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Determination of the conduction-band structure of InSb subject to mechanical strain from
measurements of the reflectivity spectrum
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The measurement of the effect of mechanical strain on the reflectivity spectrum in the plasma region of n-
type InSb has been performed. The results allow the determination of the stress dependence of the electronic
" states at ' according to the theory described in the preceding paper [see also W. Howlett and S.
Zukotynski, Phys. Rev. B-16, 3688 (1977)]. We determine the deformation potentials to be ¢ = —7.0 eV,
b = —17eV, n = —5.1 eV, in satisfactory agreement with previous work.

I. INTRODUCTION

In the previous paper® (hereafter denoted I) it was
shown that the reflectivity spectrum in the plasma
region was a sensitive tool for studying the de-
formed-conduction-band structure? of the III-V
semiconductors. Here we apply this analysis to
experiments we have carried out in n~-type InSb
subject to uniaxial compression. [D. Aspnes and
M. Cardona have recently studied the corrections
to the band structure of deformed semiconductors
associated with the interaction with the I'); and I,
bands. They found these corrections to be of ma-
jor significance in GaAs and Ge. It appears that,
due to its small energy gap, these contributions
are not very important in InSb. Also, the expres-
sions that they derive yield parabolic bands and
therefore are of very limited application in the
case of InSb (private communication).]

In Sec. II the experiment is described in detail.
The strain dependence of the electrical conductiv-
ity is determined in Sec. III directly from the ex-
perimental results according to the method pro-
posed in Paper I. The deformation potentials of
the electronic states at I' are then computed and
reconciled with previous determinations of these
quantities.

II. MEASUREMENT OF THE SHIFT OF THE REFLECTIVITY
SPECTRUM OF n-TYPE InSbSUBJECT
TO MECHANICAL STRAIN

n-type samples of InSb were obtained from Mon-
santo Co. in the form of single crystals oriented
on (110) and (001) planes. The orientation was
checked by the back-reflection Laue method and
found to be accurate to within 1%. The same meth-
od was used to find the (110), {100), and {111) axes
in these planes. Typical sample size was 13 X5 X1
mm. The long direction became the axis of stress,
the large face the reflecting plane. This face was
lapped, polished, and finally etched, whereas the
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back side was left relatively rough to prevent mul-
tiple reflections.

The samples actually came from three different
batches of material, hereafter labeled 1,2, and 3.
The average carrier concentrations were 0.63 X:
10'%, 1.2X10', and 1.8 10*¥cm-3, respectively.
Individual batches were quite homogeneous.

The reflectivity in the plasma region was mea-
sured at room temperature using a double-beam
Perkin-Elmer infrared spectrophotometer equipped
with an expanded sample compartment for re-
flectance measurements. The angle of incidence
was 13°, and the radiation was polarized either
along the axis of stress [transverse electric mode
(TEM)], or perpendicular to it in the plane of in-
cidence [transverse magnetic mode (TMM)]. For
the samples described abéve, the reflectivity
spectrum exhibited a minimum of about 5% around
20 um. For higher wavelengths, the reflectivity
increased rapidly, while for lower wavelengths it
increased slowly to a constant value of about 33%.

Mechanical strain was produced by uniaxial com-
pression. A squeezing assembly was designed.so
as to minimize off axial strains. Typical samples
withstood up to 250 MPa.

Three different ways of characterizing the change
in the reflectivity spectrum produced by uniaxial
deformation were used. The first was the shift in
frequency w,, of the reflectivity minimum. The
main problem with this technique was the difficulty
in pinpointing the relatively shallow minimum with
sufficient resolution so as to detect the shift pro-
duced by uniaxial strain. Also water-vapor ab-
sorption bands frequently distorted the actual min-
imum.

The second method measured the change in fre-
quency w, (w,/w, =0.95) of an isoreflectivity point.
The reflectivity changed rapidly around w,, and so
although the resolution of the system was not a
critical factor, the response time was. Fortunat-
ely, w, could be chosen so as to eliminate water-
vapor absorption. The third method measured the
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TABLE 1L Shift of reflectivity spectrum with uniaxial stress o,.
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—0.46 +0.04
-0.44 £0.04
-0.31 £0.20
—0.51 +0.05
—0.15 £0.02
-=0.39+0.03

0.61 +0.06
0.59 £0.05
0.44 £0.03
0.36 +0.04
0.37 £0.05
0.45 0,02
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0.22 0,04
0.32 0,05
0.33 +0.05
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change in reflectivity at fixed frequency w, (w,=
0.95w,,). In these measurements a lock in ampli-
fier was integrated into the system and introduced
a substantial improvement in resolution. For this
reason method III had the highest accuracy of the
three. '

For each polarization mode, the quantities mea-
sured as a function of uniaxial compression o, for
methods 1 to 3 are, respectively, Aw/w,, Aw/w;,
and AR(w,). Measurements were taken at about
20-MPa intervals. For each technique a statistic-
ally significant linear relationship was found.

The slopes 8(Aw/w,,)/80,, 8(Aw/w,)/80,, and
8R(w,)/80, as well as 95% confidence intervals
were obtained by a least-squares analysis for the
two directions of polarization. The results of this
analysis for each of the samples measured are
found in Table I. It should be noted that the results
were generally quite reproducible on successive
runs on the same sample. Samples from a partic-
ular batch and with the same strain-polarization
configuration gave fairly consistent results. Var-
iations were observed in going from one batch to
another.

III. ANALYSIS OF EXPERIMENTAL RESULTS

Equations (I-1)-(I-6), (I-17), (I-26), and (I-45)
permit the calculation of the unstressed Fermi
level €5, and carrier concentration N, from any
two measurements of the reflectivity spectrum
(for example, the minimum reflectivity and the
frequency w,, at which it occurs). The unstressed
band parameters were taken as E, = 0.00767 a.u.,**
A=0.031 a.u.,’ P?=0.403 a.u.® The results for typ-
ical samples in each batch are shown in Table IL
The four functions q,,...,a, describing the ac con-
ductivity under deformation were subsequently
computed from (I-39)-(I-44) and are also given in
Table IIL

To conform with the analysis in I, it is neces-
sary to diagonalize the conductivity & for uniaxial
compression. The strain tensor € was computed
in Ref. 6 for uniaxial compression along the {100),
(110), and (111), crystallographic directions. Us-
ing these results, the components of § can be ex-
plicitly calculated from (I-45) and the eigenvalue
problem solved. For each of the three uniaxial
compressions considered above one finds that the
stress axis is a principal axis, with the other two
orthogonal principal directions lying in the plane
perpendicular to the stress axis. For (110) uni-
axial stress, the two principal directions in this
plane are {(001) and (110), while for (100) and {111)
stress the two eigenvalues in this plane are degen-
erate. To conform with the notation in I, Z denotes
the stress axis, Y is normal to the reflecting
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TABLE II. Fermi level, carrier density, functions a;
for each sample batch calculated from the reflectivity
spectrum in the plasma region.

Batch 1 Batch 2 Batch 3
wylem™) 580 490 400
Ega.u.) 0.0198 0.0172 0.0141
€4(a.u.) 0.008 51 0.007 02 0.00529
N(em™3) 1.83 x1018 1.16 x1018 0.626 x1018
ay(a.u.) 0.244 0.239 0.227
as(a.u.) -1.92 ~1.93 ~1.94
ag(a.u.) -11.8 —-15.2 -21.5
ay(a.u.) 38.2 41.5 47.0

plane, and X-Z forms the reflecting plane (with the
plane of incidence being X-Y). Hence, for the ex-
perimental configurations already described, the
X,Y,Z directions always form the eigenvectors of
& (or [/I,). The eigenvalues are all linear in o,
and one can write

o(aly,/1,)

30, a,fi+ayfs+asfsc

+a,fbvafn, i=x,y,orz. (1)

a,,...,a, are given in Table II, ¢, b, and »n are
the deformation potentials, and f,,...,f; are func-
tions of the elastic compliances s,,,8,,,S5,44," and
depend on the stress axis as well as the principal
axis under consideration. The f,; for the different
experimental configurations are given in Table IIL

The experimental results can be analyzed to give
8(al,,/1,)/ 8¢, directly. For the TEM 8(AL,/I,)/80,
can be determined unambiguously from the change
of the reflectivity spectrum. 8(AlI,/I;)/90, can al-
50 be determined directly from the TMM results
as long as one neglects the contribution from

8(al,,/1,)/90,. For an angle of incidence of 13°, a
rough calculation shows this approximation to be
justified. Each of the 17 samples in Table II were
analyzed in this way, and the results averaged for
samples from the same batch and having a common
measurement technique and stress-polarization
configuration, These computations were based on
the theory of I and relied essentially on a numeri-
cal rather than an analytical analysis. The results
are presented in Table IV.

It should be pointed out that these calculations
have neglected the effect of changes in the lattice
dielectric constant ¥ and carrier relaxation time
T due to strain. While the dependence of & on
strain has not been studied for InSb, the work on
GaAs would suggest® that at most 10%, and usual-
ly much less, of the observed shift of the reflect-
ivity spectrum could be attributed to the change in
k. From (I-48)for a minimum reflectivity of 5%,
one finds w,7=15. From arguments in I one
would expect that the carrier scattering does not
affect the optical properties at these frequencies.
An approximate calculation puts an upper limit of
5% on the contribution of changes in 7 with strain
to the shift of the reflectivity spectrum.

Tables III and IV, along with Eq. (1), can be used
to determine the deformation potentials ¢, b, and
n for InSb. It is obvious that there is more data
in Table IV than is needed to uniquely determine
¢, b, and n. The last three columns of Table IV
give the values of the deformation potentials that
are obtained for each row.

The results in Table IV corresponding to method
No. 3 [change in R(w,)] allow two independent de-
terminations of . We get two very consistent val-
ues: n=-5.1€eV and z=-5.0 ¢V. The remaining
data in Table IV allows only one more independent
determination of » and yields a value about 30%

TABLE III. Functions f; for uniaxial stress along the (100), (110), and (111) directions.

Axis Principal
of stress axis fi f3 f4 s
(100) —(syy+812) =Sy —(syy+2spp) —2(syy—sp) 0
(100)  Lto (100) —(s43+2519) =Sq9 ~(s14+2s49) (13— Sq9) 0
11
(cylindrical
symmetry)
(110 (533 +2819) =F(sytsp) =Ty —(sytsp)  —Hsy—sp) —fsu
(110) (110) —(sy1+281) —F(syytsp) +Tsu  —(syy+2s) —F(syy-s12)  Tsu
(001) —(s11+2s1)) —sypp =(s44+254y) (syy—s13) 0
111) —(s1+2519) =F(s14+251) =¥y —(511+281) 0 sy
W ~(syy+2sp) —Flsy+2sp) tis —(syy+2sp) 0 T su
(cylindrical

symmetry)




18 DETERMINATION OF THE CONDUCTION-BAND

STRUCTURE... 6981

TABLE IV. Determination of 8(Al;/I;) /90, and deformation potentials.

1074 AL /L) 10-4 AALL/T)
el

Batch Measurement No. of Axis Plane of 0y 90, c b n

No. technique samples of stress reflection (MPa™}) (MPa™) eV) (eV) (eV)
1 1 1 (100) (011) 1.22 -0.94 -6.9 -=1.2
2 1 2 (100) (011) 1.04 -0.79 -6.4 -1.0 .
2 2 3 (100 (011) 0.83 -0.84 —-6.2 =090 ---
3 2 1 (100) (011) 1.12 -1.02 -7.5 =13 v
2 1 1 (110) (110) 0.71 -1.04
2 2 2 <110) (110) 0.55 —-0.66
3 1 1 (110) (001) 0.73 -0.31 -66 -12 =31
3 2 3 {110) (001) 0.63 -0.30
3 3 1 (110) (110) 1.23 —0.96 '
3 3 1 (110) (001) 1.17 —0.48 -0 -23 =51
3 3 1 (111) (110) 1.23 —-0.96 -17.2 cee =5.0

lower. We tended to discount this determination
because of the experimental superiority of method
No. 3 and take n=-5.1 eV.

The average values of ¢ and b are —-7.0 and —-1.7
eV. In these averages we have double weighted
values arising from method No. 3 as a somewhat
arbitrary way of quantifying our feelings on the
relative merits of the three methods.

Thus the values of the deformation potentials of
InSb found by this work are

c=-7.0eV, b=-1.TeV, n==5.1¢eV.

We place an upper limit of 15% on the uncertainty
in these results arising from the dependence of &
and 7 on deformation.

IV. COMPARISON WITH PREVIOUS WORK

Earlier works®® have also used the shift of the
plasma minimum with uniaxial stress to determine
the deformation potentials of InSb. In this work,
with the use of I, we have treated the Maxwell
equations in a more rigorous manner, although for
an angle of incidence of 13° this has little effect on
the numerical values of the deformation potentials
which are found. We have also extended the tech-
nique so as to describe other changes in the re-
flectivity spectrum—a distinct advantage experi-
mentally. Two major differences in the theory un-
derlying the analysis of the experimental results
also exist between this work and Refs. 6 and 9.
These are

(i) The deformed conduction band is modeled ac-
cording to the recent calculation in Ref. 2, rather
than the one performed by Bir and Pikus.'® There
are two major differences between these works
which both affect the analysis of the experimental
results. They are (a) The deformed band structure
of Ref. 2, as opposed to Ref. 10, contains certain

strain-dependent terms which do not involve ¢, b,
and n. These terms in fact involve the matrix ele-
ment P? and turn out to be substantial for the nar-
row gap III-V semiconductors for sufficient depth
into the band. (b) The calculation in Ref. 2 is in-
dependent of the relative size of E, and A, How-
ever, Ref. 10 applies only in the limits E, << A or
E,>»> A, InInSb, E,~3A, so the condition E, < A
is only nominally satisfied.

(ii) The ac conductivity under deformation has
been calculated in I using a technique designed es-
pecially for energy bands containing only a small
deviation from isotropy. No restrictions are im-
posed on the symmetry, algebraic form, k depen-
dence, etc., of the term describing the deviation
from isotropy. The method is ideal for the de-
formed conduction band in the III-V semiconduc-
tors. In Refs. 6 and 9 the ac conductivity was com-
puted using a technique'! devised for ellipsoidal
bands of the form

Y(E) = Z aaﬂkukﬂ ’ (2)

where Y is an arbitrary function of energy and the
a.p are constants. Unfortunately, while the de-
formed conduction band of InSb can be placed in a
form resembling (2), the a,, are functions of en-
ergy. This suggests that one treat the a,g as con-
stants by evaluating them at €,,. A substantial er-
ror is produced in this way, especially for small
effective mass materials such as InSb.

The deformation potentials for InSb found in Ref.
6 are listed in Table V. There are discrepancies
of the order of 100% and more with the values ob-
tained in this work. A detailed quantitative anal-
ysis was performed in Ref. 12 which showed that
the qualitative arguments presented above [(i) and
(ii)] each accounted for approximately one half of
the discrepancy.
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TABLE V. Deformation potentials on InSb.

c b n

Author (Ref.) Method (eV) (eV) (eV)
Keyes (13) piezoresistance ~7.0 (XX [ER
Long (14) piezoresistance -7.2 v eee
Potter (4) piezoresistance ~7.0 s oo
Abduvakhidov (15) intrinsic carrier -6.5 ece .

concentration
Bradley et al. (16) optical energy gap -7.1 o soe
Volkov (17) piezoresistance -7.2 -1.4 -6.8
Fischer (18) tunnel current -10 -1.3 -12.8
Bir and Pikus (10) piezoresistance -7.2 -0.6 -8.0
Valyasko (19) photoconductivity oee -1.7 -7.5
Seiler et al. (20) magneto-phonon -6.1 -2.0 —8.F
oscillations
Benoit 4 la piezo emission -7.0 -2.9 -8.5
Guillaume et al. (21)
Pollak et al. (22) magnetoreflectivity co -2.0 -8.5
Cardona et al. (23) piezobirefringence soe -1.8 -10.8
Smith et al. (24) ultrasonic attenuation -5.2 oo cee
Zukotynski and " plasma minimum -1.8 -1.5 -3.5
Howlett (6)

Ranvaud et al. (25) cyclotron resonance =7.0 -1.8 -8.4

When the deformation potentials ¢, b, and » de-
termined in this work are compared with the re-
maining values shown in Table V, a quite satisfac-
tory agreement is apparent. The scatter of values
of ¢ in Table V is small and the agreement with
our value of —-7.0 eV is excellent. The dispersion
of values of b in Table V is quite large but our val-
ue of —1.7 eV appears to be quite consistent. Our
value of n=-5.1 eV is somewhat lower than the
values in Table V but, when the error limits are
placed on our value and those in the table, the ap-
parent discrepancy basically disappears.

It should be noted that, while the experimental
methods listed in Table V are extremely varied,
they all determine the deformation potentials from

the strain dependence of the energy gaps at the I
point. In the model proposed in Ref. 2 and used in
this work, the strain dependence of the conduction-
band eigenstate at arbitrary kis expressed in
terms of the I'-point deformation potentials. Thus
the satisfactory numerical agreement between the
values of the deformation potentials found in this
work and those obtained by other methods (Table
V) is strong evidence for the validity of the de-
formed conduction band model proposed in Ref. 2.
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