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We have measured the linewidth and the frequency of the =0 optical phonon in silicon over the tem-
perature range of 20~770°K. The temperature dependence of the linewidth has been interpreted as arising
from the decay of the optical phonon to two LA phonons at half the optical frequency. From the observed
temperature variation, we deduce an absolute half-width T' of 2.1 cm™ at 0°K. This value is considerably
smaller than that obtained theoretically by Cowley on the basis of numerical calculations which include
decay to phonons throughout the Brillouin zone. His numerical calculations also predict a temperature
dependence of the linewidth which does not agree with experiment. However, the observed change in fre-
quency with temperature correlates very well with Cowley’s theory. We have also studied the relative
intensities of Stokes and anti-Stokes components of Raman spectra. The observed temperature dependence
of the relative intensities is compared with that predicted on the basis of the Bose-Einstein population

factor for the optical phonon.

I. INTRODUCTION

HE class of diamond structure crystals provides a
simple system in which anharmonic crystal
theory can be tested against experiment. Extensive
neutron data on the phonon dispersion curves in
diamond, silicon, and germanium have permitted
Cowley! to make numerical calculations using the
theory developed by Kokkedee,> and Maradudin and
Fein.? In anticipation of Raman experiments, Cowley
tabulated values for the linewidth and frequency of the
optical phonon at 10, 100, 300, and 500°K. The first
Raman studies of silicon were made at room tempera-
ture by Russell* with a He-Ne laser and by Parker ef a/.°
with specimens located inside the cavity of an argon
laser. The experimentally determined linewidth was
many times smaller than the value calculated by
Cowley.! Klemens® suggested a modification of the
theory whereby the coupling of the optical mode to the
acoustic branches was reduced and yielded a smaller
estimate for the linewidth in somewhat better agree-
ment with Parker’s experiment. We have now measured
the temperature dependence of the linewidth and fre-
quency in the temperature range 20-770°K. The
experimental results for the change in frequency with
temperature are in very good agreement with Cowley’s
calculations, but the absolute value of the observed
linewidth and its temperature dependence are in serious
disagreement with his theoretical results. We have
successfully interpreted the temperature dependence
of the linewidth on the assumption that the lifetime of
the zone-edge optical phonon is principally limited by
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its decay to two LA phonons with energy equal to one-
half of that of the optical phonon.®

II, EXPERIMENTAL PROCEDURE

The Raman spectra were obtained using the 5145 A
line of a model 52 Coherent Radiation Laboratories
argon ion laser equipped with an intracavity prism
wavelength selector. The nonlasing fluorescent radi-
ation was eliminated by a narrow bandpass filter with
peak transmission at the laser wavelength. We used
specimens of web grown silicon with a mirrorlike as-
grown (111) face. These provide an excellent surface for
reflection experiments since they are free of any
mechanical damage which might be introduced in the
usual process of specimen preparation. The incident
laser radiation was polarized along the [1127] direction.
Radiation scattered along the [1117] direction was
collected using f/1 optics matched to an f/7 Spex
double grating monochromator equipped with 600
lines/mm gratings blazed at 1.0 u. The spectra were
recorded in the second order using an S-20 photo-
multiplier and phase-sensitive electronic detection. The
spectra were measured with 200-, 100-, 50- and 30-u
slits. The observed half-widths were then corrected for
the instrumental resolution by extrapolation to zero
slitwidth.

The low-temperature data were obtained with the
specimen in contact with the cold finger of a Dewar with
liquid nitrogen or liquid helium as the coolant. To
prevent high power densities from locally heating the
sample, cylindrical focusing optics were used. The
illuminated area is a rectangle approximately 10.002
cm, yielding an estimated power density of 200 W/cm?.
Approximately one-half of this radiation is specularly
reflected, and a significant amount of the power ab-
sorbed by the specimen is reradiated. Thus only a
fraction of the incident power is actually converted to
heat.

For the high-temperature work above 300°K, an
evacuated cell was used. Data were taken for seven
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temperatures in the range 20-770°K. For each tem-
perature approximately ten spectra were recorded and
mean values of the observed linewidth and frequency
have been used in our analysis.

III. RESULTS AND DISCUSSION

In Fig. 1, we show typical spectra for three tem-
peratures, i.e., 20, 460, and 770°K, observed with
100-u slits. An integration time of 1 sec gives a signal to
noise of approximately 300:1. The change in linewidth,
shift in frequency, and change in amplitude are clearly
evident. Uncontrolled changes in geometry in going
from temperature to temperature vitiate absolute
intensity measurements, but we have analyzed the
relative amplitudes between Stokes and anti-Stokes
components corresponding to the creation and anni-
hilation of an optical phonon.

A. Frequency Shift

The optical-mode frequency corresponds to a Debye
temperature of 740°K. Consequently, the occupation
number for the equivalent harmonic oscillator is less
than one for our temperature range and we are always
in the quantum-mechanical limit of the harmonic
oscillator. Even so it is useful to consider the case of a
classical anharmonic oscillator. The potential energy is
of the form

V(%) =ca?—ga?— fat, (1)

where the cubic term gx? gives thermal expansion but
no change in the frequency to first order. The quartic
term jfx* and the cubic term to second order (ga?)? cause
a change in the frequency of the modes.”8 The relative
importance of the terms can be estimated by assuming
for the covalent interatomic bond of silicon a Morse
potential

V(r)=D[ (e —12—17,1 (2)
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Fi6. 1. First-order Raman spectra of silicon observed at 20, 460,
and 770°K with an instrumental resolution of ~2 cm™. Insert
shows the scattering geometry used.

7 C. Kittel, Iniroduction to Solid State Physics (John Wiley &
Sons, Inc., New York, 1960), 2nd ed., p. 152,
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F16. 2. Frequency shift of the Stokes line versus temperature.
The circles represent the experimental points. The triangles
represent the frequency shift as calculated by Cowley (Ref. 1) at
T'=10, 100, 300, and 500°K relative to the optical-phonon fre-
quency of 525 cm™ at T'=0°K. The solid line is the smooth curve

g(r)z(t)\gvlré through the calculated points with linear extrapolation to

where the constants D, a, and 7y are determined, re-
spectively, by the binding energy of silicon, the stiffness
of the bond, and the interatomic spacing. Using the
Morse potential to determine the coefficients in the
Taylor series expansion for the potential, we find the
quartic term is positive, i.e., an increase in frequency,
but is only 2 the size of the cubic term to second order,
which is negative, and produces a net decrease in
frequency.

When we go to the quantum-mechanical calculation
each power of x transforms to a creation or an anni-
hilation operator for a phonon, and the frequency shift
of the optical mode is calculated as the self-energy of the
mode.>* Using these techniques, Cowley! has performed
a detailed numerical calculation for crystals of the
diamond structure using the eigenvectors and eigen-
frequencies of harmonic models deduced by fitting the
parameters to the phonon dispersion curves obtained by
inelastic neutron scattering.? The appropriate an-
harmonic interactions were determined by fitting the
experimentally measured thermal expansion.!

Our experimentally observed shift in the Stokes
component with temperature is compared in Fig. 2 to a
solid curve drawn through the value of the shift calcu-
lated by Cowley at 10, 100, 300, and 500°K. The over-
all agreement between experiment and theory is ex-
cellent. The data point at the lowest temperature of
~20°K, however, falls well below the theoretical curve,
and consistently lower than the value obtained at
liquid-nitrogen temperature. It is possible that the
above discrepancy is related to the minimum in the
Debye temperature of silicon which occurs near 40°K.10

® G. Dolling, in Proceedings of International Symposium on the
Inelastic Scatiering of Neutrons in Solids and Liquids, Vienna, 1962
(International Atomic Energy Agency, Vienna, 1963), Vol. 2,
3
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F16. 3. Plot of the half-width I'(7) for the Stokes component of
the first-order Raman line in silicon as a function of temperature.
The circles represent the experimental data and the solid line is
the theoretical curve obtained from Eq. (6) with I'(0)=2.1 cm™,
The dashed line is a smooth curve drawn through the points shown
a(lls{ tfriar)lgles derived from the numerical calculations of Cowley

ef. 1).
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B. Linewidth

In Fig. 3, we plot the observed half-width, i.e., the
full width at half-maxima, of the Stokes component of
the first-order Raman line as a function of temperature.
The solid line, which gives a good fit to the data, is a
theoretical line determined by assuming that the
optical-phonon lifetime is limited by decay to two LA
phonons of “half the frequency. The three-phonon
interaction is described by a perturbation Hamiltonian
of the form

=3

4.9",¢4"”,x

et xY (q,q",q")a(q)a’ (q")a’ (),
(©))

where q, q’, and q”’ are the wave vectors of the three
phonons with frequencies w, w’, and w”, respectively.
V(a,9’,q"’) is the” three-phonon anharmonic coupling
coefficient; ¢ and @ are the creation and annihilation
operators given by

aN,NJrIT = (h/Mw)lﬂ (N_l_ 1)1/2 .

an ,N—1= 1/ Mw) 2N2 @
where M is the mass and NV is the Bose-Einstein occu-
pation number.

The relaxation rate of a small perturbation # to the
thermal equilibrium population Ny of the optical mode
is then proportional to the square of the matrix element
of H' between the initial and final phonon states of the
system:

d
Z_" < [(Notn) (No 1) (Vo +1) = (Vo 1)N /N ']
dat
< (14N N
FNoV+1) (V" +1)— (NVo+1)NJN],  (5)
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where N,” and N,” are acoustic-phonon occupation
numbers. The thermal equilibrium part

[No(N/+1)(V"+1)— (Noe+1)N,/N,]

is zero, since the decay rate of an optical phonon to two
acoustic phonons is equal to the recombination rate of
the acoustic phonons. Assuming along with Klemens®
that only the LA phonon contributes, then conservation
of momentum and energy require ¢,/ = —¢,”, w,’ =w,”
=3wo, and N,/'=N,”=N,. Expressing N, in terms of
the Bose-Einstein distribution function, the tempera-
ture dependence of the half-width I' obtained from Eq.
(5) is

I(T)=T(0)[1+2/(er—1)]. (6)

I'(0) is equal to the half-width at 7=0, and x=/uw,/
2KT, where K is the Boltzmann constant. The solid
curve given in Fig. 3 shows the temperature variation of
the half-width as obtained from Eq. (6) with I'(0)=2.1
cm™, corresponding to a mean lifetime 7=#/T"
=2.5X1072 sec.

In Fig. 3, we also show a dashed line drawn through
triangles deduced from Cowley’s numerical calculations
for silicon in the following manner. He calculates for T
at 10, 100, 300, and 500°K widths of 11.3, 12.0, 19.3, and
29.3 cm™. To reduce these values to something more in
line with experiment, Klemens® suggests that the
coupling constant which is very nearly temperature-
independent over this range has been overestimated for
the optical branch. On theoretical grounds Klemens
estimates a multiplicative correction factor for the
linewidths. We have normalized Cowley’s values with a
correction factor of 0.186 in order to obtain agreement
with the low-temperature data. The deviation of the
dashed line from our data in the high-temperature range
clearly shows that Cowley’s calculation also does not
give the correct temperature dependence of the line-
width.

By using I'(0) as an adjustable parameter, we are able
to obtain a good fit to the linewidth using decay to two
LA modes at half the optical-phonon frequency as the
only decay channel. The neutron -data of Dolling® for
the phonon dispersion curves of silicon show that other
two phonon decay channels are permitted by con-
servation of energy and momentum. For example, along
the [100] direction an TA and an LA phonon can com-
bine near the zone edge to act as a decay channel for a
zone-center optical phonon. All possible decay channels,
with their appropriate density of final states, have been
included in the numerical calculations given by Cowley.
The poor fit of the numerical calculations to the data
suggests that there is some additional constraint, other
than conservation of energy and momentum, which
inhibits these other decay channels.

Before suggesting that changes in anharmonic crystal
theory be made, we must note that Dolling and Cowley
have successfully used the model to fit several thermo-
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dynamic and optical properties of germanium, silicon,
diamond, and gallium arsenide. There have been several
other experiments related to this problem. Park mea-
sured the change in the Raman linewidth in calcite up to
1000°K.** He fitted the data using the decay of the
1086-cm™! vibration into a 1085-cm™ plus a 1-cm™
mode. No neutron data is available for the phonon dis-
persion curves of calcite so no real comparison to theory
can be made. Ralston et al.!? have reported some low-
temperature linewidth measurements in GaAs and Si
obtained with a Nd laser, but have not attempted a
theoretical analysis. A more detailed analysis has been
done by Pine and Tannenwald"® in quartz. They studied
the linewidth and shift of the 466- and 128-cm™ modes
from liquid helium to room temperature. The phonon
spectra is very complex, with many optical modes which
interact. To fit the linewidth of the 466-cm™ mode,
they used three phonon branches and two adjustable
parameters. The 128-cm™ mode is even more compli-
cated, involving seven phonon modes and four adjust-
able parameters.

Clearly, some further experimental work on other
systems is suggested, and quite possibly some further
theoretical work should be done. Cowley! has pointed
out that the positive contribution to the line shift A due
to the quartic term is small and is very nearly canceled
by a negative contribution due to the thermal-stress
term which is a correction to the frequency due to the
change in the volume of the crystal with temperature.
If we neglect the canceling contributions of the quartic
term and the thermal-stress term, the shift A is approx-
imately equal to 3T, as is evident in Cowley’s table for
silicon. Our data are not at all consistent with such a
simple relationship.

C. Intensity Ratio of Stokes to Anti-Stokes

Another feature of the Raman spectrum is the strong
dependence of the intensity of the anti-Stokes line upon
temperature. At high temperatures it is of comparable
magnitude to the Stokes line but at low temperatures it
becomes so weak that it is not observed. In Fig. 4, we
compare the observed ratio of intensities of the Stokes
and anti-Stokes lines to that predicted by Bose-Einstein
statistics. Since the anti-Stokes and Stokes lines cor-
respond, respectively, to the absorption and emission
of an optical phonon, the ratio of their intensities 74 and
I is given by

I4/Is=No/(No+1), @)

where N, is the equilibrium occupation number of the
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Fi1cG. 4. Plot of the ratio of the intensities for the anti-Stokes to
Stokes lines as a function of temperature. The circles show the

experimental data, and the solid curve is the function ¢=%, where
x= hwo/ KT.

q=0 optical phonon of frequency w. Since
No=[exp(uwo/KT)—1T71,
Eq. (7) simplifies to

IA/Is=exp(—-hw0/KT). (8)

The solid curve in Fig. 4 was calculated using experi-
mentally measured wy as a function of temperature (see
Fig. 2).

The data points are seen to fall consistently above the
theoretical curve. Correction for instrumental response
at the two different wavelengths has been made by
comparison to a standard tungsten lamp. Heating of the
sample by the laser was minimized by keeping the
power density low as described in Sec. II. The displace-
ment of the room-temperature point would suggest a
heating of 20°K above the ambient temperature;
whereas the 630°K point would have to be shifted more
than 200°K to make it fall on the theoretical curve. If
heating by the laser were a problem, the high-tempera-
ture points should have fallen on the curve as it asymp-
totically flattens off. Since this is not the case, the dis-
crepancy must be principally due to something other
than heating of the active volume of the sample, and we
cannot use the ratio as a temperature probe as we had
initially intended. In addition to undetected systematic
errors, there is the possibility that the anti-Stokes
component has been enhanced by stimulated emission
of optical phonons caused by nonequilibrium population
due to the laser beam.

IV. CONCLUSION

In conclusion, we have demonstrated that Raman
surface scattering provides a very useful tool for the
study of anharmonic properties of crystal vibrations.
The temperature dependence of the linewidth for the
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zone-center optical phonon in silicon has been explained
on the assumption that there is only one decay channel
for the optical phonon. This involves the decay into two
acoustic phonons at half the optical frequency. But the
same model fails to explain the observed temperature
dependence of the frequency. This instead correlates
very well with Cowley’s calculations which include all
possible three phonon combinations throughout the
Brillouin zone. In view of the present discrepancy we

HART, AGGARWAL, AND LAX 1

plan further experimental work in other simple systems
and suggest that additional theoretical calculations be
made to reconcile theory and experiment.
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It is shown that the high-temperature behavior of the lattice thermal conductivity of silicon, which has
been carefully remeasured recently by Fulkerson ef al., can be explained by the four-phonon processes. It
has been also found that the major contribution to the phonon thermal conductivity at high temperatures

comes from the high-frequency transverse phonons.

INTRODUCTION

EASUREMENTS of the thermal conductivity

of silicon have been performed by a number of
authors.!=® Maycock? has given an account of the
recent work in this field. At elevated temperatures,
the contributions of electrons and photons to the total
thermal conductivity are appreciable, so that the lattice
thermal conductivity is obtained from the total by
substracting the former two contributions.”® A com-
parison of the theory of lattice thermal conductivity
to the experimental results is possible only if the calcu-
lation of the electronic contribution based on the
simple parabolic band, and the calculation of the radia-
tion contribution,* are considered to be valid. For
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silicon and germanium, Holland™ has shown that good
agreement between experimental and theoretical results
can be obtained at all temperatures if one considers the
separate contributions of the longitudinal and trans-
verse phonons. His formulation has also been applied
quite successfully by Bhandari and Verma® to explain
the high-temperature thermal conductivity of Si-Ge
alloys. Recently, Fulkerson et al.® have shown that their
thermal conductivity data for Si in the temperature
range 100-1300°K cannot be explained by Holland’s
model of two-mode conduction. This discrepancy be-
comes more obvious when one considers the plot of
thermal resistivity versus temperature 7". For such a
plot, the lattice thermal resistivity W is slightly dif-
ferent from a straight line, with an upward curvature,
whereas Holland’s analysis gives a downward curvature.
This implies that the calculated thermal conductivity
does not fall with temperature as rapidly as the experi-
mental data. In other words, this suggests that there
should be some extra phonon scattering process in-
cluded which increases with temperature sufficiently
rapidly and is responsible for the above result. The
possible processes that can take place in a real crystal
include the electron-phonon interactions® and the four-
phonon processes.”!* It is also possible that the optical
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