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Optical functions of silicon between 1.7 and 4.7 ev at elevated temperatures
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Polarization modulation ellipsometry has been used to determine the optical functions of
silicon at elevated temperatures up to 1000 K. The El, Eo, and E2 features move monotoni-

cally to lower energies as the temperature is increased. A fit of the Eo and E2 peak posi-
tions to the empirical formulation of Varshni is obtained; it is found that the critical points
of the joint density of states for the Eo and E2 gaps move somewhat differently from the in-

direct gap, although the difference is not large.

I. INTRODUCTION

Accurate knowledge of the optical functions of
silicon at elevated temperatures is extremely impor-
tant for many applications, including melting-model
calculations of pulsed laser annealing, ' concentrator
solar cell applications, the interpretation of Raman
temperature measurements, and the determina-
tion of the positions of critical points in the Bril-
louin zone as a function of temperature. Though
the optical data for silicon is extensive at and below
room temperature, ' much less data exists for
elevated temperatures. Several authors have report-
ed the temperature dependence of the complex index
of refraction at the He-Ne laser line [632.8 nm
(Refs. 13—15)], and Weakliem and Redfield' have
determined the optical-absorption coefficient (a)
from room temperature to 200'C and from 1.1 to
2.7 eV using optical transmission measurements.
Macfarlane et al. ' also used optical transmission
measurements to determine a at low photon energies
(less than 1.2 eV) for temperatures between 4.2 and
415 K, while Compaan and Lo have reported' a at
300, 650, and 900 K at three common argon-ion
laser lines (457.9, 488.0, and 514.5 nm). A detailed
analysis of the temperature dependence of the opti-
cal absorption at the He-Ne infrared laser line (1.152
pm) by Jellison and Lowndes' shows that the for-
mulation by Macfarlane et a/. ' is correct at that
wavelength for temperatures up to —1150 K. The
wavelength dependence of the complex dielectric
constant has been reported by Daunois and Aspnes'
at 10 and 300 K and by Aspnes and Theeten" at
300 K. Similar measurements have been made re-
cently by Jellison and Modine' at 10 and 300 K.

The theoretical aspects of the temperature-
dependent optical properties have recently been re-
viewed by Cohen and Chadi. The main thrust of
the theoretical calculations has focused on calculat-

ing the energy change at various critical points of
the Brillouin zone as a function of temperature.
Three major approaches to the temperature depen-
dence of semiconductor band gaps have been em-

ployed: The first approach, used by Fan, ' incorpo-
rates the temperature dependence into an electron
self-energy term. The second approach, used by An-
tonchik and later Brooks and Yu, incorporates
the temperature dependence by including a Debye-
Waller factor in the structure factor of a pseudopo-
tential calculation. The third approach, used by
Brooks and later by Heine and Van Vechten, de-

scribes the effect of temperature by considering the
effect of the electrons on the phonons. In a more re-
cent paper, Allen and Cardona calculated the tern-

perature dependence of the E&& direct gap in Ge by
including both the Debye-Wailer factor and the
self-energy term. They found that the inclusion of
both factors improved the agreement with experi-
ment (minus thermal expansion), but more terms
need to be taken into account for a truly accurate
theoretical description.

This paper presents the optical functions of sil-
icon determined with the use of polarizaticn modu-
lation ellipsometry (PME) between 1.65 and 4.77 eV
in the temperature range from 10 to 972 K. We also
extend the preceding work in which we reported ac-
curate determinations of the optical functions at 10
and 300 K, ' and of a as a function of tempera-
ture. Details of the experimental system and the
data analysis are described with respect to the diffi-
culties encountered in performing high-temperature
PME measurements in Sec. II. The resulting values
of the dielectric functions are presented in Sec. III,
where we show that the Eo and E2 features of the
dielectric functions move monotonically to lower
photon energy as the temperature is increased and
that the shift is well described by the empirical for-
mulation of Varshni.
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II. EXPERIMENTAL METHODS AND DATA
ANALYSIS

Ellipsometry data were taken as a function of
temperature and wavelength by using the polariza-
tion modulation ellipsometer and procedures that
have been described in detail elsewhere. ' Here we
describe only the procedures used to perform high-
temperature measurements.

There are two major problems associated with the
performance of high-temperature ellipsometric mea-
surements on silicon. Firstly, the oxidation rate of
the Si surface increases exponentially with tempera-
ture; the solution to this problem is discussed in Ref.
27. Briefly, we enclosed the sample in a stainless-
steel chamber which was closed except for small op-
tical ports that allow light to enter and exit without
passing through windows. The chamber was over-
pressured with forming gas (4% H, 96% Ar) to
reduce surface oxidation. The ellipsometry measure-
ments indicated minimal (less than 4 A) additional
oxide growth at high temperatures.

Secondly, the sample itself acts as a light source
at high temperature, with the total emittance in-
creasing as T" and the peak of the emission shifting
toward the visible [E,„(eV)=4.29 X 10 T(K)].
Sample emission rapidly becomes a problem as the
temperature is increased. Because the customary el-
lipsometer arrangement was used (with the mono-
chromator between the light source and the sample),
data could be taken only up to 1000 K before this
background emission became intolerable.

In order to obtain data at temperatures approach-
ing 1000 K, it was necessary to reduce the emission
reaching the phototube and to make corrections to
the data taken at the highest temperatures. Since at
1000 K the sample emission peaks in the infrared
(0.43 eV), it was possible to considerably reduce'the
emission problem by changing to a photomultiplier
tube with an S-10 cathode (EMI 95921B),which has
a relatively poor infrared response. This permitted
meaningful measurements to be made over the visi-
ble portion of the spectrum. In the ultraviolet
(greater than or equal to 3.0 eV), where the light
source (xenon arc lamp) becomes much weaker, it
was necessary to further reduce the emission reach-
ing the phototube by judicious use of high-pass opti-
cal filters.

The data consisted of signals proportional to
cos(2$} and sin(2$)sin(b, } which were measured in
configurations I and III, respectively. ' Because the
ellipsometer is a photometric instrument which
operates in a constant dc current mode, the signals
were reduced by sample emission in direct propor-
tion to the fraction of the light that is contributed
by the emission. Thus the effect of the emission on

the measurements is described by

FpSS'=
F +F

where S' and S denote the reduced and true magni-
tudes of the signal, and Fo and F, denote the effec-
tive light flux contributed by the ellipsometer source
and the sample emission, respectively.

The signal reduction due to sample emission was
determined as a function of wavelength by compar-
ing the phototube voltage with and without the light
flux contributed by the ellipsometric source. For an
n-stage photomultiplier tube operated in a constant
current mode, the nth power of the phototube volt-
age is inversely proportional to the light flux; thus

=1— V

V,

F=1-
Fp+F

FO

Fp+F,
(2)

where V (V, ) represents the phototube voltages mea-
sured with (without) the contribution of the ellip-
someter light source. Therefore, (V/V, )" is a mea-
sure of the reduction of the ellipsometer signal due
to sample emission. Over most of the spectrum it
was not necessary to correct the measurements since
values of V, & 1000 V and V (600 V were measured,
and for the eleven-stage phototube this implies a sig-
nal reduction less than or equal to 4&10 . This
was true for all but the blue end of the spectrum of
the 700'C measurement. A correction was made for
this spectrum by running two additional scans: one
with a uv band-pass filter in front of the phototube
(effectively eliminating all sample emission), and one
without the uv band-pass filter. This procedure re-
sulted in a small (less than 10%) correction to the
data.

Sample temperature was measured by a Chromel-
Alumel thermocouple in direct contact with the
back of the wafer. To increase the thermal contact
between the sample and the substrate heater, a gra-
phite suspension was used between the sample and
the heating block and the thermocouple. Since the
forming gas flowing over the sample was preheated
by the heater block and the sample chamber was to-
tally enclosed (with the exception of the two small
optical ports), sample temperature reduction due to
heat exchange with the forming gas and to sample
emission was nearly eliminated, and the thermocou-
ple measured the actual sample temperature. The
temperature of the heater was controlled to +7'C.

The optical functions were obtained from the el-
lipsometric data using the effective-oxide-thickness
approximation (see Refs. 12 and 27); the primary
uncertainty is in the value of the oxide thickness.
The effective oxide thickness was 17 A for tempera-
tures less than or equal to 400'C and increased to
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-27 A for the 700'C measurement. The actual
value of the oxide thickness of the high-temperature
measurements was determined by a comparison with
before and after low-temperature ellipsometry mea-
surements. %e determined that the error in the ox-
ide thickness was less than 2 A for the 600 and
700'C data sets, arid less than 0.5 A for the other
data sets. A detailed examination of the error in the
dielectric functions of silicon introduced by errors in
the angle of incidence, the ellipsometry parameters

l( and b, , and the oxide thickness is given in Ref. 12.
Using a similar analysis, we conclude that the error
in e& and e2 is less than 1.5 and is dependent upon
photon wavelength. For photon energies well below
the direct band gap, the error in e2 is determined by
the oxide thickness and b, and it decreases to less
than 0.1, while the error in e&-0.3 and is deter-
mined mostly by errors in the angle of incidence and

III. RESULTS AND DISCUSSION
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The resulting values of the dielectric functions are
shown in Fig. 1 as a function of wavelength for
several temperatures. The following features of Fig.
1 are immediately apparent.

(1) The peak in e2 near 4 4 eV at 10 K decreases in
magnitude and moves to lower energy as the tem-
perature increases. The zero crossing of the e& spec-

trum occurs at nearly the same energy, and the slope
decreases with increasing temperature. This peak in
e2 has been labeled E2 in Fig. 1; its origin is not
clear, but it is thought to be due to several critical
points, including the transitions 22~23. None of
these features are resolved at higher temperatures.

(2) The peak in e& near 3.4 eV at 10 K also de-
creases in magnitude, moves to lower energy, and
broadens as the temperature increases; it is manifest-
ed in the e2 spectra as a low-energy cutoff shoulder.
This peak is labeled Eo in Fig. 1 and is thought to
arise primarily from an Mo critical point in the joint
density of states for the I z&~I ~5 transition. ' Dau-
nois and Aspnes' found that the critical-point ener-

gy for this transition did not occur exactly at the top
of the peak but rather at the low-energy side.

(3) The peak in e2 near 3.4 eV at 10 K decreases in
magnitude and moves to lower energy as the tem-
perature is increased until it is no longer observable
at -500'C. A high-energy cutoff shoulder in the e&

spectrum at the same energy is observable upon
close examination of the 10-K data. This peak is la-
beled E& in Fig. 1 and corresponds to either a Mo or
M, critical point for the A3 —A& transition. ' As
with Eo, Daunois and Aspnes' found that the
critical-point energy at 10 and 300 K is at slightly
lower energy than the peak position. The disappear-
ance of this peak is probably due to the fact that E&
moves to lower energy faster than Eo, and once the
E~ peak is lower in energy than the Eo shoulder it
will not be unobservable.

As a result of these movements, e2 is nearly in-
dependent of temperature from 3.8 to 3.2 eV above
-500'C. A plot of a vs h v for several temperatures
indicates that a(A, , T) also becomes independent of T
above a critical wavelength A,,(T). An empirical fit
to this saturation value of a in the vicinity of 3.4 eV
yields a=aoexp(hv/Eo), where ao ——4. 1&&10 cm
and Eo ——1.09 eV. By examining the 500, 600, and
700 C a(A, ) spectra, it appears that A,, moves mono-
tonically to a longer wavelength with increasing
temperature. Therefore, it is reasonable to expect
the above expression to yield the asymptotic value
for a at temperatures higher than 700'C.

(4) As the temperature is increased, all features
become broadened. This is due primarily to the in-
creased phonon population at elevated temperatures,
which relaxes somewhat the requirement of strict k
conservation.

(5) Below the E, and Eo features, ez increases
monotonically with temperature. For photon ener-
gies well below 3.4 eV and for temperatures between
300 and 1000 K, the absorption coefficient, which is
related to e2, obeys the empirical relation

FIG. 1. Real and imaginary parts of the dielectric
function of silicon for several temperatures. a(A, , T) =ao(A, }exp(T/To), (3)
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where To ——430'C for all photon energies, and the
prefactor ao(A, ) is a function of photon wavelength.
Equation (3) only holds when the photon energy is
well below the E~ and Eo features; for photon ener-
gies near this peak, a more complicated behavior is
observed. Initially, a increases exponentially, as in
Eq. (3), but as the F~ and Eo features approach the
photon energy in question, a then approaches
asymptotically the limit given in (3) above.

The temperature dependence of the normal-
incidence reflectance was determined from the opti-
cal functions and is shown in Fig. 2. As can be seen,
the peak in R near 3.4 eV at 10 K moves to lower
energies with increasing temperature, and disappears
around 500'C. Above 500'C, R is a monotonically
increasing function of energy from 2 to 4 eV. Below
-3 eV, R increases linearly with temperature, and is
given by

R(A, , T)=RO(A, , T=300 K)+5&&10 T, (4)

with Tin units of K.
All previous ellipsometric determinations of the

optical function of silicon as a function of tempera-
ture were performed with single-wavelength (632.8
nm) nulling ellipsometers' '; these data are shown
in Fig. 3. van der Meulen and Hien' performed
measurements in pure N2 up to 1350 K on sub-

strates that were intentionally oxidized with a thin
(less than 175 A) layer of SiOz. The two samples of
Hopper et al. ' were first heated to 1200'C for -30
sec in 10 Torr to remove oxide on the sample sur-

face, and then intentionally oxidized to (1) 18 A and
(2) 2810 A before the measurements, which were
carried out in vacuum. In contrast, Algazin et al. '

prepared atomically pure silicon surfaces by
vacuum-high-temperature refining at a temperature
of 1250—1300 C.

The data from our work at 632.8 nm are also
shown in Fig. 3 for comparison. The principal
sources of error in our measurements at 632.8 nm
are (1) errors in g and in the angle of incidence P for
e&, and (2) errors in b, and in the oxide thickness for
e2. The resulting confidence limits at 700'C for our
data are shown in Fig. 2; these confidence limits are
determined from the error matrix shown in Table I,
assuming 5/ =0.2', b,d =2.0 A, b 1( =0.I', and
b,(b) =0.1. As can be seen, our data for e& and e2
are in general agreement with the data sets of van
der Meulen and Hien' and of Hopper et al. ' The
principal disagreement comes with the data set of
Algazin et al. '; this discrepancy could be due to
sample preparation, in that the refining technique of
Algazin et al. ' could have resulted in a large num-
ber of defects in the near-surface region, thereby
generally increasing e2 for all temperatures. Anoth-
er possibility is that a small amount of oxide growth
could have occurred during the measurement; if this
were not properly taken into account, a larger value
of e2 would be determined (a 10-A growth would be
sufficient to explain the discrepancy). Algazin
et al. ' attribute the discrepancy between their data
and the data sets of Refs. 14 and 15 as being due to
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FIG. 2. Normal incidence reflectance of Si at several selected temperatures.
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the presence of an interface layer between Si and
Si02. However, Jellison and Modine have shown
that reasonable interface layers between Si and SiOz
cannot change f and 6 appreciably at this wave-
length. Therefore no discrepancy should exist if the
oxide layer is properly taken into account.

The absorption coefficient of silicon has been
measured by Weakliem and Redfield' up to 200'C
using transmission measurements. Their data set
agrees with our data at low photon energies, but de-
viates significantly at high temperatures and/or
high photon energies such that o, )5)(10, with
their n data being lower than ours. Similar observa-
tions can be made when comparing our data and

c!
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FIG. 3. Optical functions at elevated temperatures
from this work compared with the data in the literature:
Algazin et al. (Ref. 13), Hopper et al. (Ref. 14), and van
der Meulen and Hien (Ref. 15).

that of Compaan and Lo, ' which was taken using
very thin silicon-on-sapphire samples and optical
transmission measurements. In all cases, the
transmission measurements result in lower values of
a than do the ellipsometric measurements. This has
been discussed in Ref. 12 with respect to room-
temperature measurements, where it was concluded
that the discrepancies were due to the difficulties as-
sociated with obtaining very thin defect-free samples
with optically polished surfaces. The difficulty of
comparing with the result of Compaan and Lo' is
compounded by the fact that their samples were sil-
icon on sapphire, which can have considerably dif-
ferent optical properties from bulk Si."

As was stated in (4) above, the features of e! and
E'2 become broadened as the temperature is increased.
Nevertheless, it is possible to determine the tempera-
ture dependence of the Eo and E2 features by plot-
ting their peak positions as a function of tempera-
ture; this is done in Fig. 4. (Because the Ec peak in

e& does not correspond directly to the position of the
critical point in the joint density of states, ' a small
temperature-dependent error may be introduced in
the determining position of the Eo peak from the
dielectric spectra. ) The best fit of this data to the
empirical relation of Varshni,

ATE(&)=E(0)—
T+P '
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TABLE I. Comparison of the errors introduced into
the determination of e1 and e2 at 632.8 nm by the angle of
incidence (((I), the oxide thickness (d), and the ellip-
sometric parameters 1( and b, . The two-boundary approx-
imation has been used.
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FIG. 4. Energy position of the peak in e1 and e2 as a

function of temperature. Solid lines through the data
represent a least-squares fit to the data using Eq. (5) with
parameters given in Table II.
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aT(T+2P)
(T+P)'

(6a)

was determined. A linear least-squares-fitting pro-
cedure similar to that of Thurmond ' was used to
determine the constants a, P, and Eo, which are
shown in Table II. The solid lines of Fig. 4 are
determined using Eq. (5) and the appropriate con-
stants of Table II. As can be seen from Table II, all
three gaps yield approximately the same value of a
(within experimental error), but the values of P are
quite different. Other thermodynamic functions for
the formation of electrons and holes can be calculat-
ed from Eq. (5) using familiar thermodynamic rela-
tionships. ' The gap entropy S(T), change in
enthalpy H(T) —H(0), and the specific heat C(T)
are given by

O
I-
Z
lJ p
Q
K

O

0 ' 0

Z
~ %
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LJ
I

I-

~-0.8

Indirect Gap
Direct. Gap Eo
Direct Gap E~

-E
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cx T
H(T) —H(0)= (T+0)'

C(T)= 2aP'T
(T+P)'

(6b)

(6c)

1.5
I—
K
LJz 1.0

L.
0.5

4J
Q
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The values of S(T), H(T) —H(0), E(T) E(0), an—d
C(T) are shown in Fig. 5, where S(T) and C(T)
have been normalized by Boltzmann's constant, and
H and E are expressed in eV. As can easily be seen,
there is a significant difference in the thermodynam-
ic properties of the three gap s; however, Van
Vechten and Thurmond's argument that the entro-

py of electron-hole pair formation for all gaps in a
semiconductor is the same to within a factor of 2
appears to be valid above -300 K.

Calculations of the temperature dependence of the
E&, Eo, and E2 gaps, as well as the indirect gap of
silicon have recently been performed by Mostoller,
where the temperature dependence was incorporated
via the Debye-Wailer factor and linear expansion of
the lattice. The calculated changes of the energy
gaps with temperature were all much larger than the
observed changes. This result is consistent with the
results of Allen and Cardona, where they found
that simply including the temperature dependence of
the Eo band gap of Ge via the Debye-Wailer factor
resulted in a large discrepancy between theory and

0
0

I

400 800 1200 1600
TEMPERRTURE (K)

FIG. 5. Thermodynamic functions vs temperature
determined from Eqs. (5) and (6) using the values of the
parameters in Table II. Gap entropy (S) and specific heat
(C) are given in units of Boltzmann's constant k, while the
gap energy (E) and the enthalpy (H) are given in eV.
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