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As an independent check of the position of the upper
Co energy level, the resistivity of several Co-com-
pensated e-type samples has been measured. For these
measurements samples were chosen which had resis-
tivities of 7, 8, and 22 0 cm before compensation and
less than 20000 0 cm after compensation. Hall mo-
bilities of these samples were greater than 1000 cm'/volt
sec after compensation. These measurements indicate
a zero-temperature thermal ionization energy' from the
upper Co level to the conduction band of 0.55+0.02 eV.

DISCUSSION OF ENERGY LEVELS

We have obtained three independent measurements
of the energy of the upper Co level in Si, two with
respect to the valence band edge, one with respect to
the conduction band edge. As the measurements have
been performed at different temperatures, and the
energy gap of Si varies with temperature, ' we have
adjusted all values to room temperature assuming that
the impurity level changes in proportion with the
energy gap. Based on a room temperature gap of 1.11
eV,"we 6nd the position of the upper Co acceptor level

G. L. Pearson and J. Bardeen, Phys. Rev. 75, 865 (1949).' G. G. Macfarlane, T. P. McLean, J. E. Quarington, and V.
Roberts, Phys. Rev. 111, 1245 (1958).

below the conduction band to be 0.52&0.02 eV from
negative photoconductivity; 0.54~0.02 eV from posi-
tive photoconductivity; and 0.53+0.02 eV from
resistivity versus temperature

For the lower Co acceptor level at room temperature
an energy of 0.35~0.02 eV from the valence-band edge
is indicated from negative photoconductivity
measurements.

SUMMARY AND CONCLUSIONS

We have demonstrated that Co introduces two deep
acceptor levels in Si, and moreover produces negative
photoconductivity consistent with the model proposed
by Stockmann' and by Johnson and Levinstein' for
similar effects in Ge. The two acceptor levels are found
to be 0.35&0.02 eV above the top of the valence band,
and 0.53+0.02 eV below the bottom of the conduction
band, respectively.
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The indirect optical absorption edge in silicon and germanium has been studied in the presence of shear
strain. The splitting observed in the transmission spectrum is dependent on the direction and magnitude of
the applied stress and on the polarization of the light with respect to the stress axis. The results have been

interpreted in terms of changes in the valence- and conduction-band structure with strain. Neglecting
strain dependence of phonon energies, various deformation potential constants have been determined from
the experiments. The values are: Si, 80'K: " =8.6&0.2 eV, ~b( =2.4+0.2 eV, [d( =5.3+04 eV, q+@„
—a=3.8&0.5 eV. Si, 295'K: „=9.2&0.3 eV, ~b~ =2.2&0.3 eV, "d+sx"~—a=3.1&0.5 eV. Ge, 80'K:

=16.2&0.4 eV, b= —1.8&0.3 eV, d= —3.7&0.4 eV, d+~3 —a= —2.0&0.5 eV. An observed nonlinear

dependence of the splitting on stress has been interpreted as shifts of the exciton energies with uniaxial

stress. A special experimental technique using a vibrating slit in the spectrometer was used in order to obtain
an accurate determination of the 6ne structure in the absorption spectrum.

1. INTRODUCTION

'N the presence of shear strain in a cubic semi-
- - conductor the reduced degree of symmetry gives
rise to signi6cant changes in the band structure. Based
on group theory and k y perturbation calculations,
several theoretical investigations' have been carried

'C. Herring and E. Vogt, Phys. Rev. 101, 944 (1956).' R.W. Keyes, Solid State Phys. 11, 150 (1961).' G. E. Pikus and G. L. Bir, Fiz. Tverd. Tela 1, 1642 (1959)
LEnglish Transl. : Soviet Phys. —Solid State 1, 1502 (1959)j.

W. H. Kleiner and L. M. Roth, Phys. Rev. Letters 2, 334
(1959),' H. Hasegawa, Phys. Rev. 129, 1029 (1963).

out on the valence and conduction bands in Si and Ge.
Thus, the effect of shear strain on the degenerate

valence-band edge is found to be a lifting of the de-

generacy at k=0. The constant-energy surfaces being
"warped" or "Quted" in the unstrained crystal develop
into ellipsoidal forms. This behavior can be described

by introduction of the deformation potentials a, b,

and d defined by Pikus and Bir.'
For the conduction-band minima off the center of

the Brillouin zone the shapes of the energy surfaces are
unchanged to the 6rst order in stress whereas the
extremum energy of a particular valley will depend on



IN D I RECT ABSORPTION EDGE i N Si AR 0 t e 63'f

TABLE I. Conduction-band splitting rsE,' rsE—,' for uniaxially stressed Si and Ge. 7 is the stress (positive for
tensile stress), „

is the deformation potential, and S», S», and 544 are compliance coefficients.

Material
Stress direction

[001]

[110]

Valley direction

[001] [001]
[100] [010]
[100] [010]

[loo] [olo]
[100] [010]
[001] [001]

Si
tIIt P' s Q+ 0

3 (S11 S12) "AT

3 (S11
—S12)ZttT

—,
' (S11—S12)H~T

——,(Sgg —S12)~~T

Valley direction

Any

111]
[111 111]

[111

[111] [111]
[i11] [111]

i ++0

3S44t-est T
——,'S44 ~T

—,'S44 T

6544~te T

the magnitude of the stress and its direction with
respect to the k vector of the valley. These shifts are
described by the deformation potentials ™zand ™of
Herring and Vogt. '

Experimentally, intrinsic properties and free-carrier
effects in strained Si and Ge have been studied by
electrical, '—' optical, '" and microwave" techniques.
The results of these measurements seem to verify the
above theories, but the magnitudes of the deformation
potentials obtained by the different methods deviate
more than it seems possible to ascribe to experimental
uncertainties.

In this paper we shall describe an independent
experimental method for determining the deformation
potential constants based on an analysis of the change
in the indirect absorption edge due to uniaxial stress.

The structure of the indirect absorption edge in
strain-free silicon and germanium crystals has been
discussed in detail by several authors. ""

This structure is characterized by certain threshold
energies corresponding to the creation of an electron-
hole pair with simultaneous emission or absorption of
a phonon in order to ful611 the condition of momentum
conservation.

Owing to the lifting of the energy degeneracy with
shear strain of the valence- and conduction-band edges
these thresholds will split up. An analysis of the fine
structure of the thresholds and its dependence on
direction and magnitude of uniaxial stress makes it

' F. J. Morin, T. H. Geballe, and C. Herring, Phys. Rev. 101,
525 (1957).

~ J. E. Aubrey, W. Gubler, T. Henningsen, and S. H. Koenig,
Phys. Rev. 130, 1667 (1963).' G. L. Bir, A. I. Bloom, and U. V. Ilisavsky, Proceedings of the
Seventh International Conference on the Physics of Semiconductors,
Paris, 1964 (Dunod Cie., Paris, 1965), p. 529.' A. M. Glass, Can. J. Phys. 43, 12 (1965).

'0 K. J. Schmidt-Tiedemann, Proceedings of the Sixth Inter-
nttlionet Conference on the Physics of Semiconductors, Exeter, I96Z
(Institute of Physics and the Physical Society, London, 1962),
p. 191."J.C. Hensel and G. Feher, Phys. Rev. 129, 1041 (1963).

~ G. G. Macfarlane, T. P. McLean, J. K. Quarrington, and V.
Roberts, Phys. Rev. 108, 1377 (1957); hereafter referred to as
MMQR."R.J. Elliott, Phys. Rev. 108, 1384 (1957).

The energy degeneracy in a many-valley cubic
semiconductor is in general lifted by shear strain.
Herring and Vogt' have applied symmetry arguments
in the studies of this phenomena and found that the
energy shift hE,' of valley i for an arbitrary homoge-
neous deformation described by the second-rank strain
tensor e can be expressed as

hE, '=L „1+„(a,a;}1:e, (2.1)

where I is the unit tensor, a; is a unit vector parallel
to the k vector of valley i, and { ) denotes a dyadic
product. The shift of the mean energy of the band
extrema is

DE, —( e+s „)l.e, (2.2)

and the quantity DE.'—hE,' is given in Table I for Si
and Ge in case of uniaxial stress parallel to the crystal
directions L001], $111],and L110$.

Without strain and spin-orbit coupling the valence-
band edge in silicon and germanium is a sixfold degen-
erate p multiplet with symmetry I"ss'. The spin-orbit
coupling partially lifts the degeneracy into a fourfold

pets multiplet and a pt;s doublet with a separation
A.=0.044 eV in Si and A.=0.3 eV in Ge. The edge, the
upper J=—,

' state, is for k/0 a pair of Kramers doublets
designated as "light" and "heavy" holes. k y perturba-
tion applied to this edge yields energy surfaces of the
form"

g(k)+ +$2~P32$4+Cs(h sh 2+l'e sh 2+/ 2h 2)jl(2 (2 3)

where A, 8, and C are inverse mass parameters related
to the elements of the Shockley matrix" by

A = s (L+2M)+ (its/2tns),

8= -'s (L—3I), (2.4)
C'= —,'(1P—(L—M)') .

'4 G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. Rev. 98,
368 (1955).

possible to determine the deformation potentials of the
two band edges.

2. BAND STRUCTURE OF STRAINED
SILICON AND GERMANIUM
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As pointed out by Pikus and Bir', the degeneracy at
4=0 is lifted by shear strain. Neglecting the spin-orbit
sp1it-off band, they found that the band structure near
k=0 for the strain a is given by

TABLE II. Valence-band-splitting parameter
~ E„(for uniaxial

stress T. b and d are deformation potentials and SII, S12, and S44
are compliance coefBcients.

Stress direction

where

E(k)+=Aks+al: ea [EA22+E.22+E«2]l" (2.5)

E„2—732k4+C2(k 2k 2+k 2k 2+k 2k 2)

E-'=-:b'L( **—".)'+c p]+d'L *'+ p)
E,22 ——Bb[3(k,'e„+c.p.)—O'I: B]

+ (2/~3iV'd[k, k„e,„+c.p.].

[001j

[1103

/ &(&ll —5'l2) 2'/

—S441'2'
1 tr d )2 ll2

b2(Sll +12)'+&I —5'44
I

2 (2&3'

E(0)+=el:e+-'(b —~)+-', [(Spic)'ygb']'&',

E(0) =al:e—8,

where

8=+b(e„e,) —for stressll[001],

6=+2/%3de, „) for stressll[111].

(2.6)

The two cases in Eq. (2.6) correspond to total angular
momentum quantum number M J = +-,' and &—,', respec-
tively (cVJ quantized in the stress direction). Further-
more, it was shown' that Eq. (2.6) holds for any
direction of uniaxial stress if the quantity 8 is stress-
isotropic.

Thus, for the indirect gap of strained silicon and
germanium we obtain

"E= 'E+~ 'E+(~ 'E—~E ')+(—1)'IE-I (2 7)

where i denotes the valley and j=1, 2 corresponds to
the valence bands. E, is the energy gap of the strain-
free crystal, and

DE2' (g+-' „—l2)l:e-—
= (=.d+ s=u —

42) (&11+2&12)& (2.8)

is the mean shift of the gap for uniaxial stress T. The
last two terms in Eq. (2.7) are listed in Tables I and II.

E is the off-diagonal element of the Shockley matrix, "
a, b, and d are deformation potentials, and c.p. stands
for cyclic permutation with respect to the indices x, y,
and s. It is seen that the band extrema are separated by
the energy 2IE„I proportional to the strain. For
suSciently small values of k the surfaces of constant
energy given by Eq. (2.5) are ellipsoids.

Hasegawa' has found, however, that the small
spin-orbit splitting in Si, 3=0.044 eV, gives rise to
slightly nonlinear shifts of one of the band extrema
within obtainable magnitudes of strain. The 6X6
Hamiltonian including the spin-off band has simple
solutions for the stress directions [001] and [111]as
indicated in Ref. 5. For k=0 we find that Eq. (2.5)
attains the form"

For high magnitudes of stress in Si, the term (—1)&
I
E« I

has to be modihed according to the two cases in Eq.
(2 6).

3. PHONONS IN THE PRESENCE OF STRAIN

The energy of the phonons participating in the
indirect processes is in general dependent on strain. The
energy shifts can be expressed by a formula similar to
Eq. (2.1).The magnitudes of the deformation potentials
associated with the phonon spectrum are not well

known. It may be assumed, however, that the relative
shift in the phonon energies due to strain is less than 5
times the magnitude of the strain, and in this case the
phonon contribution to the splitting of the indirect
thresholds can be neglected, This assumption was
experimentally veri6ed for the transverse optic (TO)
phonon in Si in the present work by comparing the
splitting of the two thresholds corresponding to
emission and absorption of this phonon.

4. INDIRECT EXCITONS IN STRAINED
SILICON AND GERMANIUM

As shown by Elliott, " the spectral shape of the
direct and indirect absorption edges can be explained

by the presence of electron-hole interaction. His theory
concerns simple spherical bands in which case the
ground-state binding energy E, of the exciton is given
explicitly by the effective masses and the dielectric
constant. For degenerate and anisotropic band edges
Mcl.ean and Loudon'6 have introduced a variational
procedure for calculation of E, . The splitting obtained
there in the ground-state level of the indirect excitons
in Si and Ge has minor interest for our work as it was
unresolved in the present measurements. The calculated
mean values of E were 12.7 MeV in Si and 3.0 MeV
in Ge.

When the strain-induced splitting of the valence
bands is comparable to E, , the theoretical method of
Ref. 16 is inadequate, and more complicated procedures
are required for computation of the exciton energies.
In the case of completely decoupled valence bands the

"The 6gure 8 in this expression was incorrectly reported to
be 2 in a previous publication by the author (Ref. 25).

T. P. McLean and R. Loudon, J. Phys. Chem. Solids 13, 1

(1960).
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it,
~exact value and siope

Further investigations for y & 1 are reported by
Keyes. ' The ground-state energy E in units of

e4

Qo —1+ —12$2K2
(43)

0
0 0.2 0.4 0.6 0.8

I

1.0 1.2

FzG. 1. Ground-state energy of the donor problem as function
of the mass ratio ~=(p,/p, ) calculated by Kohn and Luttinger
(Ref. 17). Here, the results are given in units of

Ep=3e4/$252&2(2g, '+p,. ')g.
The analytic expression is given in Ref. 18.

calculation of E. should be based on two nondegenerate
anisotropic bands for the electron and hole. The
reciprocal mass tensor for the relative motion of the
pair of particles is given by

t' '=m„'+m,—', (4.1)

where m„'and I, ' are reciprocal mass tensors of the
valence and conduction bands. In the coordinate
system in which p is diagonal E. is the lowest eigen-
value of the equation

1 8 1 8 1 8——'252 — +— +-
@*BR ppBy pg Bs

e2

Ec(x,y,s)=0, (4.2—)
K(g2+y2+s2)1/2

in the range 0&y&1.

'7 W. Kohn and J. M. Luttinger, Phys. Rev. 9S, 915 (1955).

where p. ', p„—', and p, ' are the elements of the
diagonalized p ' tensor and ~ is the dielectric constant.

For p, =p„~p... Eq. (4.2) is similar to that of the
donor problem investigated by Kohn and Luttinger. "
They calculated the approximate value of the ground-
state energy E of Eq. (4.2) as a function of the quantity

are given in Fig. 1 as a function of y'~'. lt is seen here
that for a constant value of the trace of p ' the ground-
state energy is varying less than 5% in the range
0.5&y&2. Based on this fact we have assumed that
the case p, /p„/p, , can be calculated with reasonable
accuracy, if two of the masses, say p,, and p,„,diAer by
less than a factor of 2, by using the curve in Fig. 1
with p,,—' and p„'replaced by their mean value.

We shall now use the above assumptions and the
results in Fig. 1 to calculate the high-stress exciton
binding energies associated with each of the band pairs
of the split indirect energy gap.

The conduction-band contribution to p ' of the
relative motion is characterized by a longitudinal mass
mz, and a transverse mass mr. For L001j and [111j
stress the hole energy surfaces near k=0 are two
ellipsoids, one prolate and one oblate, both having
symInetry about the stress axis. The hole masses m»
and m~ parallel and perpendicular to the stress are
given by'

1
=A~B for C-001j stress

=A&22K fOr $111j StreSS

—=A~22B for L001j stress
mJ,

=A+sN for $111J stress.

Inserting these masses for electrons and holes in
Eq. (4.1) it is seen that

Tr(y ')=Tr(m ')+Tr(m ')=3A+mg '+2mr-'

is independent of the valence band considered. Thus,
the value of Ep of Eq. (4.3) is the same for any combina-
tion of band pairs in the strained crystal. Diferent
values of E, arise from the fact that the degree of
anisotropy of y ' depends on the valence band in
question and on the angle between the symmetry
directions of the valence and conduction ellipsoids.

In Table III"" the approximate values of E are
listed for the band pairs denoted by 2, j in Eq. (2.7).
The deviation of the results from the isotropic value is
seen to be small except for L111)stress in Ge. Here, the

"R.W. Keyes, IBM J. Res. Develop. 5, 65 (1961).
"The mass shift with stress in Si (see Ref. 11) is not included

in these expressions. The contribution from this to the exciton
energy shifts has been found to be small compared to the experi-
mental uncertainty.

'o B. Levinger and D. Frail, J. Phys. Chem. Solids 20, 281
(1961)."R. N. Dexter, B. Lax, A. F. Kip, and G. Dresselhaus,
Phys. Rev. 96, 1222 (1954).
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TABLE III. Calculated exciton energies in meV for strained silicon and germanium. The indicated shifts bE,& are relative to the
calculated zero-stress values 12.7 meV (Si) and 3.0 meV (Ge) of Ref. 15. The eBective mass parameters of Refs. 11, l4, 20, and 21
and the dielectric constants 12.0 (Si) and 16.0 (Ge) has been used in the calculations. For comparison it should be mentioned t»t
the results 12.0 meV for Si and 2.5 meV for Ge are found in case of isotropic reduced mass equato to —,'mL, +arne+~ ~

Eex
~Eex

Material
Valley

direction
Shape of valence-

band ellipsoid

[001)stress 12.3—0.4
12.0—0.7

[001],[001]

prolate oblate

Si

12.4—0.3
12.1—0.6

[100, [010]
[100, [010$

prolate oblate

2.6—0.4
2.5—0.5

prolate oblate

Ge

2.6—0.4
2.5—0.5

[liij, [111$
[Iilg

prolate oblate

[111j stress Eex
bEex

12.5—0.2
12.0—0.4

12.5—0.2
12.0—0.4

3.4
+0.4

2.5—0.5
2.5—0.5

2.7—0.3

anisotropy associated with the prolate valence band
and the L111j valley is characterized by y=0.1 which
leads to 30 jo increase in the binding energy.

S. THE INDIRECT OPTICAL
ABSORPTION EDGE

A detailed presentation of the theory and the exper-
imental results of the indirect absorption edge in silicon
and germanium is given by McLean. 22 The theory is
based on a second-order perturbation calculation in
which the radiation and the lattice vibrations are acting
on the electronic system.

The spectral dependence of the absorption contribu-
tion from one type of phonon interaction can be char-
acterized by a threshold energy given by

~ % g 0 % g a

~ (5.2)

~ T. P. McLean, Progress irl, Seesicoeductors, edited by A. F.
Gibson (Heywood and Company, London, 1960), Vol. 5.

(5 1)

where E, is the indirect energy gap and E, and E„are
the binding energy of a ground-state exciton and the
energy of the phonon both with wave vector equal to
that of the conduction minimum. & correspond to
phonon emission or absorption. For photon energies
larger than Ef, the absorption in the allowed case is
rising as the square root of the excess energy due to
creation of bound excitons whereas a -,'power absorption
producing unbound excitons will have a threshold at
E~+E, . In the forbidden case the corresponding power
laws are —,

' and ~5.

In the unstrained case the transitions are specified
by creation of a bound or an unbound exciton and
creation or destruction of a phonon. Under the applica-
tion of shear stress we must also specify which valence
band and which conduction valley are involved in the
process. The contribution from each of these types of
transitions can then be treated using the same methods
as previously.

These contributions are 6rst of all characterized by
the individual threshold energies given by

These three terms have been discussed in the previous
sections. Important as well for the interpretation of
the present experiments are the relative magnitudes,
the polarization dependence and the spectral behavior of
each of the transitions denoted by i, j in Eq. (5.2).
We shall return to these features of the strain-induced
fine structure of the indirect edge in the discussion of
the experimental data.

6. THE EXPERIMENTAL PROCEDURE

Grating. 600 lines/ mm

blazed at 1.0or 1.6p

L ~l s Ls
A

i

I

I

i Reference spina% Detected spinal,

I

I

i

I

Princeton Applied Research
Lock-in, amplifier
Model JB-4

P

Reference sicCnal~

") for conventional operation
"') for wavelength modulation

l.F osciHator++

operating at 175 cps

FIG. 2. The optical set-up used in the experiments. L: Light
source; C: chopper for conventional operation; Sp: Specimen;
SISg. Slits; PbS: Lead sulphide detector; P: Preampli6er; and
LS: loudspeaker for wavelength modulation. Single asterisk indi-
cates "for conventional operation"; double asterisk indicates
"for wavelength modulation. "

Oytics

In the experimental investigation of a splitting
phenomenon it is desirable to determine the individual

energy levels as well as the shapes of the split compo-
nents. Such an analysis of a threshold for a square-root
rise of the optical absorption requires very high stability
of light source, detector, and electronics when the
investigation is carried out in a conventional spectrom-

Perkin Elmer grating
monochromator

hlodel g86



INDIRECT ABSORPTION EDGE IN Si AND Ge

eter. Furthermore, the decomposition of the split
threshold from the recorded transmission spectra is a
complicated procedure in which processing of a large
amount of data is necessary. These difBculties lead us to
modify the traditional spectrometer as shown in Fig. 2.

Here, the chopper was removed and the exit slit (Sp)
was connected mechanically to a loudspeaker giving
the slit a transverse vibrational movement. Thus, the
conventional intensity modulation was replaced by a
differential wavelength modulation. The oscillator
frequency (175 cps) applied to the loudspeaker was
used as reference in the phase sensitive electronics.
The signal detected in this way is proportional to

$&$p$p -dI(X)

D'(Xp) dX

Upper piston

Pin hol, e

r. t~
Brass cups

/
/ Speclfn&n

Polished
belts

Lower piston

Pulling rod

Support tube

Pulling frame

Pin fixing
upper piston

4ccess to specimen

Cylinder

(1—R(X))' exp( —a(X)d)
I(X)= Ip(X),

1—R'(X)exp( —2n (X)d)
(6.1)

where o., R, and d are absorption coefFicient, refIectivity,
and thickness of the sample and Ip(X) is the intensity
without the sample. For our purpose we can put the
denominator of Eq. (6.1) equal to unity and neglect
the spectral dependence of R. If dIp/dX is small com-
pared to dI/dX, one obtains

dI/dX= (1—R)'Ip exp( —n(X)d)(dn(X)/dX). (6.2)

This implies that the vibrating slit spectrometer es-
sentially is measuring dn/de%. reduced by the factor
exp( nd)—

However, if the contribution to dI/dX from the source
spectrum and atmospheric absorption is comparable
to that of the sample, the derivative of Eq. (6.1) has
a more complicated form. In this case a separate
determination of dIp/dX is necessary and the measured
transmission spectra for the sample should be corrected
accordingly.

The application of the experimental technique using

where $r and $p are widths of the slits S~ and Sp (see
Fig. 1); $p is the peak to peak amplitude of the slit
vibration; IP.) is the intensity for wavelength X of the
light illuminating the entrance slit; D(kp) and Xp are
linear dispersion and wavelength setting of the mono-
chromator. Here, we have assumed that the width of
the line investigated is large compared to the conven-
tional resolution —',($~+$p)/D(Xp). This is not the case
in the measurements reported here but the errors intro-
duced by insufBcient instrumental resolution will not
be severe in determining the splitting.

The resolution of the modiGed instrument is

($i+$p+$ p)/2D(Xp),

which means that the best choice for the slit widths and
the vibration amplitude is s~= s2= s3.

The intensity of the light falling on the detector is
given by

Lower piston

1 inch

FIG. 3. Strain apparatus for low-temperature operation. Suitable
for compressive forces up to 500 kg and for cross sections between
1 and 10 mm'.

a vibrating slit in the spectrometer has erst been
described in a recent note by the author. "It is believed
that this and analogous techniques for obtaining a
difterential wavelength modulation can be used to
advantage also in other types of optical experiments,
e.g., in the investigation of the weak structure in refIec-
tion spectra. "

Cooling and Straining Technique

The high resistivity Si (900 0 cm) and Ge (40 Q cm)
single crystals were x-ray oriented in the desired direc-
tion within 1' and strained in the apparatus shown in
Fig. 3. This set-up is similar to that used by Fritzsche. '4

The parts were made of stainless steel, and the inside
of the cylinder as well as the belts on the pistons were
polished and Gtted together. A force applied upwards to
the pulling rod is transferred through the frame to the
lower piston giving the sample a compressive stress.
The length of the thin-walled support tube and the
pulling rod (7 in. ) allowed the apparatus to be operated
at low temperatures. The sample was cemented into
holes in the brass cups by means of an epoxy glue and
its dimensions were 15 mm in length and cross sections
between & Xi mm' and 5X4 mm2.

Low-temperature measurements were carried out in
an unsilvered glass Dewar containing liquid nitrogen at

~ H. R. Philipp, W. C. Dash, and H. Ehrenreich, Phys. Rev.
12T, 762 {1962).

'4 M. Cuevas and H. Pritzsche, Phys. Rev. 137, A1847 {1965).
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a level a few centimeters below the sample. A tight-
fitting copper tube surrounding the entire cylinder body
acted as a thermal contact to the upper part of the strain
apparatus. This technique yielded sample temperatures
of 80'K and frequency adjustments of the nitrogen
level enabled us to keep the temperature drift within
&1'K.

80'K
1.210 eV

REss) [001]
1.5mm

7. EXPERIMENTAL RESULTS

Directly detected spectra of dI/dX for strained and
unstrained Si at 80'K are shown in Figs. 4, 5, and 6
corresponding to the region around the energy threshold
j..210 eV specified by emission of a TO phonon. The
instrumental resolution including the contribution from
the vibrating slit was 1.2 MeV. Preliminary data
similar to these have been reported by the author. "
The square-root contribution in the unstrained crystal
is seen to appear as a peak corresponding to a broadened

crn

UNSTRA|NED Si
80 K

Et =1.210ev

d = 1.5rnm

FxG. 4. Recorded
transmission spectra
of dI/dX for silicon
at 80'K. Stress direc-
tion and magnitude,
photon energy range,
and thickness d of the
sample are indicated.

6400- g-,

I I I

3 2 1 0
hv- Et (10 eV)

I I

-2 -3
I

-5 -6

FIG. 5. Recorded transmission spectra of dI/dP for silicon at
80'K. Stress direction and magnitude, photon energy range, and
thickness d of the sample are indicated.

ing for the high-energy peak. Defining the thresholds as
the low-energy half points of the peaks we have plotted
the splitting in Fig. 7. The straight lines in Fig. 7 and
similar lines for [110j stress yielded the slope values and

I ( t I I I I

4 3 2 1 0 -1 -2 -3
hv-Et (10 eV)

—-', power function. For higher photon energies the
$ power absorption show up in dI/dX as a square-root
curve reduced by the factor exp( —nd). The steepness
of the low-energy rise of the peak is a measure of the
Gaussian broadening and/or the instrumental resolu-
tion. The observed broadening characterized by the
half-width can be estimated to be 2.5 meV in Fig. 4.
For moderate [001j stress (Fig. 5) the single peak
splits up into four components with contributions to
the absorption of magnitude n,o" (i =1,2,3,4) where
increasing i refers to increasing threshold energy. For
higher magnitudes of stress the broadening of o,~'" and
o,4"' reaches values of the order of 10 to 15 meV whereas
the peaks from nP" and n3"' remain sharp. For [111j
stress (Fig. 6) none of the two peaks nP& and n&"'

observed is broadening considerably even for very
high values of stress. Spectra for strain in the [110j
direction yielded three peaks and a pronounced broaden-

80 K
1.210 eV

Esstlt'. 111)

1.5mm

FIG. 6. Recorded
transmission spectra
of dI/dX for silicon at
80'K. Stress direction
and magnitude, pho-
ton energy range, and
thickness 4 of thesam-
ple are indicated.

"I.Balslev, Solid State Comm. 3, 213 (1965).
3 2 1

hv-E'( ((O' VI
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TmLz IV. Slopes and extrapolated zero-stress levels obtained from the observed splitting. The uncertainty of the determination
of the slopes corresponds to approximately 10 ' eV cm'/kg. The results of the extrapolation are given relative to the true zero-stress
threshold energy. In terms of shifts in the exciton binding energy the sign of these results should be reversed.

Component
'K

Slopes in units of 10 6 eV cm'/kg
A4

Extrapolated zero-stress threshold energies in meV

A2 cX3 CX4

L001j stress Si, 80
D11jstress Si, 80
$110)stress Si, 80
$001$ stress Si, 295
$001$ stress Ge, 80
$111$stress Ge, 80
$110) stress Ge, 80

—9.3
—3.0
—4.6
—9.2

1e7
—7.8

—1.0

—0.4

+2.8
+31

—4.6a

+0 7 e ~ ~

—0.8
4 7a

+2
4 8a

—1.2a

+3 7'

+3 4a

+4 3a

+5.2a

+6.4.

+1.0a0.5
+1.0+0.5

+1.0~0.2
+0.6~0.2

0.0~0.5 +1.0+0.5
0.0&0.5 ~ ~ ~

+1.0~0.5
0.0a1.0

+0 8+0 5
-0.3a0.3 +0.4w0. 2

+0.7~0.3

0.0~0.5

+0.8+0.2

a Broadening with increasing stress.
b Uncertain result due to very pronounced broadening.

a.i~-+- —~
Q, y —e.+
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FIG. 7. Observed threshold energies Ef versus stress for Si
at 80'I stressed in the L111]and L001] directions.

the extrapolated zero stress energies given in Table IV.
In Si at room temperature the two thresholds at

1.169 and 1.053 eV for emission and absorption of a
TO phonon were examined in the presence of [100]
stress. Four peaks as at 80'K were observed although
the increased broadening lead to a more uncertain
quantitative analysis of the splitting. The linear
dependence of the four levels given in Table IV was
found to be the same for the two thresholds within the
experimental accuracy.

The spectra for Ge at 80'K shown in Figs. 8 and 9
were recorded near the 0.761eV threshold from emission

I

Ge 80 K

E)*0.761 eV

STRESS(([111]
d = 2.0mm

0+g

4 3 2

se1 -9-k
cms

I I s I I I I

1 0 -1 -23 2 1

h" Et (10 eV)

925 ga

I I I I I

0 -1 3 2 1

1540 —g-k
cma

I I I I I I

0 -1 3 2 1 0 -1

FIG. 8. Recorded transmission spectra of dI/dP. for germanium
at 80'K. Stress direction and magnitude, photon energy range,
and sample thickness d are indicated.

of a longitudinal acoustic (LA) phonon. The instru-
mental resolution was 0.5 meV. In the spectra for the
unstrained crystals the broadening is 0.7 meV and the
additional structure on the high-energy side of the main
peak indicates allowed transitions with thresholds
8.2&0.2 and 4.0+0.3 meV above the LA threshold.
Apart from energy scale the features of the splitting
in [111jand [110jstrained germanium are similar to
that of [001j strained silicon. The broadening of the
peaks from n "' n '" n " and a4" reaches vajues of
the order of 3 to 5 meV for a stress of 2000 kg/cms. In
contrast to n2"' in Si one of the two peaks observed for
[001j strained Ge is broadening with increasing stress.
The observed threshold energies are plotted versus
stress in Fig. 10 and the slopes of the splitting lines and
extrapolated zero stress energies are given in Table IV.

The relative magnitudes of the peaks were found to
depend on the polarization direction. The results of
recorded spectra„,"using, '.."light polarized parallel and
perpendicular to the stress axis are summarized in
Table V giving the approximate fractional strengths of
the contributions 0,;.'.Finally, it should be mentioned that the wavelength
behavior of the light detected without sample was
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ALE V. Observed fractional contributions at 80'K of the sp1it components o.; for various stress and polarization directions.

Material
Stress direction

Polarization direction
vrith respect to

stress axis

tootj
Si

$111j f110) $001]
Ge

$111) Qiioj

0 0.5
0.2 0
0.3 0.3
0.5 0.2

0.7
0.3

0.5
0.5

0.4 0.6
0.3 0.3
0.3 0.1

1.0
0

0.5
0.5

0.3 0.2
0 02

0.7 0.3
0 0.3

05 03
0 03

0.5 0.2
0 02

sufficiently smooth for Eq. (6.2) to be valid near all
the thresholds investigated.

8. INTERPRETATION AND DISCUSSION

The interpretation of the data is based on the neglect
of the phonon contribution to the splitting and on the
assumption that the exciton binding energy is stress-
independent for high magnitudes of stress. Thus, the
straight lines in Figs. 6 and 9 can be related directly to
Eq. (2.7) and to Tables I and II. The assignment of the
split components can be obtained by comparing the
three stress directions. Then, the slope values of the
components and appropriate elastic constants" will

yield results for the quantities .„,(b(, ~d(, and

+@„—a. Information on the high-stress exciton
energies relative to the zero-stress value can be derived

by extrapolation to zero stress of the splitting lines.
In the following we shall discuss the information

which can be gained by application of the above pro-
cedure and by examining the polarization dependence of
the splitting. Although the features of the unstrained
crystals have been discussed thoroughly by MMQR, "
we shall make a few remarks on additional information
derived from our spectra of strain-free crystals.

Silicon

The spectra for unstrained Si at 80'K (Fig. 4)
indicate that the observed broadening is mainly due to

Ge 80'K
Ej=O.?61I eV

d = 4.5mm

r ) I I y I I l I l l.

STRESS( P01I

g
cm

1

17~ cm&
I 1 l I

sTREssll1NI
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I l

p M0 cm~ 90-"g-
em~

I i I 1 i I I I I

3 2 1 0 -1 -2 2 1 0 -1

hv - E t ( 10 'eV)

1220 —~g
k

cm
I i I I

2 1 0

1485 cmg 05 cm&
I I I I I l I I

2 1 0 -1 2 1 0

FIG. 9. Recorded transmission spectra of dI/dX for germanium at 80'K. Stress direction and magnitude,
photon energy range, and sample thickness d are indicated.

26 H. J. McSkimin, J. Appl. Phys. 24, 988 (1953).
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Ge 80K

Et 0.761eV

TABLE VI. Deformation potentials in eV derived from Table IV
and from elastic constants of Ref. 26. The values for were
calculated from the. slope difference of the components n1 and 0.3.
Two results for b~ or ~d( in some of the columns correspond to
the pairs arns and nqnq. For (110)stress the values of tf are obtained
by putting

~
b

~
=2.4 eV and 1.6 eV for Si and Ge, respectively.

-10-

Material
Temperature

Stress
direction

Si
80'K 295'K

Ge
80'K

$001j L111j $110] L001j [001) L1113 E110j

-15-
+8.6

2.4
24

+8.0 +9.2
2.3
2.0 1.6

+16.6 &15.9

2p STRESS [l1']I
+$"»—6

5.3

+4.3 +3.4

4.7
5.5

+4.3 +3.1 -0.5
3.6
4.1

-2.4
3.6
3.7

—202

4 eg&
0K~~s

0, ~; 0-y--

STRESS 001 ~----5
10- r

0-

A Ofs
~pCl S
P- 5 r

~tO arr r~e 3

+s
s

0 =q----~ ~ y a,

~' 0-5-
~ ~

I l

STRESS [11P]

I I

1

-10'=
0 2

I&

LlNIAXIAL STRESS (10 cd)

I'IG. 10. Observed threshold energies E& versus stress
for germanium at 80'K.

"The di8erence between these values and those of the pre-
viously published preliminary measurements (Ref. 25) is due to a
more detailed analysis of the low-stress region with increased
resolution and to a revised interpretation.

our limited instrumental resolution. Our broadening
of 2.5 meV should be compared with 1.2 meV observed
by MMQR." The unexplained, previously reported
square root rise in the absorption 5.5 meV above the
principal threshold'2 is not presented in our spectra.
It is evident that this deviation of our data from the
previous results cannot be explained by insuKcient
resolution because strain-induced splittings less than
5 meV were resolved in our apparatus. The threshold
for the ~3 power absorption is found to be 10+2 meV
above the exciton ground-state level, which is in agree-
ment with Ref. 22.

The number of peaks in the spectra for the three
stress directions agrees with the accepted position in
the reduced zone of the conduction-band valleys. The
presence of only three peaks for [110]stress indicates
approximately equal splitting of valence and conduction
band.

The assignment of the split components O.1"' a2"'
n1'", etc., and the slope values in Table IV lead to the
deformation potentials quoted in Table VI.'7 The
consistency for the three stress directions is seen to be
satisfactory.

Uncertain determination of splitting due to nearly equal slope of
all and ag.

The nonlinear stress dependence of the Mg= +-,' va-
lence-band edge predicted by Hasegawas [see Eq. (2.6)]
should for negative signs of b and d (as obtained in
Ref. 11) appear in Fig. 6 as negative quadratic contribu-
tions to the threshold energies of n1"', 0,1"', and ns"'.
This behavior is seen to be present (Fig. 7) and the
magnitude of the quadratic shift is in agreement with
the accepted value of the spin-orbit splitting 4=44
meV. However, the observed nonlinear behavior of
n2"' for very high magnitudes of stress and the lack of
broadening with stress of this component have not
been explained.

The extrapolated zero-stress thresholds should be
compared with the theoretical results in Table III.
Although the uncertainty of the extrapolation is of the
same order as the expected shifts in E. the data seem
to indicate that the upper valence band for compressive

[001] and [111]stress is oblate. This leads to positive
signs for the quantities Bb and Sd.

The polarization dependence of the strengths of the
individual transitions is due to the fact that the
Hamiltonians for the two principal polarization direc-
tions of the light transform as two diferent representa-
tions of the noncubic group of the strained lattice. In
Si, no particular intermediate state is found to contribute
strongly to the second-order matrix element for the
indirect transitions. A group-theoretical investigation of
the polarization dependence is therefore rather com-
plicated. Consequently, we have not been able to make
any safe identification of the split valence band in Si
by analyzing the data given in Table V but the two
zeroes for [001] stress may yield information on the
sign of b.

Our resulting values and estimated accuracies for
the deformation potentials "„,~bI, and ~d~ are listed
in Table VII""in which are also given the results from
previous investigations. Our accuracies are experimental
and do not include possible breakdown of the assump-
tion concerning the phonon and exciton energies.

~ H. Fritzsche, Phys. Rev. 115, 336 (19S7).
ss i. V. Dakhovskii, Fiz. Tverd. Tela 5, 2332 (1964) LEnglish

transl. : Soviet Phys. —Solid State 5, 1695 (1964)g.
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TmLE VII. Deformation potential constants from various
experimental and theoretical methods. The experimental results
are obtained for temperatures less than 100'K.

Result of present work Previous results Ref.

Silicon

Germanium

8.6~0.2 eV
(295 K:9.2+0.3 eV)

2.4~0.2 eV

5.3~0.4 eV

16.2+0.4 eV

1.8~0.4 t„V'

3.7~0.4 eV'

7.7 eV'
8.3~0.3 eV'

11.3~1.3 eVb

9.5 eV'

1.4~0.15 eVd'
25 eVc,e

7 eVa

3.1+0.3 eVd ~

5.7 eV'"

17.3 eV'
19.2+0.4 eVf

18.9~1.7 eVb

16.5 eVN

2.1~0.2 eV'
2.7~0.3 eV"

7.0 eV'
4.7+0.5 eVh

6
7

10
30

11
30

11
30

6
28
10
29

a Piezoresistance. :
b Free-carrier piezobirefringence.
o Band calculations.
~ Cyclotron resonance.
e Sign has been determined as negative.
f Studies of acceptor and donor binding energies.
s Low-field mobility.
h Splitting in the direct absorption edge.

30 I. Goro6 and L. Kleinman, Phys. Rev. 132, 1080 (1963).
» I. Balslev and P. Lawaetz, Phys. Letters 19, 6 (1965).

Our magnitudes of b and d for silicon agree fairly well
with the results from band calculations" but they are
approximately 50% higher than the results obtained
from cyclotron-resonance experiments. " However,
recent estimates" of some higher order terms in the
theory of Hasegawa' previously neglected in the
application to the observed hole mass shift" indicated
corrections bringing the cyclotron-resonance results
into agreement with those of the present work. As for
the conduction-band deformation potential „,the
agreement between the results obtained by the different
methods is seen to be fairly good.

In the room-temperature measurements on Si the
values obtained for „were the same for the two
thresholds corresponding to absorption and emission
of the same phonon (TO). This is a valuable check on
the assumption concerning the negligible contribution to
the splitting from the phonon energy shifts. Another
interesting result derived from the room-temperature
data is the 6 to 8% increase of the „value compared
to the value of 80'K. Safe conclusions on the tempera-
ture dependence of „havenot been drawn previously.

Our value of q+3 —a corresponds to the shift of

the indirect gap with hydrostatic pressure equal to

dE/dP= (—3.8&0.5))&10 "eV cm'/dyne at 80'K.

This value should be compared with the result —1.5
X10 " eV cm'/dyne at 250'C obtained from pressure
dependence of the intrinsic conductivity. "

Germanium

The observed broadening of 0.7 meV for Ge at 80'K
is twice that of Ref. 12 and the two exciton levels
separated by 1.0 meV have not been resolved in our
spectra. These features of our data are a consequence of
our modest resolution compared to that of Ref. 12.
The additional allowed transitions showing up in the
recordings for unstrained Ge (Fig. 9) correspond to
emission of phonons with temperatures 415'K (TO)
and 365'K (TA). These transitions have not been
observed previously but thresholds due to absorption of
these phonons have been reported. "The high tempera-
tures required for detection of transitions corresponding
to absorption of optical phonons prevented MMQR"
from determining whether these are allowed or forbid-
den. Our spectra established that both transitions
are allowed.

The deformation potentials derived from the splitting
in strained germanium are listed in Table VI. Here, the
magnitude of ( q+ —', —u) determining the mean
shift of the energy gap is considerably smaller for
[001] stress than for the other stress directions. This
may be due to an incorrect determination of the slope
of the strongly broadening neo' component. If ~b~ is
calculated from the well-defined slope of n~"' and the
mean shift of the [111jand [110jstress directions, one
obtains ~b~ =2.2 eV. This value, however, leads to
inconsistency in the comparison of the valence-band
splittings in case of [111]and [110jstress.

The extrapolation to zero stress of the four compo-
nents for [111$ stress (Fig. 9) yields exciton energies
in the high-stress region which are in excellent agree-
ment with the theoretical results in Table III provided
the lower valence band is prolate, i.e., if Ed is positive.
Because of uncertain determination of the splitting
associated with o,&",our data do not yield a safe indica-
tion of the sign of Bb.

An interesting feature of the splitting is that the
region of stress for which the exciton binding energies
change from zero-stress to high-stress values is between
0 and 500 kg/cm'. At 500 kg/cm' the valence-band
extrema are separated by 1.0 to 1.5 meV. A consequence
of this is that the dominating valence-band Bloch
functions appearing in the expansion for the exciton
state" correspond to hole energies less than 1.0 to
1.5 meV which is surprisingly low compared to the
ground-state binding energy (3 meV).

For Ge it has been established that the conduction

"W. Paul and G. L. Pearson, Phys. Rev. 98, 1755 (1955).
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band state at 4= 0 with symmetry I'2' is the dominating
intermediate state for the indirect transitions. " In
this case we are able to derive selection rules for the
principal polarization directions of the light. For [001)
strain the point group of the lattice" is D4~ and the
Bloch functions at k=0 of the valence-band states
transform as 3f6+ and M7+ for Mq=&~ and =&-'„

respectively. The intermediate state including spin and
[001j strain has the symmetry Mz and the radiation
operator transforms as M~' and M5' for polarizations
respectively parallel and perpendicular to the strain
axis. The expansions

Mv XMr'=Me++Mv+, Mz XMs'=Mv+,

indicate forbidden transitions from the Mg =+&

valence band. For polarization parallel to the [111j
direction a similar selection rule is valid,

Experimentally, in case of stress parallel polarization
the components due to transitions from the lower hole
band are observed to be absent for any of the three
stress directions (see Table V). Thus, the lower valence
band for compressive strain is identified as the 3f~

——&~

band which leads to negative signs of b and d.
The magnitudes of the deformation potentials and

the estimated accuracies are listed in Table VII. It is
seen here that our values and results from previous
experiments (see Table VII) do not exhibit complete
consistency. Thus, our value of™„is slightly lower than
the previous results. Apart from the probably uncertain
result

~
d~ = 7 eV obtained by HalP' the agreement for

the valence-band parameters is fairly good.
Our data yield a rather uncertain determination of

the shift of the energy gap with hydrostatic pressure.
The value

dE/dP = (+3&1)X 10 "eV cm'/dyn at 80'K

derived from the data for [111jand [110jstress direc-
tions is considerably lower than the result +8X10 "
eV crn'/dyn at room temperature obtained from other
experiments. ""

Broadening

The broadening of the components referring to the
lower valence band may be explained by arguments
similar to those of McLean and Paige."The possibility

"G.F. Koster, Solid State Phys. , 5, 173 (1957).
'4 J. J. Hall, Phys. Rev. 128, 68 (1962).
3'D. M. Warschauer, %'. Paul, and H. Brooks, Phys. Rev.

98, 1193 (1955)."H. Y. Pan, M. L. Shephered, and W. Spitzer, Photo-
condlctieity Conference, edited by R. G. Breckenridge, B. R.
Russell, and K. K. Hahn, (John %'iley Bz Sons, New York, 1956),
p. 184."T.P. McLean and E. G. S. Paige, Proceedings of the Sixth
International Conference on The Physics of Semiconductors, Exeter,
196Z (Institute of Physics and The Physical Society, London,
1962), p. 6.

for a hole in the lower band being scattered by an
acou.stic phonon with wave vector close to zero into a
state in the upper band gives rise to a decreased lifetime
and therefore an increased broadening of peaks associ-
ated with the lower valence band. In the presence of
conduction-band splitting a similar decrease of the
lifetime of electrons created in the upper valley(s) was
not observed. This is a consequence of the nonzero
energy of phonons involved in the scattering of electrons
from one valley to another.

9. SUMMARY

It is seen that the study of the 6ne structure due to
uniaxial stress of the indirect absorption edge in silicon
and germanium is a powerful method for exploring the
band structure of strained crystals. The conclusions
drawn have primarily been concerned with the shifts
and the splitting phenomena of the band extrema
leading to the determination of deformation potentials
for both bands. The broadening of the indirect edge at
80'K and. our limited instrumental resolution prevented
us from analyzing in detail the shifts with shear strain
of the exciton binding energy. In most of the cases the
expected and observed exciton energy shifts were
comparable to our experimental uncertainty. For [111j
stress in Ge, however, we have been able to confirm the
oblate and prolate nature of the hole energy surfaces in
strained crystals through the studies of the high-stress
exciton binding energies.

Finally, it should be mentioned that additional
information concerning the excitons and the matrix
elements for the indirect transitions may be gained by
extended theoretical studies of the magnitude of the
split components and by experiments at lower tempera-
tures and with higher resolutions.

Note added irt Proof. Recently, independent investiga-
tions similar to these have been reported by Adler and
Erlbach. "Some discrepancies in the selection rules for
Ge and in the experimental results have not been
explained so far.
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