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Importance of temperature-dependent optical properties
for Raman-temperature measurements for silicon
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A standard relation of Raman scattering in the resonant regime is that the Raman matrix element

R is well represented by E de/dE, where e is the dielectric function, E is the photon energy, and E is

a constant. However, the only experimental check of this relationship in silicon [Renucci et al. ,

Phys. Rev. B 11 3885 (1975)] concluded that it was only approximately valid. In this paper it is

shown for silicon in the resonant regime that the agreement between the measured values of the Ra-

man matrix element squared, o =
~

R
~

' and E
~

deldE ~, is very good indeed, if accurate values of
the dielectric function are used. With the use of recently obtained temperature-dependent optical

functions of silicon, the absorption coefficient, the Raman matrix element squared, the index of re-

fraction, and the normal-incidence reflectivity are determined and shown to be strong functions of
temperature in the resonant regime. The Stokes to anti-Stokes intensity ratio is calculated and found

to compare favorably with values found in the literature for samples held at constant temperature.

It is concluded that the temperature dependence of the optical properties must be included in any in-

terpretation of measurements to determine the temperature from the Stokes to anti-Stokes intensity

ratio.

I. INTRODUCTION

It is well known that the scattered light intensity in a
Raman experiment is temperature dependent. The Raman
interaction involves either the absorption (Stokes process)
or emission (anti-Stokes process) of a phonon, and the
population of phonons in the lattice at thermal equilibri-
um is given by

nc(nic, T)= [exp(hroulkT) 1]—
where roc is the phonon frequency, T is the lattice tem-

perature, and k is Boltzmann's constant. The ratio of the
Stokes (S) to anti-Stokes (AS) intensities, R(S/AS), is often
particularly sensitive to temperature and is therefore fre-

quently used as a temperature probe. If the Stokes and
anti-Stokes intensities depended only on the phonon popu-
lation, then an expression of the form

R(S/AS) =F(no+ I)/ric ——Fexp(havoc/kT),

with F =1, would be valid. In practice, F can vary signifi-
cantly from 1, and it depends upon such factors as probe
wavelength, material, lattice temperature, lattice stress,
and electron-hole —pair populations.

The first attempt to measure the temperature depen-
dence of R(S/AS) in silicon was made by Hart et al. ,

'

who examined the Raman scattering from the I 25 optical
phonon utilizing a probe wavelength of A, =514.5 nm.
More recently, Compaan and co-workers and von der
Linde and co-workers ' measured the Stokes to anti-
Stokes intensity ratio to determine the lattice temperature
of silicon during and after pulsed laser annealing. The
latter two groups concluded that the temperature never
exceeds 450'C, in contrast to the wealth of experimental
and theoretical evidence showing that the lattice tempera-
ture during pulsed-laser annealing reaches and even sur-

passes the melting point of silicon (1410 C).'
It is not the purpose of this paper to enter into the con-

troversy concerning the results of these Raman-
temperature measurements during pulsed-laser irradiation
of silicon; this will be done in a planned future publica-
tion. Instead, we shall treat in detail the effects of con-
stant lattice temperature on Raman scattering in silicon.
That the prefactor F in Eq. (2) can be significantly dif-
ferent from 1 and can vary with temperature was pointed
out by Wood and co-workers, ' who showed that modest
errors in I' can lead to large errors in the lattice tempera-
ture determined from measurements of R(S/AS). We will

show by direct calculation, using recent measurements of
the optical properties of silicon as a function of tempera-
ture by Jellison and Modine, ' that F is significantly dif-
ferent from 1 in certain wavelength (A, ) regions and does
vary with both temperature and probe wavelength.

II. THEORY

In a Raman scattering experiment the intensity of the S
component is given by'

dIs s "s(T)
=Kit ros os(T)vs( T)[no(too, T)+ 1], (3)

T

where the subscripts L and S identify the laser and Stokes
wavelengths, respectively. The symbol n is the index of
refraction, v is the effective volume, K is a constant, and o.

is the Raman matrix element squared (sometimes referred
to as the cross section). The anti-Stokes intensity can be
obtained by substituting AS for S and no for no+1 in Eq.
(3). The results of Eq. (3) give the differential intensity

per unit solid angle 0 inside the crystal. The total Stokes
intensity outside the crystal can be determined in the back-
scattering geometry by integrating over the solid angle 0;
this is equivalent to replacing'
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ns(T) [1—Rs(T)][1 R—L (T}]
K —+K'-

nL(T) ns(T)nL(T)
(4) 1.4-

405 nR

where R is the reflectivity and dIs/d A~Is, in Eq. (3). If
we now approximate the active scattering volume vs by
[as(T)+aL(T)] ', where a is the absorption coefficient
(this approximation is valid when ad »1, where d is the
sample thickness' ), we get

, os(T)[1—Rs(T)][1 RL—(T)]
n S ( T)nL ( T)[aL ( T) +as'( T) ]

1.2-

1.0—

0.8—

0.6- i~--

3.0-
~ 355 nR

&& [1+np(rpp, T}] (5) 2.5-

With a similar expression for the AS component, R(S/AS)
can be expressed as 2.0-

R(S/AS) =
3

~PS ts os( T) aL ( T)+aAs( T)

tpAs tAs oAs( T} aL ( T}+as(T}
1.5-

nAs(T) 1 —Rs(T) np(pip T)+1
X

ns(T) 1 —RAs(T) np(ropT)

1.0-

I

400
I I

600 800 1000

=rp t o a n R exp(hoop/kT) =Fexp(happ/kT) .

In Eq. (6} we have included the spectrometer throughput
correction ts/tAs ——t, which is a wavelength-dependent
correction term dependent upon the experimental system.
All newly introduced quantities are defined in an obvious
way by the preceding terms of the equation.

III. CALCULATIONS

TEMPERRTURE (K)
FIG & Correction factor ratios a o R and n for the $to

to anti-Stokes intensity ratio [Eq. (6)] vs temperature for the two
probe wavelengths 405 and 355 nm.

dependent of temperature for the 355-nm line. At tem-
peratures higher than —1000 K, a is expected to remain
nearly constant for the 355-nm wavelength and to asymp-
totically approach saturation values of 7.2&(10, 6.6)& 10,

In Eq. (6), rp and t can easily be measured, but the fac-
tors o, a, n, and R require detailed knowledge of the
temperature-dependent optical properties of Si which have
only recently been measured over the extended tempera-
ture range from 10 to 972 K.' ' ' The most important
correction factors are a and o, but R and n can also be
significantly different from 1. The temperature depen-
dence of these correction factors, determined from the op-
tical functions of Refs. 13, 15, and 16, is shown in Fig. 1

for probe wavlengths of 405 and 355 nm. The correction
factors for A, =532 nm are independent of temperature up
to —1000 K, and are given as follows: a = 1.198,
o =0.908, R = 1.018, and n = 1.035. As can be seen from
Fig. 1, the correction factors are strong functions of both
temperature and wavlength at A, =355 and 405 nm, be-
cause these wavelengths are near the room-temperature
direct band gap of Si (-3.4 eV = 365 nm) and the direct
band gap decreases as the temperature is increased (pass-
ing through 405 nm or 3.06 eV at 850 K).'

The temperature dependence of the absorption coeffi-
cient is particularly important, and is shown in Fig. 2 for
A, =355, 397.6, 405, and 413.6 nm (the 397.6- and 413.6-
nm wavelengths correspond to the Stokes and anti-Stokes
components for a 405-nm probe beam). As can be seen, at
low temperatures a increases exponentially with tempera-
ture for the 405-nm and associated lines but is nearly in-
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FIG. 2. Absorption coefficient a of silicon plotted vs tem-

perature for the three wavelengths associated with Raman
scattering at 405 nm. Also shown for reference is a at 355 nm.
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The temperature dependence of os at 355 and 405 mn
was determined using Eq. (7) and the calculated values of

~

de/dE
~

. To determine crzs, we invoke the usual time-
reversal argument, ' which states that

oAs(aiL tcoAst T} +s(aiAs~coL ~ T} ~

that is, e~s at coL is equal to crs at coAs. The quantities Os
and crAs are shown in Fig. 4 for A, =355 and 405 nm, and
the resulting correction factors are shown in Fig. 1.

For photon energies considerably below the direct band
gap (such as 532 nm), the simple expression in Eq. 7 must
be replaced by

CD(,g (T)) E de(E, T) 1+a(E,T)
a~ Eg(T) dE Ed(T)

QlI:
N
%et

K

10

TENPERRTURE (K)
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S I

(1 + no)~no
&~ 355 nm

300

(8)

where E~(T) is the (temperature-dependent) direct band
gap. Utilizing the temperature-dependent optical-function
data of Jellison and Modine, one finds the empirical rela-
tions

and

crs ——o sexp( T/390),

oAs 1' 100s

(9a)

(9b)

crs(532 nm, T =300 K}=os(405 nin, T =300 K)/23,

(9c)

where T is in K. The derivatives taken in evaluating Eq.
(8} are small at this wavelength, and the resulting error in
o can be as much as 25%. The quantities o.s and ops at
532 nm are also shown in Fig. 4.

1 2 3
1000&T {K ~)

FIG. 5. Stokes to anti-Stokes intensity ratio for the zone-
center optical phonon of silicon plotted semilogrithmically vs in-
verse temperature for probe wavelengths 355 and 405 nm. The
solid line shows the value of R(S/AS) if no correction factors are
involved and R(S/AS) =(]+no)/no, this is very nearly the case
for a probe wavelength of 532 nm (F=0.97). The actual mea-
sured values of R(S/AS) are shown by (a) solid squares (8), 355
nm (Ref. 4), and (b) solid triangles (k), 405 nm (Ref. 2).

IV. DISCUSSION

From the values of the correction factors shown in Fig.
1, the R(S/AS) expected in Raman measurements on a
sample held at constant temperatures may be calculated;
Fig. 5 shows R(S/AS) for probe wavelengths of 355 and
405 nm. We have included the correction factors co, a, o,
R, and n but not t, since the spectrometer throughput fac-
tor is system dependent. The solid line shows the R(S/AS)
expected if no correction factors are taken into account
[F=1 in Eq. (2)]; since the total correction factor at 532
nm is 0.97 and is temperature independent (up to 1000 K},
the calculated values for R(S/AS) for 532 nm are very
close to this solid line.

The possible errors that may enter a Raman-temper-
ature measurement by ignoring the temperature depen-
dence of the F factor can now be examined. Assume that
the sample is at 700 C. According to Fig. 5, if the
measuring wavelength is 405 nm, then a value for
R(S/AS}=2.64 should be expected; for 355 nm the mea-
sured R(S/AS) should be 1.87, while if F=1 is assumed,
R(S/AS} would have the value 2.14. Conversely, if
R(S/AS) is measured to be 2.64 utilizing A, =405 nm, the
value for T =700 C would be properly deduced from Fig.
5, but if it was assumed that F=1, a value of 447'C
would be deduced. Obviously, large errors can result from

improper assumptions about the value of F. In particular,
if determinations of the temperature are made with a
probe wavelength of 405 nm and F is assumed to be 1, the
temperature deduced will be significantly below the actual
sample temperature for temperatures above 700 K. The
plateau in R(S/AS) near T =700 K means that R(S/AS) is
not sensitive to temperature in the range of sample tem-
peratures from 600 to 1000 K, for A, =405 nm. For
T & 1000 K, the error appears to be even larger. Note also
that errors in R(S/AS) will propagate to much larger er-
rors in T at higher temperatures than at lower tempera-
tures due to the functional form of Eq. (2}.

Several measurements of the Stokes to anti-Stokes in-
tensity ratio as a function of constant sample temperature
can be found in the literature: (1) Hart et al. ' at A, =514.5
nm using a cw argon ion laser and at temperatures up to
800 K, (2) von der Linde et al. at A, =355 and 532 nm us-
ing a pulsed Nd: YAG (yttrium aluminum garnet) laser at
temperatures from 300 to 800 K, and (3}Compaan et al.
at 405 nm using a nitrogen-pumped dye laser at T =295
and 700 K. In all of these measurements, sample heating
by the probe laser may have been a problem. As silicon is
heated, the absor}stion coefficient increases exponentially
with temperature for all photon energies less than the
direct band gap (this excludes the measurement at only
355 nm}; hence the volume in which the probe beam is ab-
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sorbed decreases exponentially with temperature; there-

fore, probe-beam heating can become significant at elevat-
ed temperatures, even if no probe-beam heating is ob-

served at room temperature.
Since 514.5 nm is well below the direct band gap, F-1

and is independent of temperature; therefore, R(S/AS) is

given by the solid line in Fig. 5. However, Hart et al. ob-
served Stokes to anti-Stokes intensity ratios that were con-
sistently below the values of R(S/AS) calculated from Eq.
(2) with F =1, which correspond to higher sample tem-
peratures. Since they used a 200 W/cm probe beam, it is

likely that they were heating the sample. In particular,
they observed a larger discrepancy between the observed
and calculated R(S/AS) at higher temperatures than at
room temperature; this is entirely consistent with the
above observation relating to the increased heating by the
probe beam at higher temperatures.

The 355-nm pulsed Raman constant-temperature mea-
surements of von der Linde et al. agree very well with
our R(S/AS) determined from the optical properties (see

Fig. 5). The values of R(S/AS) measured by von der
Linde et aI. at 532 nm indicate that F=0.6 and is tem-
perature independent, while the optical properties predict
that F=-1. This discrepancy was noted by von der Linde
et al. and was ascribed to the spectrometer throughput
factor (t). With this factor taken into account, the mea-
sured R(S/AS) and the R(S/AS) calculated from optical
properties measurements are in agreement at 532 nm.

Measurements of R(S/AS) at 405 nm at constant tem-
peratures have been made by Compaan et al. at two tem-
peratures: 295 and 700 K; their experimental values of
R(S/AS) agree with our calculated results, as can be seen
from Fig. 5.

To summarize, we have shown that the Raman matrix
element squared is very well represented by Eq. (7), if ac-
curate optical data is used. All of the correction factors
that enter into a Stokes to anti-Stokes Raman-temperature
measurement can be calculated from the temperature-
dependent optical properties, as can the Stokes to anti-
Stokes intensity ratio itself. The calculated values of
R(S/AS) have been shown to agree very well with
constant-temperature Raman measurements of R(S/AS)
found in the literature. Therefore, these correction factors
must be included in any Raman-temperature measure-
ment. Since it is possible that R(S/AS) may be very in-

sensitive to temperature for certain values of probe wave-

length and/or temperature (such as a probe wavelength of
405 nm and a temperature between 600 and 1000 K), ex-

treme caution must be employed in determining tempera-
ture by measurements of R(S/AS).

In conclusion, we note that no mention has been made
in this paper of Raman-temperature measurements during
pulsed-laser annealing of silicon. In that case several addi-
tional factors enter into and further complicate the deter-
mination of the Stokes to anti-Stokes intensity ratio, in-

cluding stress effects and the existence of excess electron-
hole pairs. These factors will be the subject of a subse-

quent paper.
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