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The low-field electroreflectance (ER) spectra of Si in the energy range from 3.0 to 4.0 eV have been measured
and analyzed in the absence and in the presence of strain. In the absence of strain, the symmetry location Ko
of a critical point can be deduced from both the polarization anisotropies and the line shape of a low-field ER
spectrum. Uniaxial-stress effects on a low-field ER spectrum are also described in the low-strain limit. These
results are used to reveal the 3.4-eV complexities. The structures of the low-field ER spectrum of Si from 3.0
to 4.0 eV may arise from two critical points with different symmetries. First, the main structure in the higher-
energy side is attributed conclusively to a high-symmetry critical point along the A axis (or at the L point)
in the Brillouin zone fA3~A; (or L", ~I.;) in Si]. The experimentally determined band-edge parameters are as
follows: the critical-point energy Eg = 3.412 ~0.005 eV (300 K); the phenomenological broadening energy
I = 0.060+0,005 eV (300 K); and the pair band deformation-potential parameters 8', = —9.8 + 1.3 eV,
D', = 6.5+ 1.4 eV, 23 ——4.7 ~0.5 eV, and S', = 3.0~ 1.7 eV (77 K). In addition, this critical point is three-
dimensional M, type and the relations between the assumed reduced masses p, T and pl are p, T«~LLf, L ~,

LLf.r g 0, and p,L g 0. From the mass relation, p, r«~p, I j, the critical point may be nearly two-dimensional
(Mo type). Second, for the weak structure in the lower-energy side the experimental results under uniaxial
stress can not be explained by any high-symmetry critical point except the degenerate critical point in the 6
direction (6",~h; near I in Si). If we assume that this structure is attributed to the 6 critical point, the
experimentally determined parameters are as follows: Eg = 3.294 ~ 0.005 eV (300 K); I = 0.060 ~ 0.005 eV (300
K); and this critical point is three-dimensional Mo type (p, T/p, L = 1—3),

I. INTRODUCTION

It i.s very useful to obtain detailed information
about the optical-cx'itical-point structures in or-
der to study the energy-band structures of solids.
In particular, the energy E~, the location K, in
the Brillouin zone (BZ), and the relation between
the assumed reduced masses of a critical point
are essential in describing the E(k -K,) topology
of interband energy surfRces.

Since the introduction of electroreflectance (ER)
technique by Seraphin, ' various types of differ-
ential methods' ' have been devised and applied to
make clear the optical-critical-point structures of
semiconductors. In recent years, it has been
shown by Aspnes' ' that the low-field ER technique
is suitable for the precise study of energy-band
structures, since this technique provides spectra
concerned directly with high-symmetry critical
points: A low-field ER spectrum is described by
the highly resonant function (the third derivative
of the unperturbed dielectric function e) in the
vicinity of a critical point. values of band-edge
parameters, such as the energy E~, the pheno-
menological broadening energy I, and the type of
a critical point, may be obtained from the best-fit
analysis on low-field ER line shapes. ' Symmetry
information about the location K, of the related
critical point may also be obtained from low-field
ER spectra. ' '

It is the purpose of this paper to describe a sym-
metry analysis and uniaxial-stress effects on a
low-field ER spectrum Rnd apply them to Si. The
location K, of a critical point can be determined
from the polarization anisotropies and the line
shapes of a low-field ER spectrum. From these
two observations it may also be possible to obtain
the reduced-mass relations at a critical point.
Moreover, it is clear that the symmetry-breaking
perturbation of uniaxial stress is useful for the
syn1n1etry study of crxtlcal-pont structures. Pol-
lak and Cardona' have combined this perturbation
with ER technique for the first time, in order to
study Qe, QaAs, and Si using the electrolyte con-
figuration. Their analysis on the ER spectra of Si,
however, was insufficient in the sense that the
spectra under uniaxial stress were measured out
of the low-field conditions Rnd quantltatlve com-
parison with the ER theoxy was unsatisfactory.
%e show the results of uniaxial-stress effects
usmg the Schottky-barrier ER technique. The
availability of the Schottky-barrier ER technique
has been described in detail by Aspnes. ' In addi-
tion, this technique is a,dvantageous for applying
static uniaxial stxess, because the evaporated
metal on a semiconductor surface may remain in
uniform contact with it when the sample is elasti-
cally defox'med by the stress. The stress effects
observed in a. low-field ER spectrum may be an-
alyzed according to Kane's theory of piezox'e-
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fl ectance. '
In this paper, we shall concentrate on the 3.4-eV

optical structures of Si in order to reveal its com-
plexities. The 3.4-eV optical structures have been
the subject of controversy for a long time. A num-

ber of experimental and theoretical investigations
in this energy region have been performed as out-
lined by Pollak and Rubloff. " As for the ER mea-
surements of Si, the pioneering work has been
made in the MIS (metal-insulator-semiconductor)
configuration by Seraphin"; later works have fol-
lowed in the electrolyte" "and in the transverse-
electric-field" configurations. Most of the results
suggest that the 3.4-eV optical structures arise
from at least two distinct critical points with dif-
ferent symmetries. For assignment of the main
structure, however, both experimental and theo-
retical evidence may be divided into two parts:
the A", -A', transition' ""and 6",-6', transition
near the I' point (including the I'2, —I"» transi-
tion). ' '~ " Recent experiments support the A

assignment. "' '~ On the other hand, the existence
of an extremely complex nest of critical points in
this energy region has been predicted from de-
tailed band-structure calculations. "' "'"'"
Saravia and Brust ' have shown that the 3.4-eV
structures of c, come mainly from two regions
near the I' point and A line (including the I, point)
and that the relative position of the I'» -F,', and

I," -L', transitions in energy affect the shape of

The outline of this paper is as follows: In Sec.
II A, a method of symmetry analysis of a low-field
ER spectrum is described; polarization depen-
dences of a longitudinal ER spectrum on the (ITO)
face are listed in Table I for high-symmetry I',
6, A(1 }, and Z critical points in diamond-type
crystals with criteria for determining the location
K, in the BZ. Uniaxial-stress effects on a low-
field ER spectrum are discussed in Sec. IIB; and
the results for the degenerate A,"—A', (or I 3

—I, ', )
and 4', —b', critical points are summarized in
Tables II and III, respectively. In Sec. III, ex-
perimental details of sample preparation, mea-
surement techniques, and stress arrangement are
described. The data are presented and analyzed
in Sec. IV. Finally, in Sec. V we compare our re-
sults to other measurements and calculations of
the energy-band parameters of Si.

II. SYMMETRY ANALYSIS

A. In the absence of strain

A theoretical basis for EH symmetry analysis
has been reviewed by Seraphin" and later by Hehn. '
In this section, we describe a method of symmetry
analysis on a low-field ER spectrum in diamond-

type crystals. At sufficiently low fields, the ER
spectrum can be represented with terms varying
linearly (linear ER) and quadratically (quadratic
ER) with electric field. ' In diamond-type crystals,
there is only the quadratic term and the linear
term becomes zero due to inversion symmetry.
The quadratic term may be factored into line-
shape and symmetry parts if we make several
assumptions: The optical matrix element is
k independent and the applied electric field is
small enough not to change the selection rules of
the transition. Following Aspnes, ' the relative re-
flectivity change hA/It, measured in a low-field
ER experiment, is given by

8 (5(u+ii') =Re {C[o.(h(u)-iP(h(u)]i' '

(2.1a)

&ca & ~ ~su, e
n'; n,

' P;*P, g„"h„' p. „„'., (2.1b)

(2.Ic)

(2.Id)

Re ( ) and S'E give the line-shape and the sym-
metry parts, respectively. In the line-shape part,
C is the product of complex functions which re-
present the effect of a nonuniform modulating
field" and the electron-hole effect in the contact
exciton approximation. " The function [n(hu)
—ip(gv)] is the complex Seraphin coefficient. "
The function i' '1,(gz+il') mainly determines the
line shape of an ER spectrum. One-, two-, and
three-dimensional forms of 1(hau+iI') are sum-
marized in Ref. 4. %e can use these functions
for the best-fit analysis on the experimentally
obtained low-field ER line shapes. In addition,
l is the number of negative reduced masses at a
critical point, which is said to be of type M&

(I =0, 1, 2, 2); this number produces four typical
line shapes of a low-field ER spectrum for the
three-dimensional critical point. The symmetry
part represents the effects of polarization and
applied electric field on a low-field ER spectrum,
which determines polarization anisotropies of the
spectrum. This factor is written in detail in the
form of Eq. (2.lb), where s is the unit polariza-
tion vector of the incident light. P is the optical
matrix element of the momentum operator between
the ground state )0) and the excited state )g),
which may be written in the form of Eq. (2.1d) if
dipole interaction is assumed. 5 is the unit vector
of the applied electric field; 8 is its magnitude.

is the component of the second-rank interband
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reduced-mass tensor, which is defined in Eq.
(2.1c). Q„represents the sum over the order of
degeneracy of a critical point. Q, represents the
sum over all the equivalent eritieal-point set, in
which the superscript v of n or 5 shows that it is
the effective component at the vth equivalent cri-
tical point. g, , „„shows the sum over the cubic
components.

We wish to describe the ER form factor I in a
more convenient form for high-symmetry 1",4,
A (f.), and Z critical points in diamond-type
crystals. The X point may not be a critical point
because of its k —K, linear term. %'e treat the
ease that the effect of spin-orbit interaction is
negligibly small compared to the effect of lifetime
broadening. First, the k dependence of the inter-
band energy in the vicinity of a high-symmetry
critical point may be written in a parabolic form,
using the three principal reduced-mass param-
eters p. », p.», and p.~:

(- )
k'k2r, h2k~~ 5~k~2

2' y 2IL(rp
(2.2)

(2.3)

where k'», 0», and kx are the three principal
axes of the k- Ko space, in which the longitudina, l
axis k~ is defined to be parallel to the represen-
tative vector K, of the critical point. Moreover,
we assume local rotational symmetry around K,
for the A or A (or I.) critical point; whence the
interband reduced-mass tensor has two k-inde-
pendent diagonal components pz (=—~, = p.~) and

For the I' critical point, we assume spheri-
cal symmetry; then the reduced-mass tensor has
all equal diagonal components g (= pz, , = gr, = p~ ).
These simple parabolic models of the effective-
mass approximation enable us to treat the transi-
tion between degenerate bands as the sum of
transitions between nondegenerate bands. This
assumption seems to be oversimplified and it is
px'obably accepted only in the ease of optical transi-
tions with large broadening energy; the effect of
band degeneracy, such as band warping, may be
neglected in the low-field modulation limit. Se-
cond, according to Kane, ' optical critical points
along (or at) the high-symmetry axes (or points)
in the BZ may be represented by the irreducible
pair states which transform in the same way as
the irreducible components of the momentum op-
erator under the group of K, when only the ex-
cited states which couple stx'ongly to light are
taken into consideration. Therefore, the ER form
factor F of Eq. (2.1b) may be written

(2.4)

where Bz is the unit vector transforming in the
same way as the pair state (g& ) with symmetry

Uz under the grouP of Q: B~ = (1, 0, 0), B„=(0,. 1, 0),
and B„=(0,0, 1) for the I' critical point with sym-
metry U, ;8, =(0, 0, 1) for the S critical point with
symmetry U„and B», =(1,0, 0}and B», =(0, 1, 0)
for the a critical point with symmetry U„8,
= (1/PS, 1/W3, 1/P3) for the A critical point with
symmetry U), B»y —(1/~2, —1/W2, 0) and B~r
= (1/W6, 1/W6, -2/v 6 ) for the A critical point with
symmetry U„B,=(1/W2, 1/M2, 0}for the Z criti-
cal point with symmetry U„B,=(0, 0, 1) for the
Z critical point with symmetxy V„and B,
= (1/W2, -1/v 2, 0) for the Z critical point with sym-
xnetry U, . h~„g~, and gi are defined in the
same form as the three principal axes k», k»,
and ki„respectively. f' is a unit of the ER form
factor defined in Eq. (2.4).

We will consider only a longitudinal ER geometry
in order to analyze the Sehottky-barrier ER spee-
tx'a, in which the direction of the incident light and
the modulation field are normal to the plane of re-
flection. Moreover, we will choose the (1TO) face
for the plane of reflection, since this surface in-
cludes all four high-symmetry directions ([001],
[112], [111], and [110]) obtained in diamond-type
crystals. For 6, A (or f.}, and Z critical points,
we sum over the star of Ko by summing over the
effective components of rY and h" in Eq. (2.3)."
The polarization dependences of the ER form fac-
tor on the (1TO) face in the low-field modulation
limit are listed in Table I. In Table I, we also
list conditions on the polarization anisotropy
r =—Fi„,i /Fi„, i (or s=Fi„,i/Fi„2i ) for all types
of critical point, which may be used as criteria
of symmetry analysis combined with the type of
critical point determined from the line-shape
analysis. In the case that the effect of spin-orbit,
interaction is large compared to the lifetime
broadening, polarization dependences of the two
split-off structures in a low-field ER spectrum
may also be calculated. The results are the same
as listed in Table I for each of the two split-off
structur es.

This method of symmetry analysis, however,
cannot lead us to the unique conclusion in some
cases, since the conditions for some critical
points listed in Table I are not exclusive of each
other. We can get rid of this difficulty with help
of the x esults of band-structure calculations.
Moreover, the three-dimensional ER line shapes
of M, andi„, , or I „andM critical points may
not be distinguished from each other in the low-
field modulation limit or in the large broadening
region. It may be useful to measure ER spectra
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TABI E I. Po]arization dependences of a low-field electroreflectance form factor P for I', 6, A (I,), and g critical
points in diamond-type crystals. A longitudinal geometry is used and (iio) face is preferred for the plane of reflection;
the electric field g=(i/v2, —i/W2, 0). 8 is the polarization angle of the incident light measured with respect to the

crystallographic z direction. The polarization anisotropy is defined as ~ =Et00T&/E~T«& {or 8 =5'I T«&/FI-TT~ ~); the sub-

script of E denotes the polarization of the incident light,

Crltlcal-
point

location

Polarization dependences of a
low-field electroreflectance

form factor E
Conditions of the polarization anisotropy
r (or 8) for all types of a critical point

3 i i i
+—+ — cos28 f

p& p& p& pI
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in the Franz-Keldysh range in order to determine
the type of critical point correctly.

B. In the presence of strain

The application of a uniaxial stress and the re-
lated strain produces a change in the lattice
parameter and the symmetry of solids, which re-
sults in significant changes in the electronic band
structures, such as shifts of energy levels ' and
mixing of wave functions. " Considering optical
transltlons, stx'Rln induces ehRnge8 of the inter-
band energy E(k —K, ) and variations of the optical
matrix element I' including the selection rules.
These changes mould be observed in the structures
of a low-field EH spectrum as (i) energy shifts

and splittings, (ii) dependences on polarization,
electric field direction, and stress coafiguration,
and (iii) amplitude changes with strain. The stress
effects on the low-field ER spectrum may easily
be treated theoretically, mhen the stress applied
to a solid is small enough and we can assume that
the k dependence of the interband energy E(k —K,)
in the vicinity of a critical point is still described
ln the pRI'Rbolle model shown ln EQ. (2.2). In this
stress region, a lom-field ER spectrum may be
factored into line-shape and symmetry parts in the
same form Rs shown I Eq. (2.1R) even ln the px'e-
sence of strain. In addition, we consider the
stx'ess etteets in the linear -response region.
Thus, we can calculate the stress-induced changes
in the line-shape part (the energy shifts and split-
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tings) and in the symmetry part (the stress-de-
pendences of the ER form factor F) using the ef-
fective strain Hamiltonian and the pair wave
functions to first order in the strain defined by
Kane. ' These treatments may be accepted when

the phenomenological broadening energy is large
compared to the stress-induced energy shifts; in
higher band transitions, the shifts are nearly al-
ways small compared to the broadening energy
even for large stress.

As a specific case we will show the stress ef-
fects for the degenerate A", —A', (or L," —I.', )
critical point. The optical properties of this criti-
cal point are represented by the U, (or U, ) pair
band in the A direction (or at the L point). On the
other hand, the A critical point is contributed by
the eight equivalent components along the (111)
lines in the BZ. Since uniaxial stress does not re-
move the inversion symmetry of the crystal, we
need not consider all eight components but four
along the [ill], [ill], [ill], and [111] lines.
We sum over the effects of these four equivalent
components. The results for stresses along the
[001] and [ill] directions are presented in Table
II, where the factor E is given for polarizations
along the [100], [010], [001], [ITO], and [110]
directions with [001] stress and for polarizations
along the [1IO], [112], and [111]directions with
[111]stress. In Table II, s„, s», and s«are the
elastic compliance constants. 7 is the magnitude
of the applied stress T; its sign is minus for
compression. The D's and R's are "band-edge"
deformation-potential parameters; in detail, D,'

is the hydrostatic parameter, D', is the interband
parameter for [ill] stress, and 5)', and B,' are the
intraband parameters for [001] and [111]stresses,
respectively. f' is a unit of the ER form factor in
the unstrained crystal defined by Eq. (2.4) and f'
is a change due to admixture of first-order wave
function $', under stress. The uniaxial-stress
effects on a low-field ER spectrum for the de-
generate 6",—6', critical point are presented in
Table III. The optical properties of this critical
point are represented by the U, pair band in the
~ direction. In Table III, D', is the interband
parameter for [001] stress, and S, and X), are the
intraband parameters for [001] and [111]stresses,
respectively. f' is a change due to admixture of
first-order wave function P', „under stress.

III. EXPERIMENTAL

A. Sample construction

The Si single-crystal samples used in the experi-
ment were all n-type and had a room-temperature
resistivity of about 0.5 0 cm. The epitaxial layer
on n' base was used in the measurements of ER

at room temperature. The reflecting surface of
the sample is the optically flat (1TO) face and the
crystal axes on the surface were determined by
cleavage lines. In the ER measurements under
uniaxial stress, the single-crystal rods were
used. The crystal orientation of the samples was
determined from x-ray diffraction with an accur-
acy of 1 deg. These samples were cut into rect-
angular parallelepipeds to dimensions of 12.0
&1.0X1.0mms such that the long axis was in either
the [001] or [111]direction. The surfaces of the
samples were polished and chemically etched in
order to remove surface damages. The Schottky
barrier was formed on the reflecting front surface
by evaporating a semitransparent Ni film. The
thickness of the Ni film is estimated to be 10.0-
20.0 nm from the ref lectivity measurements of
the Ni-Si system. A thick In film was obtained by
evaporation onto the back surface of the sample
in order to make a nonrectifying contact.

B. Measurement techniques

Electroreflectance spectra were measured with
standard optical and phase-sensitive electronic
detection techniques. The optical system con-
sisted of a 500-W Ushio model UXL500D xenon
lamp, a JASCO model CT-50 0.5-m grating mono-
chromator with a 1200-line/mm grating blazed at
300 nm, a cryotip refrigerator on a cryostat in a
stress apparatus, and a Hamamatsu T7 model 8376
photomultiplier. The polarization measurements
were made with a alan-Thompson polarizer. The
samples used in the stress experiment were moun-
ted in a sample cell of the stress apparatus such
that the long axis of the sample was parallel to the
pushing rod. A paper sheet was placed between
the pushing rod and the top of the sample in order
to reduce the effects of imperfect alignment. A
static load was applied to the sample by a lever
system. The dc bias and 400-Hz square-wave ac
modulation voltage were applied to the metal layer
by means of a thin copper wire attached to the
metal film with a dot of silver paint. The detec-
tion system was as follows: The ratio nA/fl was
measured by electronically varying the photo-
multiplier gain such that the dc signal of the photo-
multiplier, which is proportional to 8, was held
constant. The ac signal of the photomultiplier by
the electric field modulation, which is then a di-
rect measure of nR/8, was detected with a PAR
HR-8 lock-in amplifier and recorded by a x-t re-
corder. We checked the observed ER spectra to
be actually in the low-field modulation limit by the
method shown in Ref. 5. The energy shifts of the
peak positions with ac modulating field were not
observed in the measurements.



TABLE H. Energy shift DE and electr oreflectance form factor E for the degenerate Uz band in the A direction. Spin-
orbit interaction is neglected. The factor F has been summed over the eight equivalent components. The subscript of
E denotes the polarization of the light.

A E+=~ (sii + 2s12)T+ W&33(si& —S12)T E'[100] ~A lyA ~ f34 2
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+f 110]

(sii + 2812)I —&2&3(sii —
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.t- =-' (-' -')"(-'--')" '
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f' =2(oips itt3 ) (tt3~(p3 io); s=3 for [ooi] stress,
s = 5 for I i i i ] stre88,
n=(x-y)A~ and (~+y-2~)/M6

These energy shifts have been calculated by E. O. Kane. See Table VH of Ref. 9.

IV. RKSUI.TS

A. In the absence Of strain

Figux'e I shows a Schottky-barrier ER spectrum
of Si in the energy x'ange fx'om 3.2 to 3.6 eV at
room temperature. The spectrum shown in Fig. I

is rather complicated but lt is x'eRsonRMe to con-
sider that two different structux'es are found in
this spectrum. One is a dominant structure {St)
and the other is a weak one {S„)which is super-
imposed on the low-energy negative peak of the
Sl structure. %e have determined the band-edge
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TABLE III. Energy shift AE and electroreflectance form factor I for the degenerate U~ band in the 4 direction.
Spin-orbit interaction is neglected. The factor E has been summed over the six equivalent components. The subscript
of E denotes the polarization of the light.

Energy shift ' Electroreflectance form factor

1

A Di
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~&
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4 0 1 4

6

f ~ =—2 (0 jp&„jg& ) (tt&~ jp~ j0); s=3 for t00i) stress,
s =4 for ji ii] stress,
n=x and y

~These energy shifts have been calculated by E. O. Kane. See Table III of Ref. 9.

parameters by performing a least-squares fit of
the three- and two-dimensional low-field resonant
functions to the spectra. The determined param-
eters are listed in Table IV with values quoted
from other modulation measurements in the litera-
ture. The calculated line shapes are also il-
lustrated in Fig. 1. In the best-fit procedures,
the field inhomogeneity effect was neglected in

our samples and the coefficient of the contact
exciton effect was considered as an adjustable
parameter. The Seraphin coefficients of the
air-Ni- Si three-phase system were used. " The
values of the Seraphin coefficients calculated
from the ref lectivity of Si and Ni are plotted in
Fig. 2 as a parameter of the thickness of the Ni

film. As shown in Fig. 2, e and P both decrease
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and become rather stx uctureless upon increasing
the thickness of the Ni. film. %'hen we use the
estimated thickness of the ¹ film (10 nm) in our
samples, a = P&0 at 3.3 eV and ia j& [Pi, P&0
around 3.4 8V. Therefore, the Sq structure of

R/R
' affected by 4e and 4~ in almost th

same amount and t e S, struct x'e ls neax'ly a-
t. %8 discuss the results obtained from

inFi . 1theSIthe line shape analysis. As shown in lg. e
stx cturewas 1 ef'tt d by the two-dimensional reso-
nRnt function 0 y ect nl because of the fact that it gives
better -fitted r esults than the three-dimensional
function. Almost the same values of the critica-
polnt enex'gy Rl"8 obtained for both line-shape func-

Note however, that it is necessary to de-
termine the type of a critical point Rnd the roa-
enlng enex'gy wlith the three-dimensional function.
Then, the critical points related to the SI and SII
structures Rx'8 8 81 mmined to be three-dimensional
M BIll Mo types, 1 espectlvely.I 0

Next we consider the symmetry assign1 ment for
the cx'itical points related to the SI and SI~ struc-
tux'es„The polarization anisotropies of the
Schottky-barrier ER spectra of Si are shown in
Fi . 3. Data were taken on (1TO) face at 77K. Thelg.
to air of curves was obtained Rt a low-fle-f M con-
d't' 'th two principal orthogonal polarlzRr lz Rtlo ns,
fi ]i [oo1] (dashed line) and ft ~i [110](solid line).
The bottom paix of curves was obtained at a low-
fleM condltlon with two px'lnclpR1 orthogonal polRrl-
sations, a )i [111] (d»hed line) and it i[ [112]
(solid line). The line shapes of these spectra are
BJlRlogous to thRt obtained by Fol man ef Ql. ln 8
tx ansverse ER measux"ements. As seen in Fig. 3,

ructures, especially the latter one,

I

SI

I

I ~ I

3.5M 37
'hcu ( e V )

FIG. 3. Polarization RQisotropies of the Schottky-bar-
rier electroxeflectance of Si. Data axe taken on (1T0)
face Rt 77 K 1Q the low-field xnodulation IixMt.

j» i i j

3.5 4.0 49
fit) (eV)

FIG. 2. Seraphin coefficients of Rir-Ni-Si three-phase
systexn ca cu a e rl I t d froxn the ref lectivity spectra of Ni and
Sl. The x'esu s are slt are shown %'1th the thickness of Nl i m
as R parameter.
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TABLE IV. Critical-point parameters of Si determined from electroreflectance (ER), wavelength-modulated reflec-
tance (WNR), and thermoreflectance (TR) measurements. RT stands for room temperature.

This work
ER (RT)

Grover and Handler ~

ER (RT)
Lukes et al. "

ER (90 K)
Serapin and Bottka '

ER (95 K)

E (eV)

I' (eV)

Symmetry

Type
(reduced-mass
relations)

Eg (eV)

i- (ev)

Symmetry

3.4i2 +0.005

0.060 +0.005

~3 (L,3,) —~", (L,O

I(
(Py&& I PI. I s Py &0~ PI, &0)

3.294 +0.005

0.060 +0.005

Df near I

3.360 +0.0i6

0.053 22 +0.002 36

3 1

3.28i ~0.007

0.05i 77 +0.0i2 86

3.44 +0.05

3.34 +0.05

I'~5 f5

0.035

0.035

Forman 8t al. d

ER
Zucca et al. ~

WuR (5 K)
Braunstein and %elkowsky f

WNR (80 K)
Natatagui et al. I'

TR (77 K)

8, (ev)

r (ev)

Symmetry

Type
(reduced-mass
relations)

3.485+0.0i 5

A' —A'
3 1

3.45 +0.004

A A3 i gV gC
5 i

3.43

E~ (eV)

~ (eV)

Symmetry

Type

3.370 +0.030

I F5
—I f5

3.40+ 0.00S

&3 -&f ~25' ~15

0

~Reference i4.
b Reference 46.
c Reference ii. .
dReference i5 see also Ref. 47.

~Reference i6; see also Ref. 36.
f Reference 27.
g Reference 48.

become sharper at 77 K than at room temperature.
The lower-energy side of the S~ and the higher-
energy side of the S&~ structures interfere with

each other considerably at 77 K. Therefore, the
exact best-fit analysis is difficult. %e discuss
the S~ structure first. From the results shown in

Fig. 8, we obtain polarization anisotropies ~r
~

=(~/R)i~, i/(nR/R}h„i =1.85 +0.05 and Is I

= (dR/R)g»i /(nR/R}h, —,i =0.86 + 0.05 at the positive
peak of the structure. The experimental results
can be compared to the theoretical criteria for
high-symmetry critical points listed in Table I.
First, the I' critical yoint may be xuled out, since
it gives the isotroyic polarization effect, . Second,
the 6 critical point maybe ruled out, since the com-

binahons of the observed polarization anisotropies
and the critical point type Qf, ) conflict with the con-
ditions of the b critical point with U, and t'I, symmetry.
Third, the A (or Q critical point with U, (or U, )
symmetry may be ruled out because of the same
reasons as in the case of the ~ critical point. For
the A (or L.) critical point with U~ (or U~ ) sym-
metry, the calculated polarization anisotx oyies
become r =-,' and s =~ if we assume the reduced-
mass relations to be I g r I

~+
I v~ l, pr + o, and

p.L &O. In this case, the experimental results are
well explained. Finally, the Z critical point ma, y
be ruled out, since it cannot explain the stress
effects, as will be shown in Sec. IVB. Thus, we
conclude that the S~ structure is attributed to the
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A (ol L) cl'ltlcal polllt with Ua (ol' U~ ) symmetry
[A",-A', (or I,", ~ -I', ) in Si]. In addition, we con-
clude from the mass relation, )lr «) )lt ), that the
critical point is rather two-dimensional M, type
()lr &0). We consider tbe SIl structure next. In
Pig. 3, the polarization anisotropies are found to
be ~r(=1,4+0.1 and ~s (=1.0+0.1 at the positive
peak of the structure. The results can also be
compared to the theoretical criteria listed in
Table I. In this case, however, we cannot de-
termine the location K, of the critical point uni-
quely from the above method of symmetry analy-
sis. The transitions I'». -1» and 4",-4', near the
I' point may be possible from the results of band-
structure calculations. " The symmetry location
of the S~~ structure will be discussed further in
Sec. IVB.

8. In the presence of strain

Schottky-barrier ER spectra of Si for compres-
sion stresses along the [001] and [111]directions
are shown in Figs. 4 and 5, respectively, with
light polarized parallel and perpendicular to the
stress axis. The stress-induced energy shifts and
amplitude changes are apparent in both cases. The
spectra without stress are shown in Fig. 3, where
the top and bottom pair of curves correspond to
the [001] and [111]stress configurations, respec
tively.

First we discuss the S, structure. The depend-
ences of the peak energies of the structure for the
[001]and [111]stresses are shown in Figs. 6(a) and
6(b), respectively, where the energy positions of
positive and negative peaks are plotted together.
In the case of [001] stress, the S, structure splits
into two parts for transverse polarization, i.e.,
one shifts to higher energy and the other to lower
energy; and for parallel polarization the structure
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FIG. 4, Schottky-barrier electroreflectance spectra
of Si under uniaxial stress (compression) along the [001]
direction; (a) T = —3.84x10~ dyn/cm2; (b) T =-5.35
x10 dyn/cml; (c) T =- 6.97x 10~ dyn/cml. Data are
taken on (1T0) face at 77 K in the low-Qeld modulation
limit. Solid lines are the spectra for n A T and the dashed
Uncs forA(} f. SI&~ (oz Sl&I) Sn~ (ol Sup) etc ale
the split-off structures of S~ and S~~ under )001j stress
with perpendicular (or parallel) polarization.

FIG. 5. Schottky-barrier electroreflectance spectra of
Si under uniaxial stress (compression) along the [111I
direction: (a) T= —1.87x10~ dyn/cm2; (b) T = —5.65
x 10~ dyn/cm; (c) T = —8.78 x 109 dyn/em Data are
taken on (1T0) face at 77 K in a low-field modulation
limit. Solid lines are the spectra for nA T and dashed
lines for n )) T. S],~, S~q„, etc. , are the split-off
structures of S~ under [111j stress with perpendicular
and parallel polarizations.
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shifts to lower energy without any splitting. In
the ca.se of [111]stress, the polarization-depend-
ent splittings and shifts of the structure are also
observed, though the shifts are smaller: For
perpendicular polarization the structure splits
into two parts, i.e. , one shifts to higher energy
and the other to lower energy; for parallel polari-
zation the structure shifts to higher energy without
any splitting. These energy shifts and splittings
of the S, structure are well explained by the stress
effects of the degenerate A",-A; (or L",,-L,') critical
point in the following way. In the case of [001]
stress, we find from Table II that the U, (or U, )

pair band splits into two parts due to intraband
splitting; one component labeled A is allowed for
both 8 )~T and n&T, while the other component B
is allowed only for n &T. Moreover, the intensity
ratios of the split bands for parallel and perpen-
dicular polarization with zero stress are F„:FII
=8:0 and F,":F,=3:3 in our experimental configura-
tion; the unit vector of the applied electric field
8 =(I/W, —I/W, O) and the effective mass rela-
tion is p, r« ~)il, ~. In the case of [111]stress, we

find from Table II that the U, (or U, ) pair band

splits into three parts due to interband and intra-
band splittings: Two components labeled a and c
are allowed only for n &T and the other component
b is allowed for both 8 (( T and n&T. The intensity
ratios of the split bands for parallel and perpendic-
ular polarization with zero stress are F'.F, :F'„
= 0:80:0and F,':F:F',= 54:7:27. Then, for 8J T
the structure due to the intermediate component
b is negligibly small and the two components a
and c will be observed. We have calculated the
deformation-potential parameters from the stress-
induced energy shifts using the compliance con-
stants at 77 K (in units of 10 " cm'/dyn)'7; s„
=0.762, s» =-0.213, and s44=1.249. The results
are listed in Table V. The stress-induced amp-
litude changes of n, R/R are also explained by the
stress effects of the degenerate A",-A; (or L",, -L,')
critical point. Plotted in Figs. 7(a) and 7(b) are the
amplitude changes of hR/R as a function of [001]
and [111]stresses, respectively. In general, the
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FIG. 6. Stress dependences of the peak energies of the
S] structure. The energy positions of positive and nega-
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FIG. 7. Amplitude changes of the positive peak of the
S[ structure as a function of uniaxial stresses along (a)
the [001] direction and (b) the [111] direction. Solid lines
are obtained fornax f and dashed lines for n~I f.
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TABl.E V. Deformation potentials of the ApI 3.) —Af (Lf) critical point of Si. The previously x'eported values of Si
and Ge and some pressure coefficients of Si are also listed for coxnpaxison. RT stands for room temperature.

This work ~

Si (77 K)
Pollak and Bubloff"

Si (77 K)
Sell and Kane c

Ge (RT)
Px essur e coefficients

Kxper ixn ent C alculated
Si Si

(i 0~ eV/bar)

—9.8 + i.3
6.5+ 4.4

4.7 +0.5

3.0 + i.7

7.5 ~0.8

2 2~5

& 5-0.'s

5.2 +0.5 d

6.2+0.4 ~

5.3 (BT) ~

4.4 8

5.7 "

5.6+0.6 (RT) '

~ See Bef. 58.
b Reference 10.
~ Reference 59.

Refex"ence 60.
Ref ex'ence i7.

f H, eference 20. The conversion from their units to ours is based on the
eV/bar for Si at room temperature.

~Reference 19. The conversion fx'om theix' units to ours is based on the
"Reference 6i.
' Reference 62. See Bef. f for the conversion from their units to ours.
3 Reference 22.
"Reference 63. The conversion from their units to ours is based on the

identity -1.00 eV/(unit dilatation) = i.02 xi, 0+

identity i.00 eV/atxn = 0.987 eV/bar.

identify $.00 eVcxn /kg= i.02 eV/bar.

observed amplitude changes consist of substantial
stress-induced change and unsubstantia, l change
due to the splitting of the structure. We find in
Fig. V(a) a large and nonlinear change in the amp-
litude of n R/R for [001] stress and perpendicular
polarization. It seems to be due mainly to the
separation of the structure, because the energy
shifts AE~ and AE are relatively large in this
configuration [as shown in Fig. 6(a)]. The theore-
tical expressions of the ER form factor E for [001]
stress axe presented in Table D and, therefore,
the substantial changes of n R/R in this case may
be shown with solid lines in Fig. V(a); the optical-
matrix-element ratio was estimated to be f'/10'f '
= 0. This l'Rtlo shows the admixture of wave func-
tions from the symmetry multiplet under [001]
stx'ess, and in this case the bands are well separat-
ed and the admixture of wave functions between the
split bands is very small. On the other hand, the
amplitude changes of nR/R for [ill] stress shown
in Fig. V(b) seem to represent the substantial
changes of the optlcRl IQRtI'lx element& because the
energy shifts of the structure shown in Fig. 6(b)
are relatively small. The observed amplitude
changes are also explained by the equations given

in TRble D Rndwe cRn estlIQRte the optical-IQRtI'lx-
element ratio, f'/10'f'=-0. 20+0.02. In this case,
the admixture of wave functions between the split
bands is relatively large.

The observed uniaxial-stress effects of the 81
structure described above cannot be explained by
the behaviors of any Z critical point under stress.
Since all the irreducible pair bands U„U2, and U3
in the Z direction are nondegenerate, the ER form
factor E is not changed with stress, ' ignoring the
mixing between pair bands with different symme-
tries. This is apparently incompatible with the ob-
served amplitude changes of SR/R with stress.

Next, we consider the S«structure. Figures
8(a) and 8(b) show the dependences of positive peak
energy for [001]and [ill] stresses, respectively.
As seen in Fig. 8, the structure splits into two
parts for both stress directions: The structure
shifts to higher energy for parallel polarization
Rnd to lower energy for perpendicular polarization,
though these shifts are very small. We also show
the amplitude changes as a function of stress in
Fig, 9. It is interesting that the amplitude of
hR/R for parallel polarization decreases as the
stress increases in the [001]direction and the
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structure disappears at about 7 x 10' dyn/cm',
'@awhile the amplitude fox' pex'pendl'cular polRx'lzRtlon

does not change with stress. From these results,
we can obtRln lnfox'xnatlon Rbout, the locRt. loQ Ko of
the critical point related to the S» structure if me
assume the high-symmetry critical point. Fixst,
the n critical point with U, symmetry, the /t (or
L) critical point with U, (or U, ) symmetry, and the
Z criticalpointmith U„U„and U, symmetry maybe
ruled out, since these critical points are stx ain de-
coupled and, therefore, the optical matrix elements
grill not be changed by strain. Second, the A

(or L) critical point with U, (or U, ) symmetry may
be ruled out, since the observed energy shifts and
amplitude changes of the S„structure are much
different from those of the S, structure, vrhich is
attributed to the critical point of this symxnetxy.
Third, the 1" critical point vrith U, symmetry
(1",",, - 1';, in Si) may be ruled out, since the theo-
retical equations for the I" transition cannot explRin
the amplitude changes for [001] stress. From Etl.
(3.49) in Ref. 9, the ER form factor F for [001]
stress and parallel polarization may be @written

2W
+tootg f + ~ (stt sto)Tf (4.1)

Rnd fox' pex'pendlculRl' polarlzatlon,

+.=+ttto)= —f'- ~(s»- &to)Tf' . (4.2)

Thus, (AR/R), ior [001] stress should increase by
—, times less than (&R/R)„ if (&RIR)„deere»es.
The x'emaining hi.gh-symmetry cx'itical points along
the d, axis with U, symmetry (n.o- 6; near 1" in Si)
Rxe now moxe likely to explain the experimental
results due to the manifold splittings for [001]
stress as shovrn in Table III. The mox'e detailed
analysis, however, is difficult, since the observed
enex'gy shifts RQd amplitude changes undel stx'ess
are quite small. %'e may conclude at the present
stage that the S«structure is due to the 4 critical
point with U, symmetry if me assume high-sym-
metxy critical points. This assignment does not
conflict with the xesults of the symmetry analysis
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in the absence of stxain. The effective mass re-
lations are )Ir/iI~ =1-3, pr &0, and iI~&0 in this
case.

V. DISCUSSION

The experj, mental results of this paper obtained
from the line-shape analysis in the absence of
strain are summarized in Table IV, together with

the data previously obtained with other modulation

techniques. The critical-point energy and the phen
omenological broadening energy can now be ob-
tained very accurately from ER line shapes; these
values are estimated by Aspnes's three-point
method' and moxe precisely by a method of least-
squares fit. %hen two or more structures inter-
fere with each other, however, which is usually
seen in the higher-energy region, the best-fit
analysis becomes more complicated. Our results
of the 3.4-eV structures of Si disagree in some
points with the results obtained by Grover and
Handler" using the electrolyte ER technique in the
flatband condition. The values of the cx itical-point
energies determined in this work are somewhat
larger than those determined by Grover and Hand-
ler. This is probably due to the difference be-
tween the line-shape functions used in the best-fit
RI1Rlysls (the 'two-d1111811slollRl electl'0-op'tlc E Rlld

6 functions" in their analysis and the low-field
resonant functions' in this analysis), and also due
to the broadening effects in such a high-energy
region. Moreover, Grover and Handler have shown
that the main structure was contributed to the two-
dimensional M, critical point, and the weak structure
in the lower-energy side to the three-dimensional
M, critical point from the best-fit analysis on the
ER line shapes. The foxmer result is consistent
with our result, i.e. , the three-dimensional My ox'

rather two-dimensional Mo critical point, but
the latter one is not. The results of other authors
listed in Table IV are in agreement with our re-
sults.

The 3.4-eV complexities of Si have been the ori-
gin of some controversy for a long time, as de-
scribed in Sec. I. In this paper, the ma, in structure
in the higher-energy side is attributed eonelusive-
ly to the A", —A; (or L",. -L;) transition from the
symmetry analysis described in Sec. IVA and from
the uniaxial-stress effects on the low-field ER
spectra described in Sec. IVB. On the other hand,
the weak structure in the lower-energy side is not
determined conclusively, although at the pxesent
stage it is considered to be attributed to the ~",- 6,' transition neax' the I' point. These results are
in agreement with that obtained by Pollak and
Hubloff'0 from the uniaxial-stress effects on the
wavelength- modulated x eflectance spectra. The
above assignments are also supported by the re-

suits of the composition dependence of the Ge-Si
alloy system reported by Kl.ine et al." They have
found that the F., and Fo doublets of Ge merge into
the 3.4-eV structures of Si, indicating that both
the A and 6 transitions may be responsible for this
energy region.

Our measurements can a,iso be compared to the
energy-band-structure calculations of Si. In the
theoretical calculations, the relative position of
the energy levels rather than their precise values
may be important, and the results calculated by
Herman et a/. ,

"Dresselhaus and Dresselhaus, "
Saravia and Brust, "Van Veehten, "Zucca et al. ,

"
Kane, "and Van Dyke (orthogonalized plane wave)"
may be consistent with our experimental results
for the structures in the energy region around
3.4-eV. It has been pointed out by Kane, "and by
Saravia and Bx ust, " that the A, valence and the A,
conduction bands of Si are nearly parallel from the
1 point to the I. point in the BZ. The reduced-
mass relations p, r «

~
)I~ ~, p.r &0, and iI~ & 0 at

'tile A3-Aq (ol' L3, -Lq) cl I'tlcRl point obtained fl'0111

the polarization anisotropies of the low-field ER
spectra verify these situations.

The deformation-potential parameters determined
from the stress effects of the A",-A; (or I.",, -L;)
critical point are summarized in Table V together
with other experimental results of Si and Ge. The
values of the deformation parameters D', and g),'
determined from measurements under [001] stress
are in good agreement with those determined by
Pollak and Rubloff. " However, the values of D,'
and S,' determined from measurements under [111]
stress are smaller than those determined by them.
It is probably due to the fact that the values in this
work were obtained in a relatively low-stxess re-
gion, while the values in their work were obtained
in a high-stress region. These four values are in
agreement with those determined by Sell and
Kane" for the E, structure of Ge, which may be
due to the analogy of the crystal structure between
Si and Ge. The pressure coefficient dE/dP is cal-
culated from the pair band hydrostatic deformation
parameter D,' in the form

and the value determined in this work is also listed
in Table V, together with previously reported ex-
perimental and calculated results for comparison.
%e find good agreement between our value and the
other experimental and calculated values within
the limit of our experimental errors.

Finally, me wish to point out the possibility that
the weak S„structure is contributed by the critica, l
point located off the high-symmetry points and axes
or by some critical-point set located at differ-
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ent points in the BZ. %ith respect to this point,
Saravia" has shown in his calculations that
the weak structure is produced by some critical
points surrounding the l point rather than the
high-symmetry one and that the piezo-optical prop-
erties, especially the changes for [001]stress and
parallel polarization, are explained by this crit-
ical-point set.
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