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Temperature dependence of the dielectric function and interband critical points in silicon
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The complex dielectric function e(co) of Si was measured ellipsometrically in the 1.7—5.7-eV
photon-energy range at temperatures between 30 and 820 K. The observed structures are analyzed
by fitting the second-derivative spectrum d e/dao with analytic critical-point line shapes. Results for
the temperature dependence of the parameters of these critical points, labeled Eo, El, E2, and E l, are
presented. The data show good agreement with microscopic calculations for the energy shift and the
broadening of interband transitions with temperature based on the electron-phonon interaction. The
character of the E& transitions in semiconductors is analyzed. We find that for Si and light III-V or
II-VI compounds an excitonic line shape represents best the experimental data, whereas for Ge, a-Sn,
and heavy III-V or II-VI compounds a two-dimensional critical point yields the best representation.

I. INTRODUCTION

The macroscopic linear optical response of Si is
represented by the dielectric function e(co) which is
closely related to the electronic band structure of the
material. The structures observed in the e(co) spectra
are attributed to interband transitions (critical points)
which can be analyzed in terms of standard analytic line
shapes: '

e(co) =C—Ae' (co E+iI )"—,
where a critical point (CP) is described by the amplitude
3, threshold energy E, broadening I, and the excitonic
phase angle @. The exponent n has the value ——,

' for
one-dimensional (1D), 0 [logarithmic, i.e., ln(co E-
+il )] for 2D, and —,

' for 3D CP's. Discrete excitons are
represented by n = —1. The information obtained from
the line-shape analysis can be compared with band-
structure calculations.

The band structure of Si calculated by the k p
method, including the location of several direct inter-
band transitions related to CP's at different parts of the
Brillouin zone (BZ), is shown in Fig. 1. The lowest ab-
sorption edge of Si corresponds to indirect transitions
from the highest valence band at the I point to the
lowest conduction band near X. The lowest direct ener-
gy gap, labeled Eo and located at the I point, is nearly
degenerated with the E& transitions, which take place
along the A directions of the BZ. The next higher tran-
sitions are called E2, sometimes assigned to the X points
which, however, participate only weakly in them, and
E'&, also along the A line, but involving the second
lowest conduction bands. Measurements of these direct
interband transitions have been performed by several op-
tical techniques, such as reflectance ' and ellip-
sometry ' as well as several reflectance-modulation tech-
niques such as magnetoreflectance, thermo-
reflectance, ' ' electroreflectance, " ' and wavelength-
modulated reflectance. ' ' The temperature dependence
of the E& and E2 CP's up to 300 K has been investigated
by reflectance, wavelength-modulated reflectance, '

thermoreflectance, ' and piezoreflectance. ' The temper-
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FIG. 1. Band structure of Si calculated within the k-p
method (from Ref. 3), showing the main interband critical points.

ature coeKcient of the energy of the E& CP has been
determined by resonant Raman scattering. The shift of
the Eo and E2 transitions has been obtained from the
maxima in the dielectric function in the 10—972-K tern-
perature range. Many band-structure calculations have
been performed with various semiempirical
methods. In addition, the effect of spin-orbit split-
ting on the band structure has been studied in some de-
tail

For calculations of the temperature dependence of CP
energies, both the effect of thermal expansion and
electron-phonon interaction has to be taken into ac-
count. In earlier works, the latter effect was included by
softening the pseudopotential form factors with
temperature-dependent Debye-Wailer factors. ' How-
ever, it has been shown that a second contribution
to the electron-phonon interaction, the so-called Fan
or "self-energy" terms, is of the same order of magni-
tude as the Debye-Wailer terms and should be included
in the calculations. This has recently been done for Si
and Ge as well as for GaAs, ' ' including the full
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band structure and phonon dispersion.
The increasing phonon-induced broadening of the CP's

with rising temperature arises from the same mechanism
which determines the real part of the self-energy. Results
are available for Si and Ge (Ref. 42) and for GaAs. '

In this paper we investigate the temperature depen-
dence of the optical constants and critical-point parame-
ters of nominally undoped Si between 30 and 820 K in
the photon energy range from 1.3 to 5.6 eV. We present
data for the Eo, E&, E2, and E& transitions. In Sec. II
we briefly review experimental details, in Sec. III the re-
sults of the temperature dependence of the dielectric
function and the analysis of the interband transitions are
presented. In Sec. IV the results are discussed and com-
pared with microscopic calculations for the energy
shifts and broadenings with temperature. Besides,
the character of the E& transitions is comparatively dis-
cussed for several tetrahedral semiconductors. Depend-
ing on the material, these transitions can be better de-
scribed by excitonic line shape or by 2D CP's.

II. EXPERIMENTAL

The measurements were performed on undoped p-type
samples cut from a wafer with p & 10' cm (at room
temperature) and a (111) surface orientation. The pro-
cedure of etching the sample and mounting it into the
cryostat is described in Ref. 43. For the chemical treat-
ment of the surface to be measured, a 0.05 vol% solu-
tion of Br in methanol (BrM), a 1:1 mixture
NH4OH:H20 (AmH) and a 5 vol% HF in methanol,
with methanol rinsings between treatments, were used as
proposed by Aspnes and Studna. The details of the au-
tomatic spectral ellipsometer with rotating analyzer are
described elsewhere. ' The experimental energy mesh
was 10 meV, all the spectra were taken at an angle of in-
cidence of 67.5'.

III. RESULTS

Ellipsometry measures the complex reflectance ratio p,
defined as p=rz/r„where r~ and r, are the amplitude-
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FIG. 3. Real part of the dielectric function of Si measured at
several temperatures.

reflectance coefficients parallel and perpendicular to the
plane of incidence, respectively. If there is no overlayer
present, the dielectric function e(co)=e&(~)+jg2(~) of
an isotropic material is calculated within the two-phase
model (ambient-medium —crystal). In our case, howev-
er, due to the transfer of the sample to the cryostat and
the process of outgassing, an oxide layer has grown after
the chemical treatment. We therefore assume a three-
phase model for the sample and a dielectric function
for the Si02 layer, taken from the literature. A good
agreement for the numerically calculated dielectric func-
tion of bulk-Si with the data of Ref. 44 is obtained with
a layer thickness of 17.5 A. For comparison, we show in
Fig. 2 the e&(co) and e2(co) obtained with the three-phase
model with the sample mounted in the cryostat together
with the data of Ref. 44 obtained directly after wet-
chemical processing techniques. The agreement between
both sets of data is excellent. In Figs. 3 and 4 we show
the real and imaginary parts of the dielectric function of
Si for several temperatures after a correction with a
17.5-A oxide layer with its dielectric function assumed
to be temperature independent. The structures observed
are attributed to Eo, E&, E2, and E

&
transitions.

In order to enhance the structure in the spectra and to
perform a line-shape analysis of the CP, we calculate nu-
merically the second derivative" of the dielectric function
with respect to photon energy d e/den . Figure 5 shows
the experimental second-derivative spectrum of e& at 30 K
in the spectral regions where structures are observed
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FIG. 2. Solid line: Real (el) and imaginary (e~) part of the
dielectric function of Si measured at room temperature with the

0

sample inside a cryostat. Data are corrected for a 17.5-A layer
of Si02. Dashed line: data from Ref. 44, obtained directly after
wet-chemical processing (without mounting in cryostat).
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FICx. 4. Imaginary part of the dielectric function of Si mea-
sured at several temperatures.
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FIG. 5. Fits to the second derivatives of the real {solid line) and imaginary {dashed line) parts of the dielectric function of Si mea-
sured as a function of energy at 30 K. The readings from the vertical scale have to be divided by the factor given in the box under the
various structures.

(points). The solid and dotted lines represent the best fits
to standard critical-point line shapes, derived from Eq.
(1):

or to an average Bose-Einstein statistical factor for pho-
nons with an average frequency e (Refs. 42 and 46)

E(T)=Es —as 1+ 2
(3b)

n(n —1)Ae' (co E+iI —)", n&0
Ae' (co E+iI )—, n =0 .

E ( T) =E (0)—
T+P ' (3a)

The fit was performed simultaneously for the real and
imaginary parts of d e/d~ using a least-squares pro-
cedure.

If the angle N in the phase factor e' in Eqs. (1) and
(2) takes values which are integer n)ultiples of m/2, the
line shape corresponds to transitions between uncorrelat-
ed one-electron bands while noninteger multiples are
usually believed to include excitonic e6'ects by allowing a
mixture of two CP integer multiple line shapes. '
In Eq. (1), taking A & 0 and n = —,

' for a 3D-CP,
N=O, m. /2, m, 3m/2 corresponds to Mi, Mz, M3, and Mo
CP's, respectively. By taking A &0 and n =0 for a 2D
CP, N =0, m. /2, ~ corresponds to a minimum saddle
point and maximum, respectively. For a discrete exci-
tonic line shape (n = —1), a phase angle 4&0 corre-
sponds to a Fano profile, i.e., the line shape which re-
sults from the interaction of the discrete excitation with
a continuous background.

The Eo and Ei transitions in Si are nearly degenerate
in energy and can be resolved for temperatures up to 350
K. The best fits are obtained with a 2D-CP line shape for
the Eo CP and an excitonic line shape for the E& transi-
tions. Also, this excitonic line shape yields the best fit to
E& for the temperature above 350 K. The other struc-
tures, shown in Fig. 5, are analyzed with a 2D-CP line
shape.

In Fig. 6 we show the CP energies obtained from the
line-shape analysis as a function of temperature. The
solid lines represent fits of the data to the empirical
Varshni equation
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FIG. 6. Temperature dependence of the interband critical
point energies of Si. The solid lines represent the best fits with
Eqs. {3). The function used and the values of the parameters in-
volved are given in Table I.

In the 350—820-K temperature range, where the Eo and
Ej transitions are fitted as one structure, their tempera-
ture shift shows, within error, linear behavior:
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TABLE I. Parameters involved in the temperature dependence of the critical-point energies of Si. Values of the parameters
E(0), a, and P from the fit with E(T)=E(0)—aT~/(T+P), Ea, az, and 8 from the fit with E(T)=E~ —aa [1+2/(ee~ —1)] and
with E {T) =E,—A, T (for E& for T) 350 K). The 95% confidence limit is given in parentheses.

Si

Eo

E2(X)
E2(X)
EI

E(0)
(eV)

3.354(2)
3.457(2)
4.324(2)

a
(10 4 eVK ')

3.5(3.8)
4.7(1.7)
2.87(7)

(K)

580(970)
350(240)
124(24)

E
(eV)

3.378(16)
3.495(13)
4.349(3)
4.632(74)
5.718{176)

ag
(meV)

25(17)
39(14)
27(5)
98(76)
336(183)

e
(K)

267(123)
245(62)
199(30)
624(277)
703(221)

Line shape

2D (up to 350 K)
excitonic (up to 350 K)
2D
2D (up to 550 K)
2D (up to 620 K)

Si
EI

(eV)
3.486(2)

(10 eV K ')
4.07(3)

Line shape
2D (T) 350 K)

E(T)=E, AT . — (3c) I (T)=1 M+cT (4b)

I (T):Io 1+ eyz' +~12
(4a)

For higher temperatures (T) 350) a quadratic equation

The values of the parameters and the equations used to
describe the temperature dependence of the CP energies
are listed in Table I with the corresponding uncertainties
representing 95% reliability.

The temperature dependence of the broadening parame-
ter I for Eo and E& are shown in the lower part of Fig. 7.
Up to 350 K a formula similar to Eq. (3b) is used to de-
scribe the data:

is used since it gives a better fit to the data. The upper
part of Fig. 7 displays the temperature dependence of the
broadenings of the E2(X) and E', CP's where the fit was
performed with Eq. (4a). The broadening of E2(X) is de-
scribed by

1(T)=I L +yT . (4c)

The parameters from the fit with their corresponding un-
certainties are listed in Table II.

The phase angle N as a function of temperature is
shown in Fig. 8. The label Ex means that the corre-
sponding structure has been fitted by an excitonic line
shape. Finally, the temperature dependence of ampli-
tudes of the various transitions observed are displayed in
Fig. 9.

IV. DISCUSSION
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When comparing our data for the dielectric function of
Si at 300 K with those from Ref. 44 (Fig. 2), the main
difFerences occur in the uv spectral region and in the
values of e2 at energies smaHer than 3.3 eV. The origin of
the latter is due to the inherent poor accuracy of rotation
analyzer e11ipsometers for small values of ez, as already
discussed e1sewhere. ' The discrepancies in the higher
photon-energy region might arise from the cryostat win-
dows: residual piezobirefringence is expected to increase
with increasing frequency.

200- + Eo
Fi

X Fo+E

E
L 100

0
0 200 400

T (K)

600 800

FIG. 7. Temperature dependence of the broadenings of criti-

cal points. The solid lines represent fits with Eqs. (4). The func-

tions used and the corresponding fit parameters are given in

Table II.

A, E ~
—E0 transitions

The E& structure of Si is nearly degenerate with the
Eo transitions. The spin-orbit splittings of the valence
band are at the I point 6o ——0.044 eV, along the A line
Lslk j 3 Ao ——0.029 eV, ' ' ' and thus cannot be resol ved in

the rather broad critical points observed ellipsometrically.
At low temperatures the Ez and E& CP's are clearly
resolved in the second-derivative spectrum d e/des (see
Fig. 5). Up to 350 K two CP line shapes are appropriate
to fit these structures. At higher temperatures only the
parameters of a single critical point can be extracted from
the fit to the data. The best fit is obtained by assuming an
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TABLE II. Parameters involved in the temperature dependence of the broadenings of critical points in Si. Values of the param-
eters I o, I I and 6, I I, and y, or I I and c from the fit with I (T)=I o[1+2/(e —1)]+1I, I (T)=I I +yT, or
I {T) = I M+cT . Ex means that the CP has been fitted with an excitonic line shape, 2D represents a fit with a 2D line shape. The
95% confidence limit is given in parentheses.

Si

Eo (2D)
Ei (Ex)
Ep(X) (2D)
Ep(X) (2D)
El (2D)

r,
(meV)

0 (fixed)
0 (fixed)
39(3)

0 (fixed)

r,
(meV)

39.8(9)
65.4(1.5)
24(4)

99(8)

(K)

383(14)
477(23)
326(46)

583(70)

IL
(meV)

126(4)

3 B
(10 eV K ')

—0.26{15)

Temperature
range

30-350 K
30-350 K
30-820 K
30-550 K
30-620 K

Si

Ei (Ex)

I M

(meV)

103(17)

C

(10 meV K ')

2.48(52)

Temperature
range

350-820 K

excitonic line shape for the E& transition, a 2D CP clearly
worsens the fit. The Eo structure up to 3SO K is best
fitted with a 2D line shape (i.e., a broadened exciton and
the associated interband transitions').

According to the theory of Toyozawa et al. there is
a coexistence of local (correlated) and band characters in
the optical spectra of solids. If the band character for
the electronic transition dominates, the resulting line
shapes can be described by Eq. (1) with n = —

—,', 0, —,'.
The continuous variation of 4 causes a mixture of adja-
cent CP's due to excitonic effects. ' ' ' ' In the case of
a correlated excitation [n = —1 in Eqs. (1) and (2)] in-
teracting with a continuum of interband transitions, the
line shape is described by the Fano-Breit-Wigner
profile, ' where in this case 4 is the parameter for the
strength of the interaction. For the E& transition of Si
the localized character obviously dominates because the
best fit is obtained with the excitonic line shape. For
GaAs a change in the character of the transition with
temperature was found, the excitonic type up to 300 K
and the band character at higher temperatures,
whereas for InP, band character is kept over the
30—750-K temperature range. The two limiting cases
have already been observed in the thermorefiectance
spectra of Ge and CdTe. The dominance of correlated

transitions in CdTe is explained by higher effective mass
and the lower dielectric constant [p, (CdTe) =0.10, e( MI )

=7.2] in comparison with Ge [p, (Ge) =0.06, e( IxI )
= 16]. The hydrogenic binding energy of the 2D exciton,
given by'

2p,

[e( e) )]'

10 o o o a
o o

I i I I I

a o
a a a o

o o
0 o o oT o

o 0

+ E'o

6 —ao"
+ 0

+
~

$
~ 0 E~(X)

E~ (Z)

is for CdTe 100 meV, about 1 order of magnitude larger
than for Ge (13 meV).

To investigate the character of the E& transitions in
semiconductors systematically, we have analyzed the
spectra of the second derivative of the dielectric function
d e/des for various group-IV elements and III-V and
II-VI compounds. The result is shown in Table III. The
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FICJ. 8. Temperature dependence of the phase angle
defined in Eq. (2), measured for the interband CP's of Si.

FICJ. 9. Temperature dependence of the amplitudes of critical
points, defined in Eq. (2), measured for Si.
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TABLE III. Survey for various semiconducting materials (group-IV elements and III-V and II-VI
compounds) of the character of the El transition as obtained from the fit to the second derivative of the
dielectric function d e/des . For the materials in the upper right part, the localized character is dom-
inant (better fit with an excitonic line shape), the semiconductors on the lower left show band character
(better fit with a 2D line shape). The values of the high-frequency dielectric function are given in

parentheses (from Ref. 58).

IV

Si (12)

Ge (16)

III-V

Excitonic line shape
AlAs

GaP (9.1)
GaAs (up to 300 K) (10.9)

II-VI

ZnSe (5.9)

a-Sn (24)

GaAs (T~ 300 K) (10.9)
GaSb (14.4)
InP (9.6)
InSb (15.7)

CdSe (5.8)
CdTe (7.2)
HgSe (7.3)

2D critical point
HgTe (15.2)

line shapes of the E& transitions of the elements or com-
pounds in the right upper part are best fitted with an ex-
citonic line shape, i.e., the local aspect dominates. For
the materials in the lower left part a 2D CP yields the
best representation of the experimental data. The values
in parentheses are the high-frequency dielectric con-
stants e( oo ) taken from Ref. 58.

When going in the table from left to right the com-
pounds show increasing "Phillips" ionicity f. This ioni-
city is f=0 for the group-IV elemental semiconductors,
in the range f=0.26 —0.43 for the III-V compounds,
and in the range f=0.62 —0.68 for the II-VI compound
semiconductors (values for f from Ref. 59). For a given
group of materials the localized-band character seems to
be determined by e( oo ): the higher e( co ) the lesser the
localized character. This fact is easy to attribute to in-
creased screening of the Coulomb interaction. The
lowering of the dividing line from excitonic to band
character with increasing ionicity f (group IV elements
~III-V compounds~ll-VI compounds) can also be at-
tributed to the decrease in e( co ) with increasing f.

Some of our values for the energies of the E& transi-
tions of Si at several temperatures are listed in Table IV
and compared with other data from the literature. The
shift of the critical-point energies with temperature has
been calculated earlier based on a microscopic model
for the electron-phonon interaction, taking into account
both Debye-Wailer and self-energy terms. The total en-

ergy shift of the Eo and E& CP, obtained by adding the
contributions from thermal expansion and electron-
phonon interaction, is shown in Fig. 10 (solid lines), to-
gether with our experimental results. In the temperature
range up to 350 K, where Eo and E

&
are resolved as two

structures, there is excellent agreement between theory
and experiment. Both calculated and experimental shifts
of Eo with temperature are smaller than those of Ei. At
higher temperatures, where Eo and Ei are fitted as one

structure, the contribution of Ei is dominant. The tem-
perature coefficient for this combined structure is well
described by the theoretical curve for Ej.

The dotted line is the result of ellipsometric measure-
ments of the temperature dependence of the dielectric
function by Jellison and Modine. These authors have
assigned the structure in the real part of the dielectric
function at 3.4 eV to Eo, whereas the corresponding
structure in ez was attributed to E& transitions, an as-
sumption not justifiable a priori. In order to obtain an
analytic representation of the temperature dependence of
Eo, the Varshni equation [Eq. (3a)] was fitted by Jellison
and Modine to the maxima in e~. Their result (dotted
line in Fig. 10) shows a systematic shift in energy when
compared with our energies obtained from the line-shape
analysis. For nonsymmetric structures neither the max-
imum in e& nor that in ez correspond to the real value of
the CP energy. Only a complete line-shape analysis
should thus yield reliable CP parameters.

Linear temperature coefficients over a reduced tempera-
ture range found by other authors and in the present work
are given in Table V. In a recent work, Humlicek et al. '

have investigated the optical spectra of Si, Ge, and Si-Ge
a11oys. They found an average temperature shift for E&
and E& interband energies from the dielectric function of
—2&10 eV/K between 80 and 300 K, nearly indepen-
dent of the composition of the alloy. ' The coefficient for
the temperature shift of Ei from Ref. 16 is between the
coefficient for Eo (1.7&&10 eV/K, see Table V) and E,
( —3 X 10 eV/K) determined in the present work. For
Ge, however, the temperature coefficient of the E& transi-
tions resulting from the line-shape analysis is
—4.8/10 eV/K (Ref. 46), in contrast to —2X10
eV/K from Ref. 16. The difference might be due to not
having taken into account the phase angle N in the
analysis of Ref. 16. The phase angle N for the E& transi-
tions in Si is independent of temperature (see Fig. 8),
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TABLE IV. Energies of critical points in Si at several temperatures. A11 values are given in eV.

Temp E I Eo region E2 region E'i

4.2 K
5 K

10 K

30 K
80 K

82 K
90 K

110 K
293 K
296 K

703 K

3.40'
3.365
3.378'
3.355(4)
3.32'

3.347(4)

3.330
3.5g

3.32"
3.281'
3.294'
3 34"

3.320(5)

3 45'
3.46

3.454(2)'
3.43'
3.42'
3 48m

3.449(2)

3.40
3.7"
3.38"
3.38"
3,360'
3.412'
3 41"

3.396(5)'
3.199(4)

4.185'

4.18

4.06"

Experiment
4.229'

4.225b

3.88'

4.13"

4.44'
433
4.330'
4.323(3)
43'
4.26'
4 37m

4.314(3)
4.336'

4 5g

4 4n

4.31"

4.303"
4.270(2)
4.150(3)

4 60'
4.6"

4.533(11)
4 55'
4.46'
4 65m

4.521(11)
4.459'
4.43'

4 49"

4.492(10)

4.598'
5.46'

5 50'
5.45b

5.387(9)

5.375(9)

5.95'

5.317(25)"

3.42' 3.46'

6 l ——0.03'
0.03~

b i
——0.029q

50——0.046'
50 ——0.05~

a, =0.044q

Theory
4.47' 4.60' 5.56'

'Reference 19.
Reference 12.

' Reference 7.
Present work.

'Reference 9.
'Reference 20.
gReference 4.

"Reference 18.
'Reference 14.
"Reference 15.
"Reference 6.
'Reference 25.

Reference 8.
"Reference 5.

'Reference 26.
Reference 27.

qReference 28.
'Reference 11.
'Reference 13.
'Reference 10.
"Reference 16

whereas for Cxe N depends strongly on temperature.
The phase angles 4 of the E

&
CP, analyzed with an ex-

citonic line shape are around zero up to 3SO K (see Fig.
8). Since the E, transitions, together with Eo, are the
lowest direct transitions in Si, there is no continuum of
band states to interact with which would cause 4 to be-
come nonzero. For the fit of the Eo and E& CP as one
structure (for T & 350) the mixture with the 2D minimum
of Eo produces an apparent negative 4. The near con-
stancy of N with increasing T for most critical points
studied (exception: E

&
above 300 K) confirms the correct-

ness of the representation chosen for those CP. The same
comment can be made for the amplitude A (Fig. 9).

The temperature dependence of the broadenings I is
caused by the electron-phonon scattering which leads to a
shortening of the lifetime of electronic states and thus to
an increasing broadening with increasing T. This is the
same mechanism which leads to the self-energy contribu-
tion to the shift of CP energies. The corresponding tem-
perature dependence of the CP broadening has been cal-
culated for Si and Cse. Figure 11 shows the result for
the Eo and E& transitions in comparison with the experi-

mental data reported here. The increase in the broaden-
ing with temperature is represented rather well by the
theory. In order to obtain good agreement with the ex-
perimental data, however, it is necessary to add a
temperature-independent contribution, which might be
caused by electron-electron and surface scattering. We
also note that the values of broadenings obtained from the
line-shape analysis depend on the model used, e.g. , the fit
of a structure with the excitonic line shape [n = —I in
Eq. (2)] leads to a larger value than a 2D line shape
[n =0 in Eq. (2)]. In addition, nonparabolicities of the
bands are not taken into account in the line-shape
analysis; they should tend to blur the CP's and thus in-
crease I .

The amplitude of the E& transition in Si is about 1.2
eV, nearly independent of T (see Fig. 9). The amplitude
of E&, when treated as a 2D exciton, can theoretically be
estimated by

64+3 ~0
A(Ei)=AE +A~ +~ =2X (E, +b, , /3)

8&~4 E','
(6)
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TABLE V. Linear temperature coefficients of the energies of the critical points in Si. All values are
given in 10 eV/K.

—dE;„d/dT —dEo /d T —dEo /dT —dEl /dT —dEg /dT dE', /dT

Experiment

2.3'
Between 200 and 300 K

2 7d

2.2'
2.2'
3.6g

2h

1.7(3)' 3.0(2)'

Between 600 and 800 K
3.7'

4.1(1)'

2.2'
2.3'
3.5g

2h

2.5(1)"
1 8(4)ck

2.8(1)'3

4.5(4)'

Theory
Between 200 and 300 K

47 1.5b 33'
1 9'

1.5b

2.4" 6.2b
Between 600 and 800 K
2.4 43 1.8

'Reference 52.
Reference 39.

'Present work
Reference 56.

'Reference 19.
'Reference 21 ~

gReference 7.
"Reference 16.
'Reference 22.
"For Ep(X).
"For Ep(X).
'Reference 30, Penn-Model.

4.3

3.4

Si
theo'.

43

with the parameters ao ——5.653 A, E& ——E=3.038 eV,
6& ——0, and e, =12, for the dielectric constant we obtain
A (E&)=0.060 eV, which is a factor of 20 smaller than
the experimental value of A (E& ) = 1.2 eV. In Eq. (6) the
amplitude is strongly dependent on the value of e„the
screening of the Coulomb potential. Screening by an
effective dielectric constant e,&=4.4 would explain this
discrepancy. A quantitative calculation of the space-
dependent microscopic dielectric function F(r) was per-

3.3

4.0

200—

I
I

)
I

X

Si X
X

X

3.2 3.2 100—

3.1

0 400

T (K)

800
3.1

0
0

I I I I I I I (

400 800

FIG. 10. Calculated and experimental shifts of critical points
in Si. The solid lines show the calculated total shifts (sum of
thermal expansion and contribution due to electron-phonon in-
teraction) from Ref. 39. The dotted lines are the results from el-
lipsometric measurements by Jellison and Modine (Ref. 7). The
points are the CP energies obtained from our line-shape analysis.

FIG. 11. Lifetime broadenings of the Eo and El band gaps of
Si. Solid line: phonon-induced broadenings, calculated in Ref.
42. Points: experimental values from this work. Up to 350 K
Eo and Ei have been fitted as two structures, at higher tempera-
tures as one.
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formed by Srinivasan. If we assume that the "Bohr ra-
dius" of the exciton wave function is smaller than the
lattice constant, a smaller value of e, should be used for
the theoretical estimate of the amplitudes. According to
the calculation of Ref. 60, e,z ——4.4 corresponds to a ra-
dius of 0.9 A, somewhat less than one-half of the bond
length (2.35 A} and thus lacks physical meaning. Never-
theless, these facts seem to suggest, qualitatively, strong
deviations from the Wannier-type hydrogenic behavior
for the excitons related to the E& transitions. Similar
facts were also observed for CxaAs at low temperature
and, less pronounced, for InP where the band character
of the E& transitions is dominant.

B. E~ transitions

I } t
l

I

Si E~-G~p
2 00 theP1.

Q)

E
100—

1

0 & l l l ) l ) l

0 400 800
T (K)

FIG. 12. Lifetime broadenings of the Eq band gap of Si.
Solid line: phonon-induced broadening, calculated in Ref. 42 for
the representative point k=(2~/ao){0. 9 0. 1,0. 1). Points: experi-
mental values for E~(X) from this work.

In the 4—5-eV energy range several structures have
been resolved by electroreAectance at low temperatures
the weak Eo transitions at 4.18 and 4.225 eV and the Ez
transitions at 4.33 and 4.6 eV. Kondo and Moritani'
have pointed out that three CP can contribute to the Ez
transitions. According to the band-structure calculations
of Chelikowsky and Cohen two Ez CP are expected at
4.47 and 4.60 eV.

The structure at 4.323 eV in Fig. 5, labeled Ez(X), is
attributed to transitions in a large region of k space near
the X point centered at k=(2m/ao)(0. 9,0. 1,0. 1). The
weak and broad structure at 4.544 eV, labeled Ez(X), is
assigned to transitions at points with X symmetry fol-
lowing Refs. 12 and 25. These transitions were resolved
up to 550 K.

For both Ez(X) and Ez(X) a 2D line shape yields the
best representation of the data. The parameters from
the line-shape analysis as a function of temperature are
shown in Figs. 6—9, a comparison of the CP energies
with data from the literature is performed in Table IV.
The phase angles N are nearly independent of tempera-
ture. Also, the amplitude of Ez(X) is almost constant,
whereas the one for Ez(X) decreases with temperature.

The comparison of the temperature shift of the Eq(X)
gap with the theoretical results of Ref. 39 is shown in Fig.
10. The dotted line represents the experimental results of
Jellison and Modine obtained from the shift of the max-
imum of the imaginary part of the dielectric function with
temperature: the results from our line-shape analysis
show a smaller temperature shift in better agreement with
the calculations. The remaining discrepancy of experi-
mental and theoretical results might be due to the uncer-
tainty in the location of the Ez transitions in k space and
to the fact that the band structure used for the calcula-
tions in Ref. 39 underestimates the Ez CP energies by
about 10%%uo. Besides, the calculations were performed
only for one representative k point, namely k =2~/
a o(0.9,0. 1,0. 1 ).

The comparison of the experimental results for the life-
time broadening of the Eq(X) CP and theoretical ones is
given in Fig. 12. The calculations have been performed
for the same representative point as for the energy shifts.

Like the case of the E& and Eo transitions, the addition of
a constant broadening of about 30 meV for the Ez CP
yields excellent agreement between theory and experi-
ment.

C. E~ transitions

The E
&

transitions take place between the A3 valence
band and the A3 conduction band (see Fig. 1). At low
temperatures the energy of 5.45 eV was measured by
electroreQectance. ' In Fig. 5 the weak structure at 5.387
eV (30 K) is attributed to the EI CP. A line-shape
analysis of this structure with a 2D CP was possible up to
600 K. The corresponding CP parameters are shown in
Figs. 6—9 as a function of temperature.

V. CONCLUSION

The temperature dependence of the dielectric function
was measured in the 1.7—5.7-eV energy range up to 820
K. By performing a line-shape analysis of the structures
observed, the parameters of the Eo, E&, Ez, and E

&
criti-

cal points (amplitude, threshold energy, lifetime broaden-
ing, phase angle) were obtained as a function of tempera-
ture. Comparison with earlier calculations of the energy
shift and broadenings based on the electron-phonon in-
teraction shows, in most cases, excellent agreement be-
tween theory and experiment. A careful analysis of the
E& transitions of Si and other semiconductors shows a
systematic change in the character of these transitions
from a localized Lorentzian interacting with the continu-
um to a two-dimensional Van Hove singularity modified
by the electron-hole interaction both with increasing ioni-
city and increasing average atomic number.
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