and enhance critical-point structure with
respect to structureless background. One of these
methods, electroreflectance at a semiconductor-electro-
lyte interface,® is particularly suited for an investigation
of the effects of uniaxial stress on the energy bands of a
semiconductor. The spectra obtained by this technique
are often sharper than those obtained from piezoreflec-

T Work supported by the National Aeronautics and Space Ad-
minstration and the National Science Foundation.

* A. P. Sloan Research Fellow.

11. Goroff and L. Kleinman, Phys. Rev. 132, 1080 (1963).

2 U. Gerhardt, Phys. Rev. Letters 15, 401 (1965); Phys. Status
Solidi 11, 801 (1965).

3B. O. Seraphin and R. B. Hess, Phys. Rev. Letters 14, 138
(1965); B. O. Seraphin, R. B. Hess, and N. Bottka, J. Appl. Phys.
36, 2242 (1965); B. O. Seraphin, Proc. Phys. Soc. (London) 87,
239 (1966).

4+ W. E. Engeler, H. Fritzsche, M. Garfinkel, and J. J. Tiemann,
Phys. Rev. Letters 14, 1069 (1965); M. Garfinkel, J. J. Tiemann,
and W. E. Engeler, Phys. Rev. 148, 695 (1960).

5. Balslev, Phys. Rev. 143, 636 (1966).

6 M. Cardona, K. L. Shaklee, and F. H. Pollak, Phys. Rev.
154, 696 (1967); M. Cardona, F. H. Pollak, and K. L. Shaklee,
J. Phys. Soc. Japan Suppl. 21, 89 (1966).

172

tance,* particularly for transitions above the direct edge
The Seraphin technique of electroreflectance? [ the elec-
tric field is applied by making the sample one of the
plates of a capacitor with a transparent dielectric (Saran
Wrap) and a transparent conducting coating (SnO.) as
the other electrode] has the disadvantage that the di-
electric material may not remain in uniform contact
with the sample surface when the sample is elastically
deformed by the stress. Also birefringence in the trans-
parent dielectric due to built-in or applied stress makes
measurements with polarized light rather unreliable.
In this paper we report measurements of the effects
of static uniaxial compression along the [0017, [110],
and [1117] directions on the Eo, Fo+ Ao, E1, and E;+A;
electroreflectance peaks of Ge and GaAs and the Ey
electroreflectance peaks of Si. From the stress-induced
splittings and shifts of the Eo and E¢+ A, peaks (lowest
direct gaps at k=0) of Ge and GaAs the hydrostatic
and shear deformation potentials of the highest valence-
band maximum have been determined.” The shear de-
formation potentials (b and d) of Ge have been deter-
mined by a number of other techniques®#-! but the
values of these quantities obtained by the different
methods deviate more than seems possible to ascribe
to experimental uncertainties. Hence, we have under-
taken another independent investigation of these quan-
tities. The values of b and d for GaAs represent the
first determination of the parameters for this material .22
We have also observed a nonlinear stress dependence of
these transitions, which is caused by the stress-induced

7A. P. Smith III, M. Cardona, and F. H. Pollak, Bull. Am.
Phys. Soc. 12, 101 (1967).

8 J. J. Hall, Phys. Rev. 128, 68 (1962).

9 A. M. Glass, Can. J. Phys. 43, 12 (1965).

10 J. C. Hensel, Solid State Commun. 4, 231 (1966).

' D. H. Dickey and J. O. Dimmock, J. Phys. Chem. Solids
28, 529 (1967).

12F, H, Pollak, M. Cardona, and K. L. Shaklee, Phys. Rev.
Letters 16, 942 (1966).

816



172

coupling between the upper stress-split valence band
and the spin-orbit split band. The results are similar to
those obtained by Bhargava and Nathan!® from the
effect of stress on the luminescence spectrum of GaAs.

For transitions at k%0 the application of a uniaxial
stress X can cause two effects: (1) the removal of the
equivalence of critical points whose k vectors do not
have equal projections onto the stress direction (inter-
band splitting) and (2) the splitting of doubly degen-
erate orbital bands whose k vectors are not parallel to
X (intraband splitting). Intraband splitting is difficult
to observe in Ge and GaAs since the orbital degeneracy
is removed in the unstressed material by the spin-orbit
splitting and hence the effect of the stress on the energy
eigenvalues is of second order in the ratio « of the orbital
to spin-orbit splitting. However, an effect of the first
order appears in the wave functions of the “degenerate”
bands and hence in the matrix elements for optical
transitions.* We have observed both intra- and inter-
band splittings of the E; and E;+A; electroreflectance
peaks of Ge and GaAs and the stress-induced changes
in intensity due to the interband splitting of the
As-orbital valence bands.

We have also investigated the effect of compressive
stress on the Ey’ peaks of Si. For stress parallel to [001]
we have observed splittings consistent with [100] crit-
ical points.? Stress along [1117] produces no splittings
but does cause large polarization-dependent intensity
changes. The effects of [110] stress depend not only
on the direction of the polarization relative to the stress
axis but also on the reflecting face; [110] and [001]
faces have been studied.

II. EXPERIMENTAL DETAILS
A. Stress Arrangement

The samples used were aligned by x-ray diffraction
to better than 1° and cut to dimensions of approximately
25X1.2X1.0 mm. The narrow face was mechanically
polished and etched. After electrical contacts were ap-
plied to the samples they were mounted in the stress
frame?!® shown in Fig. 1. The parts of the stress frame
were machined from stainless steel and the pistons and
frame were polished and fitted together. A force applied
upwards on the pull rod is transferred by means of the
pull frame to the lower piston, which is movable, to give
a compressive stress. The ends of the sample are ce-
mented with Hysol epoxy resin into brass cups placed
in thin nylon cups, which act as gaskets, and tightly
fitted into the ends of the pistons. Rotation of the
pistons while the epoxy is drying enables one to achieve
excellent alignment of the sample. In order to minimize
any possible bending effects the samples are mounted
so that the light is incident on the narrow face.

1;2% N. Bharagava and M. I. Nathan, Phys. Rev. 161, 695
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The details of the brass cups used are shown in the
right-hand corner of Fig. 1. If the solder contact on the
sample were to touch the brass cup a short circuit be-
tween the sample and the electrolyte would result since
the entire frame is immersed in the electrolyte. This
short circuit would bypass the blocking contact of the
semiconductor-electrolyte interface, which produces the
electroreflectance effect. In order to avoid this difficulty
the brass cups, which are % in. in diam and % in. in
length, have a $-in. hole drilled in them to a depth of
1% in. This hole is then filled with epoxy to a depth of
£ in. and a brass plug of diameter slightly under § in.
and % in. long is then epoxied into this hole and allowed
to dry. The hole to accommodate the sample is then
drilled into the brass plug and when the sample is
mounted a small amount of epoxy is placed around the
region where the sample enters the brass plug so that it
is insulated from the electrolyte. The purpose of the
brass plug is to distribute the force applied to the sample
over a larger area since the epoxy itself would yield
somewhat if the sample were mounted directly into it.

The pull rod is connected to a lever arm by means of a
T-shaped connector, the arms of the T riding in needle
bearings such that the pull rod remains vertical as the
lever arm moves about the fulcrum. The other end of
the lever arm, which has a 10:1 ratio, is connected to
a spring by means of a yoke. The yoke is also connected
to the lever arm by means of needle bearings so that it
too remains vertical when the lever arm moves. The
stress is applied by turning the knob so that the spring
is elongated. The extension of the spring is measured
by a Schaevitz linear variable differential transformer
(LVDT) mounted inside the spring.1¢ A matched LVDT
is mounted on a micrometer, divided in ten-thousandths
of an inch, outside the system. The two LVDT’s are
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Fi1c. 1. Stress apparatus used for piezo-
electroreflectance measurements.
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connected as the two arms of an ac bridge, the null
being detected by a vacuum-tube voltmeter. The output
voltage per displacement of the LVDT’s can be matched
to about 0.29,. The spring is calibrated by removing it
from the assembly and hanging weights on it.

B. Optics and Electronics

Monochromatic light was produced with a Bausch &
Lomb 50-cm monochromator.

An HR-8 Princeton Applied Research lock-in ampli-
fier was used throughout our investigation.

We recorded the ratio AR/R of the reflectivity modu-
lation to the reflectivity as a function of wavelength.
In order to obtain this parameter directly when a photo-
multiplier was used as a detector we applied the dc
output from the photomultiplier to a servomechanism
which acts on a helipot voltage divider and sets the
high voltage applied to the photomultiplier. The high
voltage is varied so as to keep the dc output voltage
constant and hence the ac signal from the lock-in
amplifier is proportional to the ratio AR/R. The value
of AR/R is then obtained by dividing the signal from
the amplifier by the value of the constant dc voltage.®
This scheme cannot be employed for the Eo and Eo+ A,
peaks of Ge since no photomultipliers are available
which operate in this wavelength region. The electro-
reflectance signal of these peaks was detected with a
PbS photoconductive Kodak Ektron cell. In order to
obtain a signal proportional to R a small portion of the
incident light was chopped at 13 cps and measured with
a separate lock-in amplifier. The ratio of the two signals
is proportional to AR/R.

C. Electrolytic Cell

Except for the investigation of the E, and E¢+A4
peaks of Ge the electrolytic cell used was similar to the
one already described.® In the infrared region (=1.2 )
water absorbs strongly so that in order to perform
measurements in this region the sample must be placed
close to the window of the electrolytic cell so as to
reduce the water absorption while still maintaining a
thin layer of electrolyte (0.1 mm) capable of producing
the field modulation.!” In order to accomplish this with
the sample mounted in the stress frame (see Fig. 1) a
special electrolytic cell was constructed with a quartz
window which extended inward about % in. In this
manner the window could be placed protruding inside
the stressing frame quite close to the sample. The
window was constructed so that the face next to the
sample is at an angle of about 6° with the front face
thus reducing to less than 10%, the light reflected from
the front face into the detector. The depolarizing effects
of 1 in. length of quartz widnow were found to be
negligible. The data reported here were all taken at
room temperature.

17 M, Cardona, K. L. Shaklee, and F. H, Pollak, Phys. Letters
23, 37 (1966).
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D. Sample Characteristics

All samples were cut from a single ingot of the re-
spective material. Sample characteristics, dc bias and
ac modulating voltages are listed in Table I. The sign
of the dc bias refers to the polarity of the sample relative
to the platinum electrode.

III. COMPARISON OF EXPERIMENTAL
RESULTS AND THEORY

A. Transitions at k=0: E; and E;+ A, Peaks

Without strain or spin-orbit splitting the valence-
band edge at k=0 in a diamond- or zinc blende-type
material is a sixfold degenerate multiplet with orbital
symmetry I'ss» (diamond) or I'y5 (zinc blende). The spin-
orbit interaction lifts this degeneracy into a fourfold
psp mutliplet (J =%, m;=-=%, 2% in spherical notation)
and a p1/» multiplet (J =%, ms=+3%) as shown in Fig. 2.
The application of a uniaxial stress splits the ps/s multi-
plet and also, because of the hydrostatic pressure com-
ponent of the strain, shifts (1) the “center of gravity”
of the ps/» multiplet and (2) the py/2 band relative to
the conduction band (T for Ge and Iy for GaAs) as
illustrated schematically in Fig. 2. The three valence
bands have been labeled 1, 92, and 3. The transitions
between these valence bands and the Iy (T'y) conduction
band have been labeled Eo(1), Eo(2), and Eg¢+A,, re-
spectively. From the splittings and shifts of the various
bands we have determined the hydrostatic and shear
deformation potentials of the valence-band edge. The
stress-induced coupling of #1 and 23 produces (a) a
stress-dependent variation in the intensities of E,(1)
and E,+Ap and (b) a nonlinear stress dependence of
the energies of these transitions.

It has been shown that the orbital-strain Hamiltonian
e, for a given band at k=0 can be written as!8-20

3e(1)=—09 (erot €yyt €22) — 30 P[ (L2 — 1L ezt C.p. ]
— (689 /N3)[{LsLy}extcp.], (12)

where the superscript 4 is a band index, €. denotes the
components of the strain tensor, L is the angular-
momentum operator, c.p. denotes cyclic permutations
with respect to the indices, x, y, and 2, and the quantities
in the curly brackets indicate the symmetrized product:
{L.L,}=%(L.L,+L,L.). The parameter o is the hy-
drostatic pressure-deformation potential for a given
band. Since, experimentally, we can measure only the
energy difference between two bands, it is only possible
to determine the relative hydrostatic-pressure coefficient
between the I'ys (I';) conduction band and the T'ysr (T'y5)
valence bands. The quantities 5 and d® are uniaxial-

18 G, E. Picus and G. L. Bir, Fiz. Tverd. Tela 1, 154 (1959);
1, 1642 (1959); G. E. Picus, zbid. 6, 324 (1963) [ English transls.:
Soviet Phys.—Solid State 1, 136 (1959); 1, 1502 (1960); 6 261
(1964)]. G. E. Picus, Zh. Eksperim. i Teor. Fiz. 41, 1507 (1961)
[English transl.? Soviet Phys.—JETP 14, 1075 (1962)].

19 H, Hasegawa, Phys. Rev. 129, 1029 (1963).

20 J, C, Hensel and G. Feher, Phys. Rev. 129, 1041 (1963).
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TasLE I. Sample characteristics, dc bias (Va.), and ac modulat-
ing voltage (Vao). The sign of the dc bias refers to the polarity of
the sample relative to the platinum electrode.

Carrier
concentration Ve Vac
Material Type (cm™3) W) (V rms)
Ge P 210 —0.25 0.25
GaAs n 61015 —0.75 1.25
Si n 11016 +3.00 3.00

deformation potentials appropriate to strains of tetrag-
aonal and rhombohedral symmetries, respectively.
The symbols b and d without superscripts will be used
for the uniaxial-deformation potentials of the T's5 (T'y5)
valence bands.

The total Hamiltonian is then given by

Gc(i)=gcs.o.+ch(i), (lb)

where 3Cs.,. is the spin-orbit Hamiltonian in the absence
of stress. Stress contributions to the spin-orbit Hamil-
tonian will not be considered at this point.

1. Stress Parallel to [001]
For a [001] stress the strain components are
€:=5uX,
€rr= €y =512X ,
€ay= €= €,,=0,
where S1; and Sie are elastic compliance constants.?!

The strain Hamiltonian for the energy difference be-
tween the T'25 (I'15) and the Ty (T';) band becomes

3Ce=—a(S1+2519)X—3b(Su—S1)X(L2—3L?), (2a)
3= —0Ey— 26 Eon(L2—3L?), (2b)

where 8Egy=a(S1+2S512)X=(0E,/0P)XP is the shift
of the gap E,, due to the hydrostatic component of the
strain, and 8Eqe;=2b(S11—S12)X is the linear splitting
of the ps/» multiplet.

The wave functions for the valence-band states will
be taken in the (J,ms) representations in which 3C .
is diagonal. Referred to the [001] direction the un-
perturbed wave functions of the valence and conduction

PIEZO-ELECTROREFLECTANCE

IN Ge, AND Si 819
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Fic. 2. The left side shows the valence bands (J =3, ms==3,
=4, and J=3, ms==3 in spherical notation) and lowest con-
duction band in unstressed Ge and GaAs near k=0. The right
side shows the effect of compressive stress on the bands and the
allowed transitions.

bands are given by??

[$:8)001= | (32X +4T)T),

#o1,0= | §,5)o0= | (@) [2Z2T— (X+iT)]),
43,0= | §,5)on= | ) VLZT+(X+4V)]]),
te,0=|ST),

where T and | indicate spin up and spin down referred
to the stress axis, respectively. The symmetry properties
of the wave functions of Ge and GaAs are identical
under the point group of the tetrahedron; differences
arise for the other point group operations of the cube.
Since the strain Hamiltonian of Eq. (1) has even parity
we can neglect these differences. In Eq. (3) X, ¥, Z
are the valence-band wave functions which transform
as atomic p functions under the operations of the group
of the tetrahedron and S is the conduction-band wave
function which transforms as an atomic s function under
the same operations. Only states of positive #; have
been considered since the stress does not remove the
Kramers degeneracy of each state.

From Egs. (2b) and (3) the Hamiltonian matrix for
the valence bands can be written as

Uv2,0=

3)

[3:3)000 [3,%)001 3,3 001
$Ao—0Eg—36E o 0 0
0 $00—8Eg+36E o $V28Eon ||, @)
0 3V28E o0 2A0—6Ey

where Ay is the spin-orbit splitting of the valence bands
at k=0 (0.29 eV for Ge and 0.34 eV for GaAs).

*t The values of the elastic compliance constants of Ge and GaAs
are given, respectively, by M. E. Fine, J. Appl. Phys. 26, 862
(1955) and O. Madelung, Physics of v Compounds (]ohu
Wiley & Sons, Inc., New York, 1964), p. 345.

Diagonalizing the above Hamiltonian we find, for
the change in the energy difference between the con-

22 See, e.g., C. Kittel, Quantum Theory of Solids (J. Wiley & Sons,
Inc., New York, 1963), . 282.
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duction and valence bands at k=0,
A(E;—E9)=—3A0+8Eu+30Eo0 ,
A(E;—E 1) =%A0+0Eg—10Eon
—3[A*+AodEon+(9/4) (8Eon)* ]2,

A(E;—E,5) = A0+ 8En—10Eo01

+3[ A2+ AodEoor+(9/4) (6Eoer) ]2, (5)
For 8E¢u<KA, Eq. (5) can be expanded in powers of
8E o0/ Ao to give
A(E,~ E9)=—3A¢+0Eg~+36Eo,
A(EC—E’UI)= _'%Ao_ib 6EH_%6E001__2L(5E001)2/A0+ Y
A(E¢— E5)=~+300+0Eg~+5(8Eo01)?/ Ao+ - - (6)

It should be noted that since the state |£,2) is not
coupled by the stress to the other two valence bands it
has a linear stress dependence while the states with
my=% have a nonlinear stress dependence (repulsion)
caused by the off-diagonal terms in Eq. (4).

In Appendix A the wave functions of the three valence
band states are listed to first order in X. From these
wave functions the selection rules and relative inten-
sities for transitions to T's» (1) have been calculated,
as a function of X, for light polarized parallel and per-
pendicular to the stress axis. These intensities are given
by?

I,"(X)=0,
I"(X)=1"(0)(1+a) ,
IX)=13"(0)(1—2a),

LX) =1,X0),
IMX)=I(0)(1—2a0)
I(X)=I:(0)(1+a0)

where subscripts 1, 2, and 3 refer to transitions from
21, 92, and 93, respectively, to the conduction band,
|| and L indicate light polarized parallel and perpendicu-
lar to the stress axis, respectively, and o= 8FEq/A,.
Note that for states of m,=3% only the perpendicular-
polarization transition occurs.

Shown in Figs. 3 and 4 are the electroreflectance
spectra of Ge and GaAs, respectively, for zero stress
and stress along [0017] with the electric-field vector of
the incident light polarized parallel and perpendicular
to the stress axis. The line shape of the spectra at zero
stress for both materials agree with the theory of
Aspnes®® for an M, transition. For Ge the light was
incident on the sample surface normal to [110] ([110]
face), while the GaAs the light was incident on a [100]
face. The scale of AR/R in Fig. 4 is arbitrary for the
reason mentioned in Sec. II B. The E, peak has been
split by the action of the uniaxial stress: for 1 polari-
zation two transitions are seen, Eo(1) and Eq(2), while
for the || polarization only one peak, Eo(1), is observed.
For the latter polarization the peaks which appear at
higher energies are Franz-Keldysh oscillations and not a
splitting; this fact appears clearly when the peaks are

™

23D, G. Thomas, J. Appl. Phys. 328, 2298 (1961).
24 D, Aspnes, Phys. Rev. 147, 554 (1966); 153, 972 (1967).
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F1c. 3. Electroreflectance spectra of the Ey and Eo+A4, peaks
of Ge for zero stress and for a stress of 9.81X10? dyn cm™* along
[001] with light polarized parallel and perpendicular to the stress
axis. For zero stress the polarization effects are negligible so that
only one polarization direction has been plotted.

tracked as a function of stress. From Eq. (7) we identify
Ey(1) as caused by transitions from »1 to the conduction
band, while Ey(2) is due to transitions from v2 (see Fig.
2). The energy of Eo(1) is the same for both polarization
directions. The E, peak, in addition to being split, has
had its center of gravity shifted to higher energies.
The Eo+ A, peak, which is caused by transitions from
23 to T'» (T'1), has been shifted to higher energies but
not split.

In Figs. 5 and 6 we have plotted the energies of
E(1), Eo(2), and Ey+A as a function of stress for Ge
and GaAs, respectively. The energy of Eo(2) varies
linearly with X while Eo(1), which has a linear stress
dependence at low stresses, exhibits a nonlinear be-

I T
GaAs
x1t [ooi]

X=0.0
——— 11 POL

1.40 1.45 1.50 1.75 1.80 1.85

ENERGY (eV) ENERGY (eV)

Fic. 4. Electroreflectance spectra of the E; and Eo+Aq peaks
of GaAs for zero stress and for a stress of 7.80X10? dyn cm™2
along [001] with light polarized parallel and perpendicular to the
stress axis. For zero stress the polarization effects are negligible,
so that only one polarization direction has been plotted.
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F1G. 5. Energies of the Eo(1), Eo(2), and Eo+A¢ peaks of the

electroreflectance spectrum of Ge as a function of uniaxial stress
along [0017.

havior at high stresses. Listed in Table II 25 are the
values of the deformation potentials dE,/dP and b for
Ge and GaAs as determined from Eq. (6) and the experi-
mental data shown in Figs. 5 and 6, respectively. The
values of 5%(S11—S12)% which will be used subsequently
for comparison with the results of measurements with
stress along [ 1107, have also been listed in Table IT for
these materials. The values of dE,/dP have also been
determined from the shift of Ey,+ Ao and are in good
agreement with those deduced from the data for Eq(1)
and Ey(2). The experimental error in the determination

X(10° dyn cm2)

Fi1G. 6. Energies of the Ey(1), Eo(2), and Eo+ A peaks of GaAsasa
function of uniaxial stress along [001].

of the stress dependence of Eq4 A, is larger because of
the smaller wavelength shift and the lower signal-to-
noise ratio due to the smaller signal for this peak. Be-
casue of this larger experimental uncertainty, and the
fact that for this peak the nonlinear term is super-
imposed on a large hydrostatic shift, the nonlinear term
was not observed for the Eq+ A, peak.

Figure 3 reveals that the intensities of the electro-
reflectance peaks of Ge are in qualitative agreement with
theory [Eq. (7)]. Since I2* and I;* of Eq. (7) can only
be measured at high stresses, for which the peaks are
resolved, the theoretical values of the zero-stress in-

TasrE II. Deformation potentials for Ge and GaAs.

Ge GaAs
Previous Previous
This work results This work results
dE,/dP +12.0+0.5# +13 +1d +11.5+£0.5= +11.5 £1d
(107% eV bar™1) +12.540.5> +13.741.5¢ +12.040.50 +11.8 +0.6%
+12.540.7¢ +10.6f +11.540.5¢ +10.5¢
b —2.6+0.22 —~2.740.3¢ —2.040.22 —1.7 £0.2f
(eV) —2.4+0.2f —1.9640.1k
—1.840.2¢
—2.120.2k
d —4.740.30 —4.74+0.5¢ —6.0=£0.4> —4.4 +0.6f
(eV) —4.14-0.4f —5.4 0.3k
—3.74+0.4=
—7.0%1.5
—6.0+0.61
b2(S11—S12)? 10.4£1.5* 9.64=1.02
[1072(eV cm? dyn™1)%]
1d3S42 12.3+1.6° 26.443.50
[10724(eV cm? dyn™1)*]
b*(S11—S12) 241425442 19.743.0¢ 30.9-+4.5¢
[10724(eV cm? dyn~1)?]
&1 —4.54+04= —5.7£0.44 —4.00.4»
(eV) —5.740.3
&2 +5.141.0s0 +5.1£1.0i +7.44+0.7
(eV)

a [001] stress measurements.
¢ [110] stress measurements.
¢ Reference 9.

& Reference 5.

i Reference 10.

k Reference 13.

b [111] stress measurements.

d Reference 25,

t I, Blaslev, Solid State Commun. 5, 315 (1967).
h Reference 8.

i Reference 12.

% J. Feinleib, S. Groves, W. Paul, and R. Zallen, Phys. Rev. 131, 2070 (1963); R. Zallen and W. Paul, 7bid. 134, A1628 (1964); 155,

703 (1967).
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tensities (see Appendix A) will be used in the following
discussion: In Table III the values of the intensity ratio
11”/11"', Izj‘/Il"‘, and 131'/]3” for X=980X109 dyn cm—2
as calculated from Eq. (7) and the value of & for Ge
listed in Table II are compared to the experimental
values taken from Fig. 3. The intensities have been
measured peak to peak in order to avoid any errors due
to background signals. The theoretical values of 7" /I
and I3*/15'"" are in good agreement with experiment. The
discrepancy for the ratio 75*/Ii* is to be expected since
the Eo(2) peak has a much larger lifetime broadening
than E¢(1) for perpendicularly polarized light; Fig. 3
indicates that the width of E(2) is about twice that
of Eo(1). When this fact is introduced into the experi-
mental value of this ratio reasonable agreement is ob-
tained. As shown in Fig. 4 the intensities for GaAs are
not in agreement with the theoretical results of Eq. (7):
experimentally I;"'/Ii*~1 and Is*/I;*~0.7 as opposed
to I;"'/I1*=6.2 and I,*/I*=4.1 obtained from Eq. (7).
We believe the reason for this discrepancy is that the
transitions causing this structure take place from the
valence band to a shallow donor level rather than to the
conduction band. This impurity effect has been ob-
served before in this material.5-%¢ It is believed that the
impurity is a donor rather than an acceptor since the
stress-induced splittings of the Ey peak are in agreement
with Eq. (6), which would not be the case for an ac-
ceptor: An acceptor level has a nonlinear stress shift
relative to the valence band and hence Ey(2) would
not have a linear stress dependence.

2. Stress Parallel to [111]

For this stress direction the analysis is almost identi-
cal to that for the stress along [0017]. The strain com-
ponents are given by

€ra™= €yy= €22 (Sll+ 2S12) (%X) 5

€oy= €yz= €:2= (%544) (%X) s
where Su4 is an elastic compliance constant. The strain
TasLE III. Comparison of the experimental and theoretical

values of the intensity ratios 7111/11L, Io1/I11, and I3L/I31 for the
E,, Eo+Aq peaks of Ge.

Stress direction I IaL I3

and magnitude 1L Iy Ign
[001] Expt. 80 18 16
9.8110° dyn cm™ Theory 85 52 21
[111] Expt. 57 28 19
9.32X10? dyn cm~2 Theory 6.1 4.1 1.5
[110]{[001] face} Expt. 2.6 1.2 09
9.02X10° dyn cm~2 Theory 14.2 8.4 1.5
[110]{[110] face} Expt. 1.7 1.3 0.9
9.68X10° dyn cm™2 Theory 43 3.3 1.8

26 M. Cardona and W. Paul, J. Phys. Chem. Solids 17, 138
(1960).
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F16. 7. Energies of the Eo(1), Eo(2), and Ey+A, peaks of Ge as a
function of uniaxial stress along [111].

Hamiltonian of Eq. (1) now has the form

He=—a(Su+2512)X— (64/V3)
XULL 3L L}H{L: Lo} 1(3S4) GX) . (8)

The problem of diagonalizing 3C. can be simplified
considerably if we make a transformation such that the
[111] direction becomes the z axis. The transformed
wave functions are listed in Appendix A. Under this
rotation the Hamiltonian matrix for this stress direc-
tion has the same form as the matrix for along the
[001] direction, Eq. (4), with the quantity 6F;
= (d/V3)S1uX replacing 8Eoo. Therefore, from Eq. (6)
we may write for the energy change between the con-
duction and valence bands:

A(Ec_ EvZ = %AO—I_ 6EH+ %6E111 )
A(Ei= Bu)=—3Ag+ 8By — 35 Eas— (0Es)?/ At - -
A(Be— E)=+ 300t 8B+ 3B/ Ak . (9)

In Figs. 7 and 8 are shown the energies of Eo(1),
Eo(2), and Eo+A as a function of [1117 stress for Ge
and GaAs, respectively. In a manner similar to that
already described for the case of [001] stress the de-
formation potentials dE,/dP and d have been deter-
mined from the experimental data. These are listed in
Table II in addition to the values of 1d%S4? which will
be used for a comparison with the results for [110]
stress.

The intensities of the Ey and Eg+ A, lines as a func-
tion at stress are given by Eq. (7) with «o replaced by
oo’ = 8E11/Ao. The agreement between these calculated
intensities and the experimentally observed ones for Ge
is similar to that discussed for [0017] stress. The calcu-
lated and observed intensities are listed in Table III
for X=9.23X10° dyn cm™2.

3. Stress Parallel to [1107]

For the case of stress parallel to [001] or [111] the
choice of the quantization axis along the stress direction
led to a simple form for the Hamiltonian and the wave
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functions. This choice preserved . as a good quantum
number and hence led to well-defined selection rules
and an easy identification of states. However, when
stress is applied to an axis of lower symmetry such as
the [110] axis, the situation is considerably more
complicated.

For stress along this axis we have

€20= €5y = (Su+S12) GX),

€z Sl2X 5
€yz= (%SM) (%X) ’
€z.=€,,=0.
13,3110 [3, =)o
%Ao— 5EH
—3(8Eon1+30E111)

—3V3(6Eon— 6E111)
(34/6)(8Egor— 6 E111)

with an identical matrix for the states |2, —%)1o,
1%, £)110, and |%,5)110. The above Hamiltonian is not
diagonal in the representation referred to the [110]
direction as the z axis with the consequence that -tm s
is no longer a good quantum number and in general the
strain-split states will consist of mixtures of basis func-
tion for m 4% and my=41.

.47 MS_ —1.80
xu ]

> [112] Face 1
C 2
> 1.45 scaLe 4 =
« 5
H 1 &
w
u z
w

1.43 1
.75

.41 L L

0 2.0 20 6.0 8.0 10.0

x(10° dyn cm?)

Fi1c. 8. Energies of the Eo(1), Eo(2), and Ey+-Aq peaks of GaAsasa
function of uniaxial stress along [111].

In the case that 8En=0E1; (equal band splitting
under applied stress along [001] or [111]) the above
matrix would have the same form as the case of X
parallel to [001] or [1117]. In fact, under this condition,
the band splitting becomes isotropic and the Hamilton-
ian matrix has the form of Eq. (4) for any direction of

PIEZO-ELECTROREFLECTANCE IN Ge,

—3V3(8Eon1— 8E111)

$80—3En+§(8Eon+38E11)
$V2(6Eoo1+ 36E111)

GaAs, AND Si 823

If we rotate L according to the transformation
L.=L.,
zy‘_‘ %\/QI:L::‘_ Ly] ’
L.=32[L+L,],
the strain Hamiltonian of Eq. (1) becomes
se[110]=~8Ex+1Em[3(Ly)*— (L)7]
—$0Em[(L.)*—(L)?]. (11)
The wave functions referred to the [1107] direction as

the z axis are listed in Appendix A.
Using these wave functions the Hamiltonian matrix

becomes

(10)

1%, —%)uo

$V6(8Ego1— 8E111)

s 12
W2 (5Eoo1+36Fxss) (12)

—3A0— 0By

stress. As can be seen from Figs. 5-8 this is only approxi-
mately the case for Ge and GaAs.

The eigenvalues of Eq. (12) can be found by first
diagonalizing the 4X4 matrix in the upper-left-hand
corner and then including the effects of the |3, —1)i0
band by second-order perturbation theory. We obtain
A(E;—~E ;)= —‘13‘A0+3EH+%[(5E001)2+3(5E111)2]1/2

_3%(6E001— 6E111)2/A0+ Tty
A(E;— En)=—3A¢+0Eg—}[ (8Eo01) 2+ 3(8 E1ny) ¥]/2
—1(Eon+38E111)%/ Aot - - -,
A(E—Eqy3) =380+ 8Eg+1[(0Eoo1)+3(8E111) 12/ Ao
+35(0E00i— 0E111)%/ Ao+ -+, (13)
where
L(6Eo01)24-3(8Ex1y) 2]V
=2[1)2(511—Slz)2+i};d25442:|1I2X.

For X||[[001] or [111] ( is a good quantum num-
ber) the crystal is uniaxial and hence the expressions
for the intensities [Eq. (7)] are independent of the azi-
muthal angle of the incident radiation about the stress
axis. However this is not the case for X|[[110] since
it has been shown above that m; is no longer a good
quantum number. For this stress direction the crystal
is biaxial and the intensities of the various transitions
will depend on the azimuthal angle of the incident
radiation. In Appendix A we have derived expressions
for the case of light incident along the [001] and [110]
crystallographic directions. These results are listed
below.

IL"X)=I1"(0)[n/Ac—v], IMX)=I*0)[8*F28v/V3:487/V3],
L'"X)=1"(0)[8*+B4A0], I*X)=1I:(0)[82—2Bcs"F2V3Bv],
I'(X)=I3"(0)[1—2a¢"], I:*X)=I5"0)[1+ae"F2V3n/A0],

(14)
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where the upper and lower sign refer to light incident
along [0017] and [110], respectively, and

£=5(6Eon~+36Em),
1=33(6Eo1— 6F111),
B=n/{n*+[E— (+)2]2}72,
L (@
T L ()T
ap''=E/A.

(15)

Because of the mixing of the ms==3% and m;=23%
states, I,''5%0 contrary to the case of X||[001] or [111].
The presence of this transition is a means of determin-
ing whether or not 6E = 6E111.

Plotted in Fig. 9 are the energies of the Ey(1), Eo(2),
and E,+A, peaks of Ge as a function of [110] stress
for light incident along [001] and [110]. Although the
curves for the different directions of the incident light
are displaced slightly, an effect which may be due to
slightly different electric fields since the measurements
were performed on two different samples, the slopes of
the curves are the same within the experimental error.
In Fig. 10 we have plotted the energies of the Eo(1),
Ey(2), and E¢+ A, peaks of GaAs as a function of stress
for light incident along [0017]. Measurements for this
material were made for only one direction of the in-
cident radiation since (1) no comparison can be made
between the experimental values of the intensities and
Eq. (14), for the reason mentioned in Sec. III A 1, and
(2) the energy shifts of these peaks are independent of
the direction of the incident radiation.

Listed in Table II are the values of [82(S1i—S12)?
+14254,%] for Ge and GaAs as determined from Eq.
(13) and the experimental data of Figs. 9 and 10, re-
spectively. The measurement of this quantity for
X||[110] provides an internal check on the values of
b and d. Table II shows that it is in good argeement

0.86
3 3
)60'83 >
e L2g
w
z Z
0.80
! L L 1 1 ! L 1.08

1 1
[0} 2.0 4.0 6.0 8.0
X (10°dyn cm)

F16. 9. Energies of the Eo(1), Eo(2), and Eo+Ao peaks of Ge'as
a function of uniaxial stress along [1107] observed for light in-
cident on a [001] face and on a [110] face.
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with the values deduced from the data for X||[0017] and
[111]. Figures 11(a) and 11(b) show the electroreflec-
tance spectra of the Eo(1), Eo(2), and E¢+ A, peaks of
Ge for light incident along [0017] and [110], respec-
tively, for the highest stress applied. In contrast to the
case of X||[[001] or [111], Z4(2) appears for light polar-
ized parallel to the stress axis. From Eq. (14) and the
values of b and & listed in Table ITI the theoretical
values of the intensity ratios 71"/, Is*/I+*, and I3*/13"
have been calculated for the case of light incident along
[001] (X=9.02X10° dyn cm™?) and [110] (X=9.68
X10? dyn cm~2). In Table III these values are com-
pared with the experimental ones as determined from
Figs. 11(a) and 11(b). The agreement for both cases is
only qualitative.

B. Transitions in the [111] Direction:
E; and E;+ A; Peaks

Band-structure calculations?—32 have indicated that
the E; and E;+A; reflectance and electroreflectance

GaAs
Xt o]
[ool] FACE

1.47 —

1
®
o

Eof2)

145 —

ENERGY (eV)
ENERGY (eV)

143 -

SCALE
————

141 1 ] I ] 1 L1 1
o 2.0 4.0 6.0 8.0

X (10%dyn cm-?)
F16. 10. Energies of the Eo(1), Eo(2), and Eo+Ao peaks of

GaAs as a function of uniaxial stress along [1107 observed for
light incident on a [001] face.

peaks of Ge and GaAs are caused by direct transitions
at points in k space along the eight equivalent [111]
directions as shown in Fig. 12. Piezoreflectance experi-
ments by Gerhardt? confirm this conclusion for ger-
manium. Since uniaxial stress does not remove the in-
version symmetry of the crystal, we need not consider
all eight critical points but only those four in the [111],
[111], [111], and [111] directions. The application of
a uniaxial stress along [001] should not remove the
degeneracy of these bands (no interband splitting) but

should produce an intraband splitting, i.e., a stress-

% B. Drust, Phys. Rev. 134, A1337 (1964).

% M. Cardona and F. H. Pollak, Phys. Rev. 142, 530 (1966).

® F. Herman, R. L. Kortum, C. D. Kuglin, and R. A. Short, in
Quantum Theory of Atoms, Molecules, and the Solid State, edited
by P. O. Léwdin (Academic Press Inc., New York, 1966) p. 381;
also, J. Phys. Soc. Japan Suppl. 21, 7 (1966).
(1;062;[' L. Cohen and T. K. Bergstresser, Phys. Rev. 141, 789
(1;16% Dresselhaus, and M. S. Dresselhaus, Phys. Rev. 160, 649

# F. H. Pollak, C. W. Higginbotham, and M. Cardona, J. Phys.
Soc. Japan Suppl. 21, 20 (1966).
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splitting of the As-orbital valence bands. Since the
orbital bands are already split by the spin-orbit inter-
action, the effect of the orbital intraband stress splitting
is to change the spin-orbit splitting. As will be shown
later, this effect is quadratic in the ratio a of orbital
intraband stress splitting to spin-orbit splitting. How-
ever, the stress-induced coupling of the orbital valence
bands has a first-order effect on the wave functions of
these bands and hence on the matrix elements for optical
transitions, which can be observed as stress-induced

Ge
x11[110)  [001] FACE
x=9.02 x10° dyn cm?

— 1 POL
— — 11 POL

(ARBITRA*RY UNITS)
N
(ARB\TRAIRY UNITS)
o
3]
I

AR (ARBITRARY UNITS)
AR
R

AR
\R
o

I

) ENERGY (eV) !
0.80 086 110 11s
(a)
A Ge
xi o]  [ITo] FACE
o [\ [

X =968 x10° dyn cm™?

? \ —— 1 POL
= — — 1l POL
pl
& /N Eotdo - 0.5
g \ o
£ e
e b
< >
o g
o e
e
<

a8

SR

~ ENERGY (eV)
cc | |
9J

1 I
0.86 110 LIS

(b)

Fic. 11. Electroreflectance peaks Eo(1), Eo(2), and Ey+Ao of
Ge for [1107] stress with light incident along (a) [001] for a stress
gf 9.02><2109 dyn cm™2 and (b) [110] for a stress of 9.68X10°

yn cm™e,

polarization dependence of the intensities of the E; and
Ey+ A, peaks. In addition the hydrostatic pressure com-
ponent of the strain will produce a shift in the center
of gravity of the E; and E;+A; peaks. The application
of stress parallel to [1117] will cause both an inter- and
intraband splitting: The four levels will divide up into
two groups of one and three levels, respectively. Since
optical transitions between the A; valence and A; con-
duction bands are allowed only for the electric field of
the incident light polarized perpendicular to the axis
of the ellipsoid, for light polarized parallel to the stress

PIEZO-ELECTROREFLECTANCE IN Ge,

GaAs, AND Si 825
, X1
Eo+AD Ay (Ag)
Germanium
X4

k=Z1111)

k=(000) k=27 (100)

F16. 12. Band structure of Ge obtained by the k-p method (see
Refs. 28 and 32). The band structure of GaAs is qualitatively
similar except for the removal of the degeneracy at X,.

axis only transitions between the second group of levels
will occur, while for the case of light polarized perpen-
dicular to the stress axis transitions between both groups
will be observed. In addition to this interband splitting
there will be an intraband effect for those bands whose
k vectors do not lie along the stress axis. As for the case
of [001] stress this effect will be of second order in the
energy eigenvalues but of first order in the optical tran-
sition matrix elements.

Most of the band-structure calculations?—32 indicate
the Az valence bands and the A; conduction band of Ge
and GaAs are nearly parallel along the [1117] direction.
In Refs. 19, 22, 23, 27, 28, 30, 31, and 32 critical points
are obtained only at about (2r/2;)[0.2,0.2,0.27], where
a; is the lattice constant, and at the edge of the BZ.
The (2m/;)[0.2,0.2,0.2] critical point is of the M type
and the one at the edge of the BZ is an M, type. Since
the bands along A are nearly parallel, the nature and
number of critical points can be changed by slight
alterationsof "the parameters of the band calculation.
The line shape of the Ey, E;-A; electroreflectance peaks
of GaAs indicate that they are caused by M, critical
points.6-2¢ While the line shape of these peaks for Ge is
not of M, type at room temperature, recent investi-
gating®® at 77°K by Seraphin’s technique?® give peaks
of the M, type. We shall, therefore, assume that the E,,
E;+ A, peaks for both these materials are caused by the
(27/a1)[0.2,0.2,0.2] critical points.

The wavefunctions of the valence and conduction
bands at this point have been obtained as a linear com~
binations of the k=0 wavefunctions from the k-p calcu-
lation.?8:32 Tt is found that the A; valence bands at the
critical point are composed mainly of contributions from
T (I'y5) while the A; conduction band consists of ap-
proximately 509, T'» (T'y) and 509 T'15(T'15). These wave-
functions for Ge and GaAs at (2r/a;)[0.2,0.2,0.2] are
listed in Appendix B. It can be easily shown that the

33 K. L. Shaklee (private communication).
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k-p term in the total Hamiltonian2® does not contribute
to changes with stress of the optical direct transitions.
Once the linear combinations of k=0 wavefunctions
which compose a state of finite k are known, the strain
Hamiltonian of Eq. (1). can be used to describe the
effects of the applied stress on these bands.

| 1)
%Al— [A 2a+Bza’] (Su+ 2512)X
—%8E

where 4 and B are defined in Appendix B, @’ is the
hydrostatic pressure deformation potential of the T'ys
(T'15) conduction bands relative to the I'ss (I'15) valence
bands, and A, is the spin-orbit splitting of the A3 valence
bands (0.21 eV for Ge and 0.23 eV for GaAs). The
diagonalization of Eq. (16) yields, for the change in the
energy separation between the conduction and valence
bands,

A(E;—E ) =—3A+0Ex(A)
— 5[ (A1) (8 Eoor)*]'2,
A(Ee—En)=5A1+8Er(A)+3[ (A1)*+ (8Eonr) 112, (17)

where 8En(A)=[A4%+ B%'](S1u+2S12)X is the mean
shift of the energy bands due to the hydrostatic com-
ponent of the strain. The first part of Eq. (17) refers
to the E; peak, while the second corresponds to the
E;+ A, peak.

In the notation of Brooks?®* the stress-induced shift of
a critical point is given by

AE=n- { 81(611_{" eyy+ ezz)l

+ & e—5(erat€yt EzZ)l:]} ‘n, (18)
where n is the unit vector in the direction of the critical
point in k space, 1 is the unit diadic, ¢ is the strain tensor

and &; and &,3° are the hydrostatic and shear-defor-
mation potentials, respectively. For [001] stress Eq.

15" (X)=15"(0)(1+e)
Tgp o (X) =T pt8," (0)(1—a)

Shown in Figs. 13 and 14 are the electroreflectance
spectra of the E;, E;+A; peaks of Ge and GaAs, re-
spectively, for zero stress and stress along [001] with
the incident light polarized parallel and perpendicular
to the stress axis. For the case of Ge the light is incident
on a [110] face while for GaAs it strikes a [100] face.
At zero stress there is a slight polarization dependence
of the intensities, particularly for Ge, which may be due
to the electric field at the semiconductor-electrolyte
interface. The polarization dependence of the intensities
as a function of stress is in agreement with Egs. (21):
3¢ H. Brooks, Advances in Electronics and Electron Physics,
%;ioilte? gysISJ. Marton (Academic Press Inc., New York, 1955),
.7,p. 85.

35 We have used &’s to indicate the deformation potentials in
order to avoid confusion with the symbol used for energy.
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1. Stress Parallel to [001]

From the strain and spin-orbit Hamiltonian of Egs.
(1a) and (1b) and the wavefunctions listed in Appendix
B, the Hamiltonian for the energy difference between
the A; conduction band and the A; valence bands is

[2202)
—30Eon ’ ‘
3A1—[A%+B% ] (Su+2S1)XI |,

(16)

(18) yields only a hydrostatic shift for the [1117] critical
points which is given by

AE= 8,(S11+2S512)X=6Ex(A) (19)

and hence from Egs. (17) and (19) &= (4% B%').
For the case of §E¢<KA; Eq. (17) can be expanded
in powers of 8Eg/A, giving

A(E;~Ey)=—3501+8Eu(A)—5(8E001)*/Ast-- - -
A(E;— E9)=~43A14+0Ex(A)+5(8Eoor)2/Ar+- - - . (20)

These expressions apply for all the As-A; transitions
and hence there is no interband splitting. However, the
last term in Eq. (20) is produced by the orbital intra-
band splitting. Equation (20) indicates that uniaxial
stress will cause a shift of the center of gravity of the
E; and E;+A; peaks and an increase in the energy
separation between these two peaks. Although the in-
traband splitting is of second order in the ratio en
=0Eq0/A; it is shown in Appendix B that the action
of the stress produces first-order variations in the wave
functions of the Ag valence bands and therefore first
order effects appear in the matrix elements for the
optical transitions. From Appendix B, the stress-induced
variations in the intensity of the E;, E;+ A transitions
for light polarized parallel and perpendicular to the
stress axis, to first order in ay, is given by

IELJ'(X) = IE11(0) (1 - %051)

Ipya (X) =I5 4,(0)(1+301). (21)

I'">I* for the E; peak while I'"' <I* for the E;+ A, peak.
In Figs. 15 and 16 we have plotted the various inten-
sities as a function of stress for Ge and GaAs, respec-
tively. For the case of Ge the intensities have been
measured relative to the zero of scale while for GaAs
the intensities have been measured relative to the
minima preceding the peak, i.e., peak to peak. Since
the line shape of the GaAs signal (Fig. 14) is in qualita-
tive agreement with the theory of Aspnes? for an M
critical point it is appropriate to measure these inten-
sities peak to peak. Because of the large lifetime
broadening of the Ge spectrum (Fig. 13) there is con-
siderable interference between the E; and £+ A; struc-
tures. Since the lines shape does not agree with theory
the reference for the peak heights is somewhat arbitrary,
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We have found that the best agreement with theory for
Geis achieved if the intensities are taken relative to zero.
The dashed lines in Figs. 15 and 16 represent the theo-
retical values of the intensities as calculated from Egs.
(21) using the values of b listed in Table II for Ge and
GaAs, respectively, and the experimental values of the
zero stress intensities, 7(0). For the case of GaAs the
experimental and theoretical results are in very good
agreement. The data for Ge, however, agrees only
qualtiatively with Eq. (21). However, we find that if
the ratio I''/I* for E, and E;+ A, is plotted as a function
of the applied stress the agreement with theory is quite

Ge.
X100l |II0jFACE
[oof] o]ace _

\ X=9.81X10°
\ dyn cm?

11 1 I 1 11 1 ' 111 1 l L1 1
2.20 2.30 2.40
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F1c. 13. E; and E;+A; electroreflectance peaks of Ge for zero

stress and for a stress of 9.81X10° dyn cm™2 along [001] with
light polarized parallel and perpendicular to the stress axis.
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Fic. 17. The intensity ratio I11/IL for the E; and E;+A,; electro-
reflectance peaks of Ge as a function of [001] stress.

good. The experimental and calculated values (dashed
lines) for these ratios are shown in Fig. 17. Similar
results can be seen qualitatively in the piezoreflectance
data of Gerhardt? for Ge.
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F1c. 18. The energy of the center of gravity of the E; and
E,4A; peaks of Ge, as a function of [001] stress, for light polarized
parallel and perpendicular to the stress axis.

In Figs. 18 and 19 we have plotted the center of
gravity of the E; and E;+A; peaks as a function of
stress for Ge and GaAs, respectively, for light polarized
parallel and perpendicular to the stress axis. According
to Egs. (17) and (19) the center of gravity should have
a linear stress dependence, the slope of the curve being
81(S11+2S12). For the case of light polarized parallel
to the stress axis the stress dependence of the center of
gravity is linear for both Ge and GaAs. The values of
& determined from this data for these materials is
listed in Table IT together with the values of &; for Ge
as determined by hydrostatic pressure and piezore-
flectivity experiments. Our value of this parameter is
somewhat lower than those deduced from the other
measurements. The value of &; for GaAs has not been
determined previously. For light polarized perpendicular
to the stress axis the curves are not linear but show a
marked curvature at high stresses for both materials.
We do not understand this behavior at present. Figures
20 and 21 show the difference in energy between the E;
and E;+A; peaks of Ge and GaAs, respectively, as a
function of stress for light polarized parallel and per-
pendicular to the stress axis. For both materials this
energy separation increases with increasing stress, thus
producing an apparent increase in the spin-orbit split-
ting Ay. Also plotted in these figures are the theoretical

GaAs
Z30F
E x11[001] o 5
o1l POL
>
o a | POL g s o ©
w
& 310
] L ! L 1 L ]
2.0 4.0 6.0 8.0

x (10% dyn cm™2)

F1e. 19. The energy of the center of gravity of the E; and
E;+4A; peaks of GaAs, as a function of [001] stress, for light
polarized parallel and perpendicular to the stress axis.
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F1c. 20. The energy difference between the E; and Ei+A;
peaks of Ge, as a function of [001] stress, for light polarized
parallel and perpendicular to the stress axis. The dashed lines
represent the theoretical value of this energy reparation as de-
termined from Eq. (20) while the solid lines show the combined
effects of Egs. (20) and (22).

values (dashed lines) of this energy separation as deter-
mined from Eq. (20) and the values of b listed in Table
II. The experimental intraband splitting is considerably
larger than that deduced from the theoretical expres-
sions of Eq. (20). We have also considered the effect
of the dilation on the spin-orbit interaction. According
to a recent calculation by Brust and Liu®® the fractional
change of the spin-orbit splitting with lattice constant
is given by

6(A1)/A1% —45(01)/01 , (22)

where a; is the lattice constant. The combined effect
of Egs. (20) and (22) is also shown in Figs. 20 and 21
(solid lines). This combined effect does not fully explain
the observed increase in the energy separation of the
Ei+ Ay, E; peaks.
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Fic. 21. The energy difference between the E; and E;+A4A;
peaks of GaAs, as a function of [001] stress, for light polarized
parallel and perpendicular to the stress axis. The dashed lines
represent the theoretical value of this energy separation as de-
termined from Eq. (20) while the solid lines show the combined
effects of Egs. (20) and (22).

3 D. Brust and L. Liu, Solid State Commun. 4, 193 (1966).
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2. Stress Parallel to [111]

a. Bands along [ 1117]. From the wavefunctions listed
in Appendix B and Egs. (1a) and (1b), the Hamiltonian
for the energy difference between the conduction- and
valence-band points whose k vector lies along the direc-
tion of the stress is given by

| #01) |#22)
01— 8Eu(4) 0
+B%Eny'+38Fm 23)
0 —3M—8Eg(A) ||’
+B25E111,+%6E111

where 611" = (d'/V3) 544X is the splitting of the I'y5 (I'y5)
conduction bands and ¢’ is the shear-deformation po-
tential of these bands for strains of rhombohedral
symmetry.

The diagonalization of Eq. (23) yields

A(Ec"‘ Eﬂ) = *%A1+ 5EH(A)- 326E1111_%6E111 )

A(Ec‘“ Ev2) = +%A1+ 0Ly (A) —B%*%Ey — %51’:111 . (24)

For stress parallel to[111], Eq. (18) gives, for the stress-
induced energy changes of critical points along this
direction,

AE=8,(S11+2519)X+58254.X. (25)

Hence, from Egs. (24) and (25), &;=—V3(B2d'+1d).
The intensities for the various polarization, as calcu-
lated from the wavefunctions in Appendix B, are given

IE')”(X)z IEL”(O)(l—’—%al/) ’

Ip48,"(X)=1E14,"(0)(1—4ay),

where i’ =06E11/A;.

Equations (24) and (28) indicate that there should
be an interband splitting between the bands in the
[111] and [111], [1117], and [111] directions which
can be observed as a stress-induced splitting of Ej,
E,+A; for light polarized perpendicular to the stress
axis. Equations (26) and (29) show that for light polar-
ized parallel to the stress axis only transitions between
the latter group of bands will be observed. For these
bands there should be an intraband splitting and as-
sociated variation of the intensities with stress.

Figures 22 and 23 show the electroreflectance spectra
of the Ei, Ei+4A; peaks of Ge and GaAs, respectively,
with stress parallel to [1117] with light polarized parallel
and perpendicular to the strain axis. For the latter
polarization the splitting of the E; peak is clearly evi-
dent in both materials. There is some indication of
splitting for the E;+A; structure of GaAs, while for
Ge only a broadening of this peak is seen. It is some-
what more difficult to observe energy splittings of this
higher energy peak because of the smaller wavelength

PIEZO-ELECTROREFLECTANCE IN Ge,

GaAs, AND Si 829
by
IExn(X)=0) IEll(X>=IE'1l(O)1

IE1+A11(X)=0) IE1+A11(X)=IE’1+A1'L(O)' (26)

As indicated in Eq. (26), transitions between bands
along [1117] are observed only for perpendicularly
polarized light and since there is no intraband splitting
for these bands there is no strain dependence of the
intensities.

b. Bands along [ 1117, [111], and [T11]. For stress
parallel to [111] the bands in these three directions
remain equivalent since their k vectors have equal
projections on the stress axis. The Hamiltonian for the
energy difference between these conduction and valence
bands is given by

[i,1")
$A1—8Ex(A)
—3B%E;/ —%0FEm
26Em

17202’)
%5E111

—3A1—6Ex(A)
- %B26E111'—— %6E111

. (27)

From the diagonalization of Eq. (27) and expansion in
powers of 8E11/A; we obtain

A(E;—E )= —3A1+80Eg(A)+3B2%Ewy/+58F
—(4/9)(0E1m1)*/Avt- -,

A(E,~E ) =—+3A140Eg(A)+3B%E11/+30Ein
+(4/9)(8Eu)?/ Ar+--. (28)

From Eq. (27) and the wavefunctions in Appendix B
the various intensities have been calculated to be

15! (X) =I5 (0)(1—$ar),

T4 a7 (X) =TI 540, (0) (1H50) (29)
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Fi6. 22. Electroreflectance spectra of the E; and Ei+A, peaks
of Ge for X =11.07X10° dyn cm™? along [1117] with light polarized
parallel and perpendicular to the stress axis.
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F16. 23. Electroreflectance spectra of the E; and E;+A; peaks
of GaAs for X=8.05X10° dyn cm™? along [111] with light polar-
ized parallel and perpendicular to the stress axis.

shift and larger lifetime broadening. From Eqgs. (24)’
(25), and (27) and the experimentally observed split-
tings and shifts of the E; peak (see Fig. 23) we have
determined the hydrostatic (&:) and shear (&,) defor-
mation potentials of the A;-A; transitions of GaAs.
These values are listed in Table II. For this material
there is good agreement between the values of & as
deduced from the experimental results for [001] and
[111] stress. There has been no prior determinations of
&, for GaAs. For Ge we have encountered some diffi-
culty in obtaining consistent values for &; and &.
We have indicated by arrows in Fig. 22 what seems to be
a reasonable choice for the positions of the interband
split E; peak. From Egs. (24), (25), and (27) and the
experimentally observed splitting and shift of this peak
one obtains §;=—3.7£109%, eV and &:=-+6.3+109,
eV. This &, is smaller than that obtained from measure-
ments for [001] stress (see Table IT) while the value of
&, is somewhat larger than that obtained by Gerhardt.
The data of Fig. 22 can also be treated without the use
of the somewhat poorly defined low-energy shoulder of
E, for perpendicular polarization if we use the value of
&; obtained from [001] stress measurements. In Fig.
24 we have plotted the energies of the E; and E;+A;
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F1c. 24. The energies of the E; and E;+A; peaks of Ge as a
fjunction of [111] stress for light polarized parallel to the stress
irection.
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Fi1G. 25. The intensity ratio Ig,11/Ig,4a,11 of Ge as a function of
[1117] stress. The dashed line is the theoretical value of this ratio
as determined from Eq. (29) and the value of d listed in Table II.

peaks of Ge for parallel polarization as a function of
stress. We then find from the shift of the E;, E;+A4;
peaks for parallel polarization and Egs. (24) and (25)
8o=+5.14:209%, €V, in good agreement with Gerhardt.

Figure 24 also indicates that there is no apparent
increase in A; of the sort expected for intraband splitting
for parallel polarization. [see Eq. (28)]. This is some-
what surprising in view of the fact that the intraband
splitting for [001] stress is larger than expected.

In Fig. 25 we have plotted the experimentally ob-
served intensity ratio Ig,"/Ig.a," as a function of
stress for Ge together with the theoretical values (dashed
lines) as calculated from Eq. (29) and the value of 4
listed in Table II. As can be seen in the figure, the agree-
ment is quite good. The stress-induced variations of I*
are not subject to simple analysis because of the line
shape changes produced by the interband splitting.
Plotted in Fig. 26 are I5," and Ig,ya," for GaAs asa
function of stress together with the theoretical values
(dashed lines) for these intensities. The experimental
values of Ig.4a,"" agree quite well with theory while
there is a serious divergence for Ig,", a discrepancy
which we do not understand at present.
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Fi16. 26. The intensities I 7,11 and I g, .4, for GaAs as a function
of [1117] stress. The dashed lines are the theoretical values as
determined from Eq. (29) and the value of d listed in_Table3II.
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3. Stress Parallel to [110]

From the spin-orbit and strain Hamiltonian of Egs.
(1a) and 11), and the wavefunctions listed in Appendix
B, the energy difference between the conduction and
valence bands has been calculated to be

1A, —8Ex(A) +3(20E111— 8Eo01)
+1B%En 410 E —31A,—8Ex(A)
+4(20E111—08Eo) =3B E1'+30Em

From the diagonalization of Eq. (30) and expansion in
powers of (26E111— 8E01)/A1 we obtain

A(EG—EM) = —%Ar—,— 3EH(A) :F%B%Em’:F%aEm
- (25E111"‘ 6E001)2/16A1 ’
A(E;—E ,0)=~43A1+0E(A)FLiB2%E11/ F50E111
where the upper sign refers to the bands along [111]
and [111] while the lower sign refers to the bands
along [111] and [1117].
The stress-dependent intensity for light polarized

parallel to the stress axis for either face have been deter-
mined to be

(30)

Ig"(X)=1g"(0)[1—3Fa""],
Ig 0" (X)=TIga," (0)[143Fea"] (32)

for both sets of bands, where a]_”= (25E111“* 5E001)/A1.
For the case of perpendicular polarization the in-
tensities for light incident on a [001] face are given by

IgX)=Ig*0)[1£3"],
Igat (X) =Ig,y All(o) [1 :E%CU"] ) (33>

where the upper sign refers to the [111] and [111]
transitions and the lower sign to the other set. For a
[110] face the intensities have the same form as Eq.
(33) except that the signs are interchanged.

For this stress direction transitions between both sets
of bands are allowed for both polarization directions
and hence clear-cut polarization-dependent effects, such
as intensity variations and splittings, are difficult to
detect. However, the observed stress-dependent in-
tensities and energy shifts are in qualitative agreement
with Egs. (31)-(33).

C. Ey Peaks of Silicon

The origin of the structure in the reflectivity and
electroreflectance spectra of Si at about 3.4 eV (Ey’) has
been the source of considerable controversy. According
to one viewpoint this peak (or peaks in the case of
electroreflectance) is caused by As;—A; transitions (along
[100] axes) in the vicinity of the I' point. The main
experimental arguments given for this assignment are
the chemical-shift data of Tauc and Abraham on Ge-Si
alloys,?” dc? and ac?® piezoreflectivity, and certain elec-

37 J. Tauc and A. Abraham, in Proceedings of the International
Conference on Semiconductor Physics, Prague, 1960 (Czecho-
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troreflectance experiments.?® Gerhardt? found that dc
uniaxial stress along [1117] shifts the 3.4-eV reflectivity
peak equally for light polarized parallel and perpendic-
ular to the stress direction, while [0017] stress splits
the peak into two polarization-dependent components.
This behavior strongly suggest A symmetry although
it is not conclusive.?® Theoretical band calculations by
the pseudopotential method?? also associate the Eq’ peak
with [1007] transitions near T'.

However, some doubts regarding the A assignment
have been raised by the theoretical calculations of
Goroff and Kleinman,! Kane,* and Herman et al.?®
Goroff and Kleinman’s pseudopotential calculations of
the deformation potentials of Si yields a value for the
pressure coefficient of the A transition which is in serious
disagreement with the experimental value. They sug-
gested that Ey" might be due to the Ls"-L; (or As-Ay)
transitions, for which the agreement was considerably
better. Herman ef al. have challenged the A assignment
on the basis of their theoretical estimate of (1) the
T95-T'15 gap of 2.8 €V rather than 3.4 eV and (2) the
pressure cofficient along A, which is considerably
smaller than the experimental value. The calculations
of both Herman e al. and Kane indicate that an ex-
tended region of the BZ is responsible for this structure
including regions near the A axes.

With the greater resolution and sensitivity of the
electroreflectance technique, as opposed to reflectivity,
we felt that new information concerning the Eq struc-
ture might be obtained from a piezo-electroreflectance
experiment. We have investigated the stress depen-
dence of this structure for stress along [0017], [111], and
[110] with light incident on several different faces.

1. Stress Parallel to [001]

In Figs. 27(a)-27(d) are plotted the electroreflectance
spectra of the E," peaks of Si for X=0.0, 3.47X10°
dyn cm—2,9.02X10° dyn cm—2, and 14.22X10° dyn cm™2
along [001] with light incident on a [110] face and
polarized parallel and perpendicular to the stress axis.
For this material there are significant polarization
effects at zero stress for light incident on this face.®
Figure 27(a) shows that for perpendicular polarization
there are two distinct peaks, which are labeled Ey'(1)
and Ey(2). For parallel polarization only one peak
Ey(4), appears clearly, while there is only a small
shoulder Ey'(3) at approximately the energy of Eo'(1).
This polarization effect is probably due to the large
“inherent” surface electric field along the low-symmetry
direction [110]. Figure 27(b) indicates that the appli-
cation of [001] stress causes: (a) E¢'(1) and E¢/(2) to
move apart in energy, thus becoming more clearly re-

slovakian Academy of Sciences, Prague, 1961), p. 375; also, J.
Phys. Chem. Solids 20, 190 (1961).
" 8 GS O. Gobeli and E. O. Kane, Phys. Rev. Letters 15, 142
965).
8 B, O. Seraphin, Bull. Am. Phys. Soc. 11, 272 (1966).
40 E. O. Kane, Phys. Rev. 146, 558 (1966).
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solved; (b) Ey'(4) to move to slightly lower energies; and
(c) E'(3) to disappear. At higher stresses [Fig. 27(c)]
Ey/(2) splits, the two components being labeled Ey'(2a)
and E,'(2b), while E¢'(1) and E'(4) have moved to
slightly lower energies. For the highest stress applied
[Fig. 27(d)] E¢'(2a) has almost merged with FE'(1)
and a splitting of E¢'(4) is clearly evident, these peaks
are labeled Ey'(4a) and E,/(4Db).

Plotted in Figs. 28(a)—-28(c) are the electroreflectance
spectra of the Eo’ peaks with light incident on a [100]
face for X=0.0, 10.12)X10° dyn cm~? and 15.57X10°
dyn cm™2. Figure 28(a) shows that there is only a slight
polarization dependence, which may be due to the fact
that the incident radiation makes a small angle (~10°)
with the normal to the face. However, Figs. 28(b) and
28(c) show that the effects of the stress are the same as
in the case of light incident on a [110] face.
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2. Stress parallel to [ 1117]

The effect of [111] stress on the E,’ peaks for light
incident on a [112] face is shown in Figs. 29(a)-29(c)
for X=0.0, 7.11X10° dyn cm~2, and 11.91X10° dyn
cm~2. Figures 30(a) and 30(b) show the spectra for
X=0.0 and 9.48X10° dyn cm™2 with light incident on a
[110] face. _

For the case of light incident on a [112] face there is
some polarization dependence at zero stress [see Fig.
29(a)] although all four peaks, E'(1), E¢(2), E¢(3),
and Ey'(4), are clearly evident. Peaks Ey'(2) and Ey'(4)
appear at the same energy while E¢'(1) is about 0.01
eV higher than E'(3). Figure 30(a) shows that there are
almost no polarization effects at zero stress (as required
by symmetry) for the case of the [1107] face. The ap-
plication of stress along this direction causes (a) Eo'(2)
and E(3) to disappear and (b) very small energy
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Fr16. 27. The electroreflectance spectra of the Ey’ peaks of Si for stress along [0017] with light incident on a [1107] face and polarized
parallel and perpendicular to the stress axis for stresses of (a) 0.0, (b) 3.49X10% dyn cm™2, (c) 9.02X10° dyn cm™?, and (d) 14.22X10°
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(b) 7.11X10° dyn cm™2, and (c) 11.91X10° dyn cm™2.
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changes for E¢'(1) and Ey'(2) [see Figs. 29(b), 29(c),
and 30(b)]. There are no splittings such as those ob-

served for [0017] stress.

3. Stress parallel to [110]

The effects of stress along [1107] with light incident

on a [001] face are shown in Figs. 31(a) (X=0.0) and
31(b) (X=10.80X10° dyn cm—?). At zero-stress peaks
Ey/(2) and Ey'(4) are clearly evident while there is only
a slight indication of E,’(1) for perpendicular polari-
zation. Application of the stress causes E¢'(2) to split
into two components labled Ey’'(2a) and Eo'(2b) in Fig.

i I I I I
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F1c6 30. The effect of [111] stress on the Ey’ electroreflectance
peaks of Si with light incident on a [110] face and polarized
parallel and perpendicular to the stress axis for stresses of (a) 0.0
and (b) 9.48X10° dyn cm™2.
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31(b), the former peak moving to lower energies while
the latter structure moves to higher energies. There is
no evidence for E¢'(1) at high stresses. The energy of
Ey'(4) has remained almost unchanged.

Shown in Fig. 32(a) is the spectrum of a sample with
light incident on a [110] face at zero stress with light
polarized parallel and perpendicular to the [110] axis.
This figure and Fig. 27(a) are very similar except for

EY2)
o SILICON
xi1 [1o]
-2.5/- [oo1] FacE _|
E5() X=0.0
——— 11 POL

1 POL

+2.5— \ / —
1 | LY |
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(a)
T —— I T
1\ siLicon
-2.5 - /s'm)\ X11[110] -
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\ Ep(2b)
14

[ ----11 POL
»x0.0 — -1 POL
fln:
N
+2.5—

3.40
ENERGY (eV)
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F Fi1c. 31. The Ey electroreflectance peaks of Si for stress along
[110] with light incident on a [001] face and polarized parallel
and perpendicular to the stress axis for stresses of (a) 0.0 and
(b) 10.80X10° dyn cm™2

the fact that the effects of the two polarizations have
been interchanged. In Fig. 32(b) we have plotted the
spectrum for X=10.96X10° dyn cm~2 The energy of
Ey'(2) has increased by about 0.02 eV. Ey(1) has be-
come more pronounced and seems to have shifted to
lower energies by about 0.02 eV, although this is some-
what hard to determine since it appears as only a
shoulder at zero stress. The energies of E¢/(3) and Ey/(4)
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F16. 32. Electroreflectance spectrum of Si in the energy range
3.2-3.6 eV for [110] stress with light incident on a [110] face and
polarized parallel and perpendicular to the stress axis for stresses
of (a) 0.0 and (b) 10.96X10° dyn cm™2.

have not shifted although there has been a change in
their relative intensities. In contrast to Fig. 31(b) there
is no splitting of any of the peaks for light incident on
a [1107] face.

4. Discussion

The gross features of the piezo-electroreflectance spec-
tra for the Ey’ peaks, i.e., splittings for [0017] and [110]
stresses and absence of such splittings for [111] stress,
seem to indicate As~A; interband transitions although
there are a number of features which we have not been
able to explain on this basis, even taking into account
the intraband splitting of the As valence band. A de-
tailed analysis of A transitions near I" similar tothatper-
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formed for the Ei, E;+A; peaks of Ge and GaAs is
difficult since the A, valence band states (see Fig. 12)
are strongly mixed into A; by this spin-orbit inter-
action. This interaction is usually neglected in con-
siderations of the interband transitions in Si since spin-
orbit splittings in this material are small (Ap=0.044
eV, Ay’=0.025 eV) compared with direct gaps. A com-
plete analysis of the stress dependence of the density
of states in the vicinty of the TI'ss-T'y;; transition is
presently being carried out using the k- p scheme.?? How-
ever, as has been shown in Secs. IIT A and IIT B,
intraband splittings and the associated intensity vari-
ations are a function of ¢, the ratio of orbital intraband
stress splitting and the spin-orbit splitting. Since in
Si this ratio will be on the order of unity for the highest
stresses applied in this experiment, spin-orbit effects
must be taken into consideration.

For [001] stress the behavior of peaks Ey'(2a),
Ey'(2b), and Ey'(4) can be qualitatively understood on
the basis on inter- and intraband splittings of As-A;
transitions. Considerations of interband effects alone
are not sufficient to explain the stress dependence of
these structures since on this basis one would expect to
observe one peak for parallel polarization and two peaks
for perpendicular polarization, the energy of the former
peak corresponding to one of the two components of the
doublet Ey'(2a) and Ey'(2b). An inspection of Figs.
27(c), 27(d), 28(b), and 28(c) shows that this is not the
case. However, if intraband effects are included, the
transition which is allowed for the parallel polarization
will occur at an energy between those of the perpendic-
ular polarization doublet, thus accounting for the be-
havior of E¢'(4b). We have not been able to understand
the stress dependence of Eo’(1) and Ey'(4a) on the basis
of the above considerations.

The strong polarization dependence of the E,’ peaks
for [111] stress can also be qualitatively explained on
the basis of intraband splittings of As. For X=~90X 10°
dyn cm™ this splitting should be =~20-30 meV, which
can just about be observed experimentally. However,
the ratio « is approximately unity for this value of the
intraband splitting and hence large polarization effects
should be expected.

It is also evident that the applied electric field plays
an important role in the observed effects. This is par-
ticularly true in the case of [110] stress for which a
splitting of Ey’ is observed for light and electric field
incident on a [001] face while for a [110] face only
polarization effects are seen. We have attempted to
analyze the effects of the electric field on the electro-
reflectance spectrum of the different samples investi-
gated using the Aspnes’ theory?* but have not been
able to make a self-consistent symmetry assignment on
this basis.

Note added in proof. We have recently been in-
formed by Dr. John Hensel of the Bell Telephone
Labs in Murray Hill, N. J. of a revised value of
d=—4.441+0.30 eV.
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APPENDIX A: E, AND E,+ A, PEAKS
1. Stress Parallel to [001]

From Egs. (3) and (4) and perturbation theory, the
wavefunctions of the valence band states at k=0, to
first order in ao, have been calculated to be

to2,x= | 3,3 )on1,

(A1)

Uy, X= '%,%)001+—?Olo l %,%>001 )
vV

U3, X= ’%;%)001"%0()’%,%)001-

It has been shown that the intensity of optical tran-
sitions is proportional to

| <y1lé-ply=> |2,

where & is the unit polarization vector of the electric
field of the incident radiation and p is the linear
momentum.

From symmetry considerations*! it can be shown that
the only nonzero matrix elements of p between Iz (T'y5)
and Ty (T'y) are

P=(XT]pa| ST=(¥T[pu|ST)=(ZT]2:|ST) (A3)

with similar expressions for spin down.
Equation (7) then follows from Egs. (A1), (A2), and
(A3) with

(A2)

I'(0)=0,  I*0)x3P2,
I,"(0) <3P%, I,0)xgP?, (A4)
I31(0) « 3P?, I44(0)«3P2.

2. Stress Parallel to [111]

For this stress direction it is convenient to make a
rotation so that the [111] direction becomes the z axis.
The wave functions of the valence band then have the

form L
[3,8m= | G)A(X+iY)T),
13, 5)m=| G227+ X+i7)L]),
[5,5hm=| @721 X—iV)|]),
41 See, e.g., G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev.
98, 368 (1955); E. O. Kane, Physics of IIT-V Compounds, edited

by R. K. Willardson and A. C. Beer (Academic Press Inc., New
York, 1966), Vol. 1, p. 75.

(AS)

)
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where B
X=@)x-1),
P=@)a(x+vr-22),
Z=®)"(X+1+2).

The stress-dependent wave functions have the same
form as Eq. (A1) with ay replaced by a;.

3. Stress Parallel to [110]

For this stress direction it is convenient to make the
transformation
X=2z,
F=@x-7),
Z=@yrx+1),
and hence the zero-stress wave functions become
[3,8)0= | $)VAX+iD)T),
13,—Huo= | G)V2Z|-X—i")TD),
5= Huo= |2+ X ~i¥)1]).
The stress-dependent wave functions are obtained by
first diagonalizing the 4)X4 matrix in the upper left-
hand corner of Eq. (12) and including the effects of the
|4, —3%)110 band by perturbation theory. This procedure
yields
o x=B|3,P0t7[3, —HotV2n/AolF, — )0,
Aax=B|%, —Huo—7[§Huotad V2[3, —Fu, (A8)
Bos.x= |5, —$)m0—ad"/V2| 3, —H)uo—V2n/8o| §,3110.
The stress-dependent intensities of Eq. (14) have been
derived from Egs. (A2), (A3), and (A8) with the result

1,7(0) <3P, T,1(0) < P2/2. (A9)

The expressions for the other zero-stress intensities
are the same as in Eq. (A4).

(A6)

(A7)

APPENDIX B: E; AND E;{ A; PEAKS
1. Stress Parallel to [001]

The k-p band calculations for Ge and GaAs indicate
that the approximate conduction and valence-band
wavefunctions at the M, critical point in the [111]
direction are

d.0=A4|ST)+B|z1),
'121)1,0= |%1/2(X+1Y)T>7
Hy2,0= 1%1/2(X-1Y)T>7

where Z is the projection of the I'i; conduction band
(see Fig. 12) along the [1117] direction. There are similar
expressions for the [1117, [111], and [111] directions.
For Ge 4=—0.60 B=+40.67 and for GaAs 4=—0.56
and B=+0.56.

The Hamiltonian matrix of Eq. (16) is obtained from
Eqgs. (2a) and (B1). The stress-dependent wavefunc-

(B1)
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tions for the A; valence bands, to first order in ay, are
then calculated to be

_ - 1 -
U1, X=Uv1,07 201U 2,0,

(B2)

_ e 1 -
uvZ,X"'uv2,0+7a1uvl,0-

From symmetry considerations it can be shown that#

O=(XT[pylsT)=C(XT[p:[¥T),

=V T1pa]2T)=(VT|p:[ 1),

=(ZTpalyT)= 2T py|%1),

with similar expressions for spin down. All other matrix
elements between I'ys and T'y5 are zero.

The stress-independent intensities of Eq. (21) have

been determined from Egs. (A2), (A3), (B1), (B2), and

(B3) with

I5,"(0)=TIg4,"(0)
L (0) =m0, (0) « 4(APNG—3BO). Y

In the following discussion all intensities will be given
in units of (4P/V3—3BQ)2

(B3)

2. Stress Parallel to [111]
A. [111] Bands

The conduction and valence-band wavefunctions at
the M critical point in the [111] direction are given
by Eq. (B1). The Hamiltonian matrix of Eq. (23) has
been obtained from Egs. (8) and (B1). Since there is no
intraband splitting of these bands for [111] stress, the
wavefunctions and intensities are not stress dependent

[see Eq. (26)].
B. Bands along [111], [111], and [111]

The wavefunctions at the [111] critical point may be
written as

o' =A|ST)+B|Z'T),

@, = | VX +iT)T), (BS)
@2, = | G)VAX'—i¥")T),
where
7= 3)1—y—2),
X'=@)"(X+7), (B6)

V'=@)V(X~-V+22).

Equation (27) has been obtained from Egs. (8) and
(B6). The term B?6E;;,’ which appears in Egs. (23),
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(27), and (30) actually comes from {(#c,o|H|4.,0) and
hence can be included in the diagonal terms for the
valence band states. The stress-dependent wavefunc-
tions are then calculated to be, to first order in o1/,
ﬂnl,x:=ﬂv1,o:+§a1:ﬁvz,o:, (B7)
U2, X =Ur2,0 *%al %10 -
From Egs. (A2), (A3), (B3), (BS5), and (B7) the
stress-dependent intensities of Eq. (29) have been de-
termined with

IEln(O):IEH-Al“(O) 0(4;

B8
Ia4(0)= Lo a2 (0) . (B8)

3. Stress Parallel to [110]

The Hamiltonian matrix of Eq. (30) is obtained from
Egs. (11), (B1), and (BS3). For the bands along [111]
and [1117] the stress-dependent wavefunctions are

_ - 1, /1=
le,X—uv1,0+Za1 Uv2,0,

B9
o2, X = T02,0— 301 01,0+ (B9) ‘
While for the [111] and [111] we obtain
o1, X =101,0' — 301 g0, (BlO)

- ! = 7 1 1 = ’
o2, X =y2,0 501" 01,0

The stress-dependent intensities [ Egs. (32) and (33)]
have been calculated from Egs. (A2), (A3), (B1), (B3),
(BS), (BY), and (B10). For light incident on either
[0017 or [110] face we find that

IEI“(O) =IE1+41”(0) <l
for the [1117] and [1117] bands, while
IE'1”(O) =‘IE1+A1”(O) <3

for the transitions between the [111] and [111] bands.
For the case of a [001] face for perpendicular polari-
zation we find that

IEll(O) =IE1+A1l(O) «3
for the [1117] and [111] transitions and
IE'll(O) =IE1+A11(0) <l

for the other A transitions.
For light incident on a [1107] face the perpendicular
polarization intensity is equal to 2 for all bands.



