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We have studied the resonance behavior of the Raman susceptibility for the 520-cm~!, I"ys, pho-
non of Si from 1.8 to 3.7 eV with sample temperatures from 300 to 915 K. Both Stokes and anti-
Stokes data have been obtained with thirteen cw argon- and krypton-laser lines and extracavity fre-
quency doubling of the 752.5-nm Kr line. All data were corrected for absorption, solid-angle, and
reflectivity effects using recent ellipsometric data of Jellison and Modine over a similar temperature
range. The data show clearly the temperature-dependent broadening and shift (dE/dT
=—3.7x107* eV/K) of the E{E; resonance. The modulus of the frequency derivative of the com-
plex dielectric constant provides a good approximation to the Raman susceptibility when shifted
higher by about one-half the phonon frequency. Resonance effects on Stokes and anti-Stokes ratios
are examined carefully and related to recent Raman measurements of temperature during pulsed-
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laser annealing.

INTRODUCTION

Phonon Raman scattering in semiconductors is mediat-
ed by electronic transitions and consequently shows strong
resonance behavior in the vicinity of direct band-to-band
transitions.! In the case of silicon the lowest direct gap is
the Ey,E; gap at ~3.4 eV at room temperature arising
from transitions along an extended region in the A direc-
tion (E;), where the valence and conduction bands are
nearly parallel and from transitions at the I" point (Ej).
The resonance Raman behavior near this region has previ-
ously been studied at room temperature by Renucci et al.?
These results and a number of similar studies of other
semiconductors have shown that often the resonance
enhancement of the Raman susceptibility is closely related
to the frequency derivative of the complex optical dielec-
tric constant |de/dw| as expected from a classical
description of Raman scattering.! However, several de-
tails of the resonance structure observed by Renucci et al.
corresponded rather poorly to structures in |de/dw| as
inferred from existing independent absorption and reflec-
tivity data.

Recently the resonance Raman data have received
renewed scrutiny because of the need to correct Stokes- to
anti-Stokes-intensity ratios for resonance effects before a
lattice temperature may be inferred. Stokes- to anti-
Stokes-intensity ratios obtained under pulsed-laser anneal-
ing conditions in Si have generated intense controversy>
because the pulsed Raman results of two independent
groups appear to indicate lattice temperatures no higher
than 450°C during the anneal process.*~% (Prevailing
opinion in the field of pulsed-laser annealing holds that
the lattice undergoes thermal melting at 1412 °C.3)

The less-than-completely-satisfying agreement between
calculated and observed resonance behavior? together with
the interest in the use of Raman scattering as a diagnostic
for transient lattice temperature measurements (e.g., dur-
ing laser annealing) forms a strong motivation for this
study of resonance behavior as a function of lattice tem-
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perature. In addition, however, the fact that Jellison and
Modine’ have recently reported new ellipsometric mea-
surements of the complex dielectric constant of Si at
elevated temperatures affords us a unique opportunity to
make the absorption, reflectivity, and solid-angle correc-
tions necessary to obtain the Raman susceptibility with
good accuracy from the raw Raman data. Furthermore,
the high-temperature ellipsometric data permit the com-
parison of Raman susceptibility with |de/dw| over an
extended temperature range.

In this study we have obtained the resonance behavior
of the 520-cm~!, T, Raman line of pure Si over the
range of photon energies from 1.8 to 3.7 eV, using avail-
able cw lines from Ar and Kr lasers and using extra-cavity
frequency doubling of the 752.5-nm Kr line to fill one gap
in the coverage. We have studied both Stokes and anti-
Stokes signals for all lines and covered the temperature
range from 300 to 915 K. The observed Stokes- to anti-
Stokes-intensity ratios at known sample temperatures al-
low us to obtain directly the “correction factor” needed to
infer lattice temperatures from the Raman ratio without
reference to independent absorption and reflectivity mea-
surements. Finally the data yield accurate numbers for
the shift and broadening of the E,E, gap with tempera-
ture to compare with the E( temperature shift that has re-
cently been calculated by Allen and Cardona.?

THE RAMAN SUSCEPTIBILITY Xs

In the typical Raman experiment using photon-
counting electronics one measures the scattered photon
rate R, per unit solid angle ) for an incident-laser irradi-
ance I;. The scattering rate inside the scattering medium
can be written as

dRs— IL d—a-
a0~ Fwg dQ

Note that I; /#w; is just the flux of incident photons per
unit area inside the scattering medium. Equation (1) may

(1)
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be taken as a definition of the quantum differential
scattering cross section do /d ).

This differential scattering cross section can then be re-
lated to a volume-independent “Raman susceptibility,”!

n_AX' _ipdX

s dé_ d§ ’

where X is the susceptibility, and & is the normal coordi-
nate of the appropriate phonon mode. Thus one obtains
for Stokes Raman scattering

do ‘ha’ng‘ Vs
dQ (477)22C 4(0077L

where V is the scattering volume, ng and 7, are the in-
dices of refraction at the scattered (wg) and the laser (w; )
frequencies, respectively, €, and eg are the light polariza-
tion unit vectors, and n(w,) is the phonon-occupation fac-
tor for the Raman mode of frequency w,. The indices of
refraction enter because of the fact that the susceptibility
is defined in terms of electric field amplitudes E, and be-
cause the irradiance is given by I =2eocnE*E, where c is
the speed of light in vacuum.’ Note that, following Car-
dona [Ref. 1, Egs. (2.47)—(2.50)], we have used a volume-
independent Raman susceptibility in distinction from
Hayes and Loudon [cf. Ref. 9, Eq. (1.71)]. But following
Ref. 9, we have explicitly included the fact that the
scattering is inelastic in defining the quantum cross sec-
tion, and thus the usual w* of power cross sections is re-
placed by w; w3 (cf. Ref. 1, p. 37). In addition, for econo-
my of notation, we have suppressed the tensor character
of X§ and vector character of the polarization unit vectors
€ and € S

It is usually not the scattering cross section do/d(}
which is of interest in resonance Raman measurements,
but rather the Raman susceptibility Xg. (Frequently VXg
or vXg, where v is the primitive cell volume, has wrongly
been termed the “Raman cross section.” To avoid con-
fusion, we shall use Raman susceptibility for Xg
throughout this paper.) In terms of Xg the differential
scattering rate inside a strongly absorbing scattering medi-
um is given by

X

|eresXs | [n(wo)+1], 2

dR w3P n(wo)+1
S __ Os7LUs S |eeskd|?, 3)

dQ (ap +ag)ny 32m°c’ow,
where the product ¥I; has been replaced by

P; /(a; +ag), which is appropriate for a backscattering
configuration in strongly absorbing scattering media for
which (a; +ag) ! is much less than the crystal thickness.
Here P; is the incident laser power inside the crystal and
ay (ag) is the absorption coefficient of the incident (scat-
tered) light.

The experimentalist normally measures outside the crys-
tal the scattering rate Rg and the laser power P;, and the
collection solid angle AQ' is usually held constant outside
the crystal. Thus the external scattering rate Rg is given
by
AQ'[n(wg)+1]

327%c 4w,

TSTLPiw.:;'
(ap+as)ms

Rs=

}IGLESX,?P-

)

Here Ts and T; are the irradiance transmission coeffi-
cients, T=1—r, where r is the irradiance reflectivity, at
the scattered and incident frequencies, and we have used
AQ'=7n%AQ. For our collection aperture of f/1.8 this
last approximation yields an error of less than 2% even
with the largest value of n (n =6.8) in this experiment.

For anti-Stokes scattering the expression is identical to
Eq. (4) when all S-subscripted variables are evaluated at
the anti-Stokes frequency except that (1) the term involv-
ing the phonon population, n(wy)+1, becomes simply
n(wg) and (2) the Stokes Raman susceptibility X g must be
replaced by the anti-Stokes susceptibility, Xxs. In this
respect, however, a simple time-reversal invariance argu-
ment”'° shows that in thermal equilibrium the anti-Stokes
susceptibility at the laser frequency w; is equal to the
Stokes Raman susceptibility for the frequency wp +wo,
ie.,

XXs((z)L)=X§(COL + ) . (5)

We use this relationship to obtain for each laser frequency
a second set of values for Xg upshifted by one optic pho-
non energy, fiwg.

It has previously been shown!? that the Raman suscep-
tibility, Xg=dX'/d&, can be approximated by the frequen-
cy derivative of the complex susceptibility. The rationale
for this approximation is easily found in the case of so-
called “two-band” or intraband contributions to the Ra-
man process.! For silicon it appears that in addition the
strongest “three-band” or interband scattering term
behaves similar to the two-band term because of the small
spin-orbit splitting of the valence band.!! Thus we shall
invoke the spirit of this approximation to compare our
measured Raman susceptibility squared with ellipsometric
measurements of the quantity |dX/dw|’~ |de/dw|?,
where € is the complex dielectric constant. We shall dis-
cuss the microscopic origin of the Raman susceptibility
and the above approximation in the discussion section as
we examine the comparison between the Raman and ellip-
sometric data.

EXPERIMENTAL

The Raman data were obtained in an approximate back-
scattering geometry with the incident and reflected laser
beam at 45° to the sample normal. Scattered light was
collected with a 50-mm focal length quartz lens, f/1.7,
giving a magnification of 6 at the spectrometer. Quartz
Suprasil optics were also used for focusing to an elliptical
spot roughly 500X 50 um? on the sample. Spectrometer
entrance and exit slits were operated at 0.50 and 1.0 mm,
respectively, in order to accept the entire irradiated sample
image and to integrate the spectral line (resolution equal
to 5 A). Slight broadening of the Raman line was evident
at the two highest temperatures for the A=676.4 and
530.9 nm data. Peak heights were corrected in these cases
to give the line integral. Collection system throughput
(optics, spectrometer, and phototube) was calibrated with
a 3200-K tungsten-halogen lamp and checked by scatter-
ing from CaF, over the full range of wavelengths. We
have chosen to rely on spectrometer calibration and care-
ful laser power measurements rather than normalizing,
e.g., to CaF, because the CaF, linewidth becomes very
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large at high temperatures and the phonon frequency
(~300 cm™!) is quite different from that of Si (~520
cm™!). Power measurements were obtained with a
Coherent Radiation model 210 thermopile detector except
at A=376.25 nm. Here the power of ~0.35 mW was
measured by a photodiode whose calibration around 376
nm was independently checked against the thermopile
detector.

The nominally pure Si(100) sample was mounted in a
copper oven with an evacuated quartz enclosure. Tem-
perature control was typically £2 K, and for the three
highest temperatures the sample temperature was directly
checked from the sample black-body radiation measured
by the spectrometer at several wavelengths. The input
laser polarization was selected to yield a scattered polari-
zation appropriate for the highest spectrometer sensitivity.
The incident laser power was kept below 100 mW to avoid
sample-heating effects.

CORRECTIONS

The observed photocount rate is given by eRg, where
Rg is the scattering rate of Eq. (4), and e is the relative
collection efficiency calibrated as described above. The
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FIG. 1. Frequency dependence of transmission coefficients
for normal and 45° incidence, of index of refraction 1 and
of combined correction. The indicated correction is
1607, Ts /qLms, where T, (Ts) is the transmission coefficient
at 45° (normal) incidence and 7, (7s) is the index of refraction
at the incident (scattered) frequency. The multiplicative factor
is chosen for convenience in plotting. Curves based on optical
functions of Ref. 7.
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FIG. 2. Si absorption coefficients used for correcting the Ra-
man data. Curves are based on the data of Ref. 7 and in some
cases are interpolated between measured temperatures.

Raman susceptibility Xg is then related to Rg via the
transmission factor (TsT7y ), the index of refraction factor
(mrms)”!, and the absorption coefficient factor
(ar+as)~! [see Eq. (4)]. It is important to recognize
that these effects are not only frequency dependent near
the resonance but also temperature dependent since the
resonance shifts and broadens with temperature. The re-
cent ellipsometric measurements of the Si optical con-
stants over a range of temperature’ afford an unusual op-
portunity to apply these corrections with a high degree of
confidence. Figures 1(a) and 1(b) show the variation of
transmission coefficients and the index of refraction for
several temperatures. These curves have been calculated
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FIG. 3. Raman photon-counting rate arbitrarily normalized
and corrected only for relative efficiency of the collection sys-
tem. Anti-Stokes data have been multiplied by exp( #iwg /kT).
Breaks in curves occur where incident laser polarization was
changed.
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from the data of Ref. 7. Figure 1(c) shows the net correc-
tion due to these effects. The data shown are appropriate
for the polarization used in each region. (The discontinui-
ty arises solely from the polarization-dependent reflectivi-
ty of the incident laser beam.) The observed count rate
must be divided by these values so that the minima ob-
served above 3.0 eV tend to enhance the observed reso-
nance in Xy in this region.

By far the largest correction arises from the scattering
volume effect, ie., [as+ar(l—nL%sin?45°)~172]~1
which is thus coupled to 17;. However, neglecting the en-
tire factor (1—mnz ?sin?45°)~1/2 produces an error of less
than 2% throughout the spectral region of interest, and
therefore we drop it completely. The absorption coeffi-
cients used for this correction are shown in Fig. 2. These
curves have been obtained from the data of Jellison and
Modine’ with linear interpolations used to obtain the
curves at higher temperatures. In all cases these elevated
temperatures lie between temperatures for which data were

reported in Ref. 7.

RESONANCE RAMAN ENHANCEMENTS

Stokes and anti-Stokes Raman signals were observed
with thirteen cw argon- and krypton-ion laser lines and at
twice the frequency of the 752.5 nm Kr line. Frequency
doubling was performed by focusing the ~2-W output at
7525 A in an angle-tuned LilO; crystal yielding ~0.35
mW of 3762.5-A power at the sample after separation
from the fundamental in a prism spectrometer. The Ra-
man signal at the highest and lowest temperatures are
plotted in Fig. 3. Count rates have been adjusted only for
relative collection efficiency. The discontinuity in the
curve arises from a change in laser polarization and the
resulting change in the transmission coefficient T;,. We
chose to maximize spectrometer efficiency by obtaining
vertical scattered polarization in the (2.6—3.8)-eV region
and horizontal polarization at lower frequencies. For the
(100) sample with [010] vertical this required incident po-
larization perpendicular (parallel) to the horizontal
scattering plane for the (1.8—2.6)-eV [(2.6—3.8)-€V] re-
gion.

The raw signal clearly shows the presence of the reso-
nance at the direct gap and its shift and broadening with
temperature. However, the amplitude of the resonance
enhancement is not impressive especxally when one recalls
the w® dependence which itself gives a slow rise with in-
creasing frequency. It must be remembered, on the other
hand, that the several corrections discussed above tend to
suppress the real resonance which is occurring in the Ra-
man susceptibility. When these effects are removed, we
find a very strong resonance in the susceptibility at all
temperatures.

Figure 4 shows the square of the Raman susceptibility
observed at room temperature. The data show a remark-
ably strong resonance of more than 3.5 decades. In addi-
tion we display two calculated curves of |de/dw |2 The
dashed curve was obtained from ellipsometric measure-
ments on the same sample which had been used for the
Raman work.!? (A nearly identical curve was obtained
from a portion of the same Si wafer which had not under-
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FIG. 4. Room-temperature Raman susceptibility squared

from both Stokes and anti-Stokes data compared with data for

|de/dw|? from Jellison (Ref. 13) and similar data obtained by

Vifia (Ref. 12) from the sample used for the Raman measure-
ments.

gone the repeated temperature cycling of the Raman mea-
surements. This result indicates that the sample surface
oxide conditions were stable through the course of the Ra-
man measurements.) The solid curve indicates Jellison’s
calculation!® of the same quantity from his ellipsometric
measurements.” The slight differences between the two el-
lipsometric results may arise from minor differences in
sample surface conditions and/or the density of points di-
gitized before data analysis.

Both sets of ellipsometric data have been shifted to
higher frequency by 32 meV, i.e., one half of the optic-
phonon energy. The physical origin of such a shift is
treated in the discussion section. With this shift the
agreement between the Raman susceptibility Xg and
|de/dw | is remarkable since only one overall multiplica-
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FIG. 5. Raman susceptibility squared (data points) at two
elevated temperatures and |de/dw|? (curves) from Jellison
(Ref. 13) for similar temperatures.
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tive constant was adjustable. Note also that the anti-
Stokes data (plotted one phonon energy higher than the
Stokes data) fall on the same resonance curve as expected
from time reversal invariance.

Figure 5 shows the Raman susceptibility squared at two
elevated temperatures together with Jellison’s results'® for
|de/dw|? at closely corresponding temperatures. Again
the agreement is pleasing when the ellipsometric results
are shifted higher by one half the optic-phonon energy. It
should be noted, however, that even after this upward
shift, the |de/dw |? curves at these higher temperatures
appear to lie systematically lower than the Raman data.
[Note that the apparently better fit to the 913-K Raman
data arises from the lower temperature (873 K) of the
|de/dw|?* data.] Nevertheless the agreement is satisfying
because the same multiplicative constant (vertical shift)
has been used to compare all three Raman and ellip-
sometric results of Figs. 4 and 5.

The largest discrepancy between the Raman data and
the ellipsometric |de/dw |? occurs above the resonance
where for all three temperatures |de/dw |2 shows a larger
dip than the Raman susceptibility. However, this may
arise from contributions to the Raman strength from the
incipient E, resonance at 4.5 eV at room temperature.
The enhanced Raman signal above 3.6 eV would then be
explained by stronger electron-phonon coupling to the
states involved in the E, resonance.

For the Raman data taken with sample temperatures of
423 and 758 K, corresponding measurements of
|de/dw|?* are not available. Thus we show in Fig. 6
these data with smooth curves visually drawn through the
measured points. Although the vertical scale in Figs. 4—6
is indicated as relative, the differences among the results
at the respective temperatures are meaningful. Thus the
peak height of the resonance drops by a factor of 7.7+0.5
as the sample temperature is raised from 297 to 913 K.
This drop in peak height is closely related to the increase
in width of the resonance which is also clearly evident (see
next section).

One overall scale factor for all of the data therefore
determines the absolute Raman susceptibility. This
overall calibration may be obtained from the results of
Grimsditch and Cardona,'* who have found the allowed
component of the Raman tensor to be ¢ =+60+20 A 2 at
#iw; =1.9 eV. In terms of the Raman susceptibility, a for
the zone center optic mode of Si is given by

L., X 1 1,2.9X12
=3V g =i M) e
where V, is the volume of the primitive cell, 2u is the rela-
tive sublattice displacement, and M is the Si atomic mass.

The shift of the resonance peak with temperature and
the increasing width are plotted in Fig. 7 together with
similar data from ellipsometric measurements of Jel-
lison.® The Raman data indicate a linear shift of the res-
onance (i.e., the Ey,E; gap) of —3.7X10™* eV/K over
the entire temperature range. The shift indicated by the
ellipsometric data ( |de/dw |?) is the same within experi-
mental error. This agreement in the shifts is in contrast
with previous reports indicating that the Raman reso-
nance in, e.g., InAs (Ref. 15) and Ge-Si alloys'® decreased
much more slowly with increasing temperature than did
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FIG. 6. Raman susceptibility squared for two additional tem-
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the peak in the optical functions. The present data, how-
ever, extend over a much wider temperature range than
previous studies and furthermore have the advantage of
the availability of more extensive optical constant data for
making the necessary corrections. Therefore, we believe
the earlier data should be reexamined in view of the
present results.

Allen and Cardona® have recently calculated the tem-
perature dependence of the E{ gap in Si due to electron-
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FIG. 7. Position, height, and width of the Raman susceptibil-
ity resonance peak vs temperature. Dashed curve shows the
temperature shift of the E gap calculated by Allen and Cardo-
na (Ref. 8). Solid curves are visual fits for the width ~T and
height ~ T2,
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phonon interactions. The effect due to thermal expansion
must be added to their calculated shift at constant volume.
This is related to the bulk modulus B and the linear ex-
pansion coefficient a via®

JE, dE,
—£ =3Ba |—2% | =—0.48x10~* (7
aT thexpan P | 4

(300 < T <600 K)

(in units of eV/K), where we have used values from Ref.
11. The results of Ref. 8 with this additional term in-
cluded are shown as the dotted line in Fig. 7. The calcula-
tion was done only for T <600 K, but in the 300-K region
of overlap the observed shift is considerably larger than
the calculated values. This may arise from the fact that
the Raman susceptibility, as well as the optical constants,
is primarily influenced by the much higher density of
states for the E; gap than for the Ej gap at T for which

the calculations® were performed.
We should note here that the temperature shift of the

peak in €, near 3.4 eV as shown by Jellison (Ref. 7, Fig. 4)
is considerably larger at high temperatures 600—900 K
(~—4.8%X10~* eV/K) than we find here. However, the
shift in the peak of €, (real part) does not give directly the
shift of the band gap since it is influenced by increased
broadening with temperature. This shift is better identi-
fied via spectral derivatives as discussed by Vifia and Car-
dona.'”? This is just the motivation behind our use of
|X$|?and |de/dw |? for the results shown in Fig. 7.

RAMAN SUSCEPTIBILITY:
CLASSICAL vs QUANTUM

The classical and quantum descriptions of the Raman
susceptibility Xs have been discussed in detail by Cardo-
na.! Here we only summarize the results in order to dis-
cuss more carefully our upward displacement by one half
the phonon energy of the |de/dw | * curves in Figs. 4 and
5. This comparison also provides a useful basis for
analysis of the temperature dependence of the Raman res-
onance position, width and height.

The usual classical expression for the susceptibility near
an isolated resonance w is

X0)~ —— . (8)
Wo— " —iwy
One readily obtains from this the Raman susceptibility
dx’ 2w0F day 1 dF
d§  (0g—0} —ioy)? d§  oj—ol—ioy d&’

9)

Xs=

where F is the oscillator strength tensor. Here the prime
on dX'/dE is a reminder that the susceptibility has been
renormalized appropriately to keep the derivative with
respect to the normal mode coordinate £ volume indepen-
dent (cf. Ref. 1). (Again, we have for convenience
suppressed the tensor character of X', Xg, and F.) The
first term of Eq. (9) represents contributions arising from
the shift of the transition energy w, due to the phonon.

The second term results from perturbations of the oscilla-
tor strength tensor due to mixing of states by the phonon.

The corresponding quantum description can be written
via third-order perturbation theory and has the form"°

X~ 2 <0|He-R |i><i |He-ph|j><j ,He-R IO>
o ij (a)jo——a)L +iFj)(wi0—ws+iFi)

(10)

Here wj, and w;( are the transition energies corresponding
to ground state O and intermediate states i and j. H,.x
and H,, are the interaction Hamiltonians of the
electron-radiation field and electron-phonon coupling,
respectively.

The first term of Eq. (9) arises from the “two-band”
contributions of Eq. (10)—that is, terms with i =j so that
only two bands, 0 and i, contribute. The second, less
strongly resonant, term of Eq. (9) arises from “three-
band” contributions to Eq. (10)—i.e., those with i4j.
[The unspecified nonresonant terms included in the el-
lipsis of Eq. (10) arise from the five other time orderings
of the three interactions in the perturbation treatment.]

The quantum expression is distinguished from the clas-
sical one by the explicit display of an “outgoing reso-
nance,” wg=w;g, as well as the usual “incoming reso-
nance,” @; =wjo. For most three-band contributions one
of the denominators is usually far from resonance and two
distinct resonances occur, one at @; and one at wg. In
this case if the width of the electronic resonance is large
compared with the phonon energy (I" >w; —wg) the Ra-
man susceptibility will peak halfway between w; and wg.
Then the Raman susceptibility should appear much like
the classical expression [second term in Eq. (9)], except
that the peak in X5 would be shifted upward by one half
the phonon energy, @, /2, from the peak in |de/dw | %

At the Ej,E; gap of Si, however, Renucci et al.? have
shown that the resonance behavior has the structure en-
tirely of a two-band resonance. This is a consequence of
the fact that the major three-band term behaves like a
two-band resonance due to the small spin-orbit splitting of
the valence band (A~0.03 eV) compared with the width
of the resonance (I'=~0.1 eV at room temperature). In this
approximation we may set wjo=w;o and I';=T;, and the
similarity of the quantum expression Eq. (10) now appears
with the first term of the classical formula [Eq. (9)], ex-
cept that qualitatively the resonance peak is again upshift-
ed halfway between w; and wg.

SHAPE OF THE RESONANCE

The structure of the resonance at the E; gap in Si is
that essentially of a two-dimensional (2D) critical point.
(The contribution of the nearly degenerate Ej gap at I is
expected to be much smaller because of the much lower
density of states associated with these transitions.) For
such a 2d resonance, Eq. (10) [and implicitly Eq. (9) also]
must be integrated over the appropriate joint density of
electronic states participating in the transition.

If the small spin-orbit splitting A is neglected, the den-
sity of states for conduction- to valence-band transitions,

Oy, is'
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pd(wcv>=%r-’imde<wcv—wn (1)

where Ak is the length of k space over which the conduc-
tion and valence bands are parallel (m’ﬂ =o0), My is the
density of states effective mass in the transverse direction,
w1 is the position of the E; gap and O(w.,— ;) is the unit
step function.

In the Ilimit of large broadening, I'>A and
I' >>w; —wg, the integration of Eq. (10) over the density
of states yields directly

Xé~(014+wo/2—wp +iT)1, (12)

where we have explicitly included the shift of wy /2 dis-
cussed above. Finally we obtain for the most strongly
resonant term at the £, gap

Xs*Xs~{[(@+00/2)—o, P+T3} 1. (13)

Thus in the large damping limit, which is clearly satisfied
at temperatures above ambient, we expect that the ampli-
tude of the resonance should be proportional to I'; 2. The
data of Fig. 7 are in good agreement with this expectation
thus adding additional support to the identification of the
E| gap in Si as a two-dimensional critical point.

The width ' and shift Aw, with temperature are com-
plementary (imaginary and real) terms of the electron
self-energy due to phonon interaction. The width and
shift are sensitive to different parts of the phonon spec-
trum;® however, in the limit of high temperatures
(T > fiwy /k =500°C) both should become linear in T
since the phonon population itself is linear in T.

The shift of the peak position has an additional term
due to thermal expansion but at high temperatures it also
is linear in T. Figure 7 clearly shows this linear shift with
increasing temperature for the entire range 300—915 K.
The increase in width, however, is proportional to T only
above ~600 K. We believe this arises from the intrinsic
width of the resonance due to the combination of E{, and
E; critical points, the neglect of spin-orbit splitting, and
the assumption that w; ~wg in the above discussion. The
high-temperature trends, however, provide clear evidence
that the resonance behavior of the Raman susceptibility is
well understood in the present theoretical framework.

STOKES- TO ANTI-STOKES-INTENSITY RATIOS

From Eq. (5) we readily obtain the Stokes- to anti-
Stokes-intensity ratio of counting rates outside the sample
as

Rs  Tslaast+ar)masws |Xs|® nlwo)+1

(14)

Rias Taslag+ap)nswis [Xas|? nlwg)

In thermal equilibrium, the last (phonon occupation) fac-
tor becomes simply exp(#wo/kT). Equation (14) thus
forms the basis of temperature measurements from the
Stokes- to anti-Stokes-intensity ratio. The temperature
inference must be made with care since, as seen above, all
of the factors except for w® are themselves temperature
dependent. We have seen that the absorption factor and
the Raman susceptibility factor are by far the most

2.2
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FIG. 8. Temperature dependence of the total correction fac-
tor needed to extract a phonon population ratio
[n(®1)+1]/n(wo) from Stokes- to anti-Stokes-intensity ratios
for several laser frequencies. Typical error of +5% is shown.

strongly resonant and thus most strongly dependent on
temperature. This was recognized in the first pulsed Ra-
man measurements of Lo and Compaan,* where it was ar-
gued, however, that the net temperature-dependent correc-
tion would be small for frequencies well below the direct
gap.

In Fig. 8 we show the temperature dependence of the
corrections by plotting (wg /was)® exp( #iwy /kT) divided
by the Stokes- to anti-Stokes-intensity ratio for several of
the laser lines in this study. It is clearly seen that the
correction factors for frequencies below the resonance are
very close to unity and essentially temperature indepen-
dent. This confirms the behavior predicted in Ref. 4 and
arises from the compensating spectral dependence of the
absorption correction and of the Raman susceptibility
corrections. For frequencies slightly above the resonance,
however, the correction factor varies considerably with
temperature. This arises from the fact that the absorption
coefficient is approximately independent of frequency but
the Raman susceptibility is rapidly decreasing with fre-
quency in this spectral region. This behavior and its im-
portance for pulsed Raman measurements of temperature
during laser annealing is discussed more fully in Refs. 17
and 18.

o
@

o
[

o
@

o
[

o o
w =
T T

xme e+

N
T

6764

» L]
3345 nm \ =
3564 .
4067
4825 v S
5308 \

SCATTERING RATE (NORMALIZED)

1 L 1
25 150 300 500 700
TEMPERATURE (°C)

FIG. 9. Temperature dependence of the observed Stokes
count rate for several laser lines. Smooth curves are visual fits
to the data. Typical error of +10% is shown for several points.
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RAMAN SCATTERING RATE VS TEMPERATURE

Although the Raman susceptibility falls rapidly with
increasing temperature in the region from 3.4 to 3.6 eV,
the data of Fig. 6 show that the susceptibility increases
with temperature for frequencies below ~3.2 eV. This is
of course the expected behavior of a resonance which
broadens and shifts with temperature. The Raman sus-
ceptibility, however, does not give directly the behavior of
the Raman signal (photon scattering rate) because of the
various corrections. The raw data of Fig. 3 show that the
Raman signal actually decreases with temperature at all
frequencies. In Fig. 9 we display for several laser lines the
variation of Raman signal with crystal temperature. The
behavior is clearly a strong function of laser frequency.

For frequencies at or just above the resonance at room
temperature, e.g., 356.4 nm, the decrease is largely due to
the shift of the resonance with temperature. Well below
the resonance, e.g., 676.4 nm, the decrease is largely a re-
sult of increasing absorption with temperature. Just below
the room-temperature resonance peak, e.g., 406.7 and
482.5 nm, the fall in scattering rate is less because the ap-
proaching resonance tends to compensate for the increas-
ing absorption as temperature rises. Finally at 334.5 nm
the combined influence of both the E;,E; resonance and
the E, resonance apparently tends to stabilize the intensi-
ty.

It is interesting in this respect to examine the intensity
dependence of the pulsed Raman measurements*> of lat-
tice temperature as inferred from Stokes- to anti-Stokes-
intensity ratios. The studies by Compaan et al.* at 405 nm
and by von der Linde et al.’ at 532 and 355 nm all show
significant reductions in signal as the heat fluence in-
creases. Comparison with the data of Fig. 9, however,
shows that this drop is quite consistent in all cases with
the inferred temperatures (300—450°C) in these experi-
ments.

CONCLUSIONS

The results of this study show clearly that for the
Ey,E, gap in the Si the Raman susceptibility Xg is
represented remarkably well by the frequency derivative of
the dielectric constant |de/dw |, provided the latter is
shifted higher by approximately one half the phonon fre-
quency. The data presented here remove some ambigui-
ties which remained from a previous study? regarding the
resonance structure and position at room temperature.
The shift and broadening of the resonance with tempera-

ture fit the classical model (quasistatic approximation)
very well. The drop in peak height of the resonance with
temperature can be understood when details of the band
structure (i.e., the fact that the E, gap arises from a 2D
critical point) are applied to the intermediate electronic
states. Anti-Stokes data fall on the same curve as the
Stokes data, confirming the validity of time-reversal in-
variance in the Raman process.

We have also included data here on the temperature
dependence of correction factors to be used for inferring
zone-center optic-phonon populations from anti-Stokes- to
Stokes-intensity ratios. Finally we have presented the
temperature dependence of the Raman signal at a variety
of wavelengths. Both of the above results are readily un-
derstood in terms of the temperature dependence of the
optical constants and the shift and broadening of the reso-
nance in the Raman susceptibility.

Note added in proof. After submission of this
manuscript, a related study appeared which compares the
earlier room-temperature Raman measurements (Ref. 2)
with new data on |de/dw| (actually the same data we
have used here). See G. E. Jellison, Jr., D. H. Lowndes,
and R. F. Wood, Phys. Rev. B 28, 3272 (1983). These au-
thors obtain a larger shift of the E; gap with temperature.
(See the last paragraph of the section Resonance Raman
Enhancements above.) And they do not include the @, /2
displacement between |X§|? and |de/dw|? which we
find to be necessary. These two factors account for most
of the differences in conclusions between the two studies
as they relate particularly to temperature-dependent
corrections to the Raman Stokes- to anti-Stokes-intensity

ratio.
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