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Abstract

Continuous wave (CW) laser-induced temperature rise is studied in Raman spectra of nanocrystalline-silicon (nC-Si) films on
quartz and sapphire substrates. The zone-center-phonon (ZCP) mode in the Raman spectra shows remarkably different frequencies
in the thin films as the incident CW laser power density is increased (always kept lower than that used during annealing). For
the films on the quartz substrate, the prominent ZCP mode shows a rather large phonon softening from 517 to 485 c m . The
phonon softening in the nC-Si film on sapphire substrate was from 517 to 508 c m . In order to see the role of laser heating, we
have also computed the temperature rise in the two films by employing Green's function heat diffusion equations for the two-
layered structures. We could ascribe the differences in laser-induced phonon softening in the two films to the rise in temperatures.
Good agreement between temperatures obtained by Raman data and heat diffusion equation is achieved here.

PACS: 63.50.qx; 63.20.R; 81.40 E
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1. Introduction

Nanocrystalline-silicon (nC-Si) films can be prepared
on a variety of substrates (quartz, sapphire and metals
etc.) for microelectronic and photonic device fabrication
by laser-induced crystallization. However, the vibrational
properties of the laser annealed material depend signif-
icantly on the thermodynamic environment achieved in
the films during the laser annealing process. It is,
therefore, very important to investigate the dependence
of the produced nC-Si film properties on (i) the nature
of the substrate, (ii) thermal conductivities of the sub-
strate and the film.

In some of earlier studies w1-5x, continuous wave
(CW) argon-ion laser has been used to crystallize the
a-Si:H films on quartz w1-5x and sapphire w4x substrates.
The nature of the laser-induced amorphous-to-crystalline
transition, however depends upon the thermal environ-
ment of the film. It has been shown earlier that the CW
laser-induced crystallization of a-Si:H films on thermally

insulating quartz substrate proceeds via a bulk-induced
solid phase process while for films on thermally con-
ducting sapphire substrate, a liquid phase epitaxy process
was involved w3x. In both cases, the amorphous-to-
crystalline transition can be completed by using appro-
priate laser parameters (laser power density, exposure
time and wavelength). The important question is: How
similar or different are the vibrational properties of nC-
Si films on quartz and sapphire substrates when a Raman
spectrum is recorded with different laser power densities
and why? This question is addressed in the present
paper.

The temperature dependence of the first-order Raman
scattering has been studied extensively w6-20x for crys-
talline-silicon (c-Si). As the temperature is increased,
the prominent zone-center-phonon (ZCP) mode
(observed at nearly 520 cm for c-Si at room temper-
ature) shows softening of frequency as well as a decrease
in its lifetime. This temperature dependence is attributed
to the anharmonic terms in the vibrational potential
energy w17x. The phonon softening also takes place as
the size of the nanocrystals is decreased. In our inves-
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tigations of the nC-Si films on quartz and sapphire
substrates, both these effects are possible. In order to
separate these effects, it is important to make quantita-
tive estimates of the rise in temperature in the nC-Si
films under CW laser irradiation. The temperature rise
of the two nC-Si films due to laser irradiation (during
spectroscopic investigation) is expected to be different
mainly due to the different thermal conductivities of the
substrates.

Burgener and Reedy w21x have derived a Green's
function solution to the linear heat diffusion equations
for a two-layered structure in order to determine the
temperature profiles achieved during the laser annealing
process. This solution can be utilized for the composite
materials whose thermal conductivities have the same
functional dependence on temperature. Yamada et al.
w22,23x have included temperature dependent parameters
to the Green's function solution for a two-layered
structure in those cases where the two materials have
quite different thermal conductivities. We have
employed this modified procedure of Yamada et al. to
compute the temperature rise for nC-Si films used in
our experiments.

In this paper, we report the effect of increasing
incident CW laser power density on the Raman spectra
of the nC-Si films on quartz and sapphire substrates.
Laser power densities employed in these spectroscopic
studies were such that they produce reversible changes
in the nC-Si films so that the Raman spectra were
reproducible on decreasing laser power density. Experi-
mentally observed Raman shifts and full-widths at half
maximum (FWHM) are fitted to the temperature rise
calculated using a simple model involving the ratio of
antistokes and stokes Raman spectra proposed by Bal-
kanski et al. w8x. Temperature rise in thin film is also
calculated by both the models mentioned above and
agrees reasonably well. Temperature dependence of the
two-phonon scattering is also investigated in the thin
films of nC-Si.

2. Experimental procedure

The nC-Si films are prepared by CW laser annealing
of a-Si:H films which were grown on the quartz and
sapphire substrates by a glow discharge method and the
hydrogen concentration was nearly 8%. The thickness
of a-Si:H films were 5000 A. Laser annealing was done
by employing the 488 nm beam from a CW argon-ion
laser. The beam was focused to a circular spot of 120
mm diameter. The laser power densities of 7.3 and 40
kWcm 2 were used to produce nC-Si films on the
quartz and sapphire substrates, respectively. Exposure
time was 5 s in each case and this was achieved by
employing an electronic shutter. Raman scattering exper-
iments were performed, in a backscattering geometry,
on the annealed spots (diameter( 120 mm) by using
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Fig. 1. Raman spectrum of silicon nanocrystals showing (a) antistokes
and (b) stokes lines, respectively. Intensity of antistokes Raman scat-
tering is recorded with amplification of 2 in (a).

CW argon-ion laser (l s 488 nm) beam at laser power
densities which ranged from 0.01 to 6.5 kW cm for
the film on quartz substrate and from 0.01 to 20
kWcm for the thin film on sapphire substrate.

In our experiments, the laser beam does not only
allow the recording of the Raman spectra but also heats
the nC-Si films. The ratio between the antistokes (IAS)
and stokes (IS) Raman components was also used to
estimate the temperature rise during the Raman experi-
ments and was given w24,8x by

where vlp and v refer to the frequencies of the incident
photons of an argon-ion laser and phonons of the
material, respectively. Here " and k have their usual
meanings. The factor in large parentheses corrects the
frequency dependent scattering cross-section w8x and g
( f 1.2) takes into account the different detection effi-
ciencies of photons over frequencies between (c^ + qv)
and (c^ — yv) w14x. A typical room temperature Raman
spectra with both stokes and antistokes lines are shown
in Fig. 1.

3. Experimental results and discussion

3.1. First-order LO phonons

The first-order scattering from finite size nanocrystals
is commonly interpreted by considering a phonon con-
finement model (PCM) w25,26x according to which the
finite correlation length of the phonons and the loss of

complete transition invariance break down the q s 0
momentum conservation rule. The observed Raman
scattering is a measure of density of vibrational modes
whose wave-vectors are spread over a portion of the
Brilliouin zone. As result the Raman line becomes wider
and asymmetrical as the nanocrystal size is reduced.
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Fig. 2. Laser power dependence of the first-order Raman mode of
silicon nanocrystals of mean size ; 5 nm on quartz substrate, where
(a), (b), (c) and (d) are the Raman spectra of nanocrystallites record-
ed with l s 514.5 nm having power density of 0.1, 4.3, 6.5 and 0.1
kW c m , respectively. The first-order Raman spectrum of c-Si is also
shown in (a) with filled circles for comparison.

The average dimension of the nanocrystals used in the
present study was determined using the phenomenolog-
ical PCM by including a standard Gaussian distribution
of nanocrystallites. According to this model, estimation
of mean size of the nanocrystallites is possible by
comparing the experimental line-shape of the first-order
Raman spectrum with theoretical ones described w27x
by

I9(v)a I N(L)dL

exp
yqL22

4a2

(2)

Here, q is expressed in units of 2pya, where a is the
lattice constant (5.430 A) of silicon, L is the nanocrystal
size and G is the line-width of the LO phonon in c-Si

bulk, (x>(q) is the phonon-dispersion of the optical
phonon of the bulk material. N(L) is the Gaussian
distribution function of nanocrystallite sizes. The Raman
mode is observed at 517 cm with small asymmetry
ratio of r a / T b (Ta and G being the half-widths on low
and high energy sides from the center of peak posi-
tion) s 1.5. The calculated Raman spectrum is shown by
a discrete curve in Fig. 2a and Fig. 3 a, with the
experimental data. Line-shape fitting of the experimental
results to that of theoretical data from Eq. (2) was done
to determine the average size of nanocrystals. Care was

taken to separate out the amorphous background from
the spectra. From the line-shape analysis, it was found
that the mean size of nanocrystallites was 5 nm in thin
films of nC-Si on sapphire and quartz substrates.

Figs. 2 and 3 display the power dependence of first-
order Raman spectra of nC-Si films on quartz and
sapphire substrates, respectively, using laser power den-
sity ranging from 0.01 to 20 kW c m . It is observed
that there is variation in the Raman line-shape as the
incident power density is varied. The first-order Raman
line shifts towards the lower frequency and the FWHM
increases as the laser power density is increased and it
is found that the changes in Raman frequencies and
FWHM are reversible in nature as laser power density
is decreased to 0.1 kW cm as shown in Figs. 2 and
3. Further, the line-shape asymmetry remains the same
with increasing power density. For comparison, we have
plotted dependence of the Raman peak position and
FWHM of the first-order ZCP mode as a function of
the probing laser power densities in Figs. 4 and 5,
respectively. Furthermore, we have also plotted corre-
sponding curves for c-Si in Fig. 4c and Fig. 5c and a
commercial silicon-on-sapphire (SOS) crystalline film
in Fig. 4d and Fig. 5d. As the probing laser power
density is increased from 0.1 to 6.5 kWcm for the
nC-Si film on quartz, the ZCP mode softens from 517
to 485 cm in Fig. 4a and its FWHM increases from
4.75 to 20 cm in Fig. 5a. This is a rather large amount
of phonon softening and would be discussed in more
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Fig. 3. Laser power dependence of the first-order Raman mode of
silicon nanocrystals of 5 nm mean size on sapphire substrate, where
(a), (b) and (c) are the Raman spectra of nanocrystallites recorded
with l s 514.5 nm having power density of 0.1, 18 and 0.1
kW c m , respectively. The first-order Raman spectrum of c-Si is also
shown in (a) with dashed lines for comparison.
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Fig. 4. Raman shift of the ZCP mode as a function of probing laser
power density where (a), (b), (c) and (d) are for nC-Si on the quartz,
nC-Si on the sapphire, c-Si and SOS, respectively.

detail later. For the nC-Si film on sapphire, as the laser
power density was increased from 0.1 to 20 kWcm ,y2

the ZCP mode softens from 517 to 508 cm in Fig.
4b and the FWHM increases from 4.75 to 6 c m i n y1
Fig. 5b. c-Si and SOS samples show a feeble phonon
softening and a very small change of FWHM as the
probing laser power density is increased upto 20
kWcm as shown in Fig. 4c-d and Fig. 5c-d, respec-
tively. No changes in asymmetry were observed in the
Raman spectra observed under different probing laser
power densities in our experiments.

On increasing the probing laser power density, the
ZCP mode softens and its lifetime decreases. Laser
heating of the films may be responsible for this soften-
ing. A detailed discussion of our experimental results
given in the following paragraph indicates that the
phonon softening effects were mainly due to laser
heating.

The nC-Si film on quartz possesses a Raman mode
at 485 c m , which is closer to the Raman mode from
amorphous film at 476 c m . This is, however, not
indicative of the film approaching the amorphous state
since the corresponding line-width is 20 c m , which is
considerably smaller than the well-known width of 76
cm for the amorphous film. Furthermore, the obser-
vation of good second-order spectrum under the same
laser irradiation conditions, discussed in Section 3.2,
clearly indicates that the films maintain their crystallinity
under the laser irradiation conditions. In view of the
above, it is quite possible that laser heating of the nC-
Si films is responsible in the phonon softening shown
in Figs. 4 and 5.

3.2. Second-order TO modes

Second-order Raman spectra was observed from both
nC-Si films on quartz and sapphire substrates. Since the
phonon softening effects are quite larger for the nC-Si
films on quartz substrate, only the second-order Raman
spectrum from the thin film on quartz substrate is
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Fig. 5. FWHM of the ZCP mode as a function of probing laser power
densities where (a), (b), (c) and (d) are for nC-Si on the quartz, nC-
Si on the sapphire, c-Si and SOS, respectively.

described here. Fig. 6 displays the variation of the line-
shape of a wide band of the second-order 2TO scattering
with different probing laser power densities for the thin
films of nC-Si on the quartz substrate. The 2TO Raman
spectrum by zone-edge-phonons lies between 940 and
1050 cm and was studied as a function of the probing
laser power density in the range of 0.73-5.86
k W c m . It is found that the maximum of the broad
band shifts from 970 to 966 cm in Fig. 6a-b. On
further increasing the probing laser power density, the
relative heights of 2TO(W) and 2TO(L) peaks in Fig.
6c and d reverse between the laser power density 2.19
and 2.93 k W c m . On further increasing the probing
laser power density of probing light from 2.93 to 5.86
k W c m , the maximum of the Raman band 2TOy2(W)
further shifts toward lower wave number side and
reaches 910 cm as shown in Fig. 6d-h. Experimental

800 1000 800 1000
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Fig. 6. Second-order Raman scattering of the nC-Si on the quartz films
where probing laser power densities are 0.73, 1.46, 2.19, 2.93, 3.66,
4.37, 5.12 and 5.86 kWcm i n y2 (a)-(h), respectively.
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results show that the shift of the maximum of two-
phonon spectrum at any temperature is almost twice as
much as that for the first-order spectrum. From the
above results, it is clear that the observed spectra are
consistent with the spectrum of c-Si and not that of a
nearly amorphous phase. Resonant Raman scattering of
two-phonons which has been studied with the variation
of band gap of silicon w28x, is observed in Fig. 6 where
indirect band gap (1.17 eV) of silicon changes with
temperature. Therefore, CW laser irradiation does not
transform the material from the nanocrystalline state to
disordered state in our experiment. Heating of the
surface is a mechanism responsible for the phonon
softening and broadening of the crystalline-like mode
ZCP as well as changes in the 2TO phonon scattering.
It is a reversible process. The 2TO phonon spectrum is
due to scattering involving two successive first-order
processes. Line-shape of the second-order scattering is
the result of wave-vector conservation in the two suc-
cessive first-order Raman processes. Temperature
dependence of the first-order scattering is also reflected
in the second-order Raman scattering here in Fig. 6.

3.3. Evaluation of the temperature rise: theoretical
calculations

Thin films of nC-Si on the quartz and sapphire
substrates undergo reversible and irreversible changes
when these films are irradiated with CW laser. Irrevers-
ible changes are involved in the formation of the nC-Si
films on the quartz and sapphire substrates. In the Raman
study of these films, employing laser power densities
lower than those used in their formation of nC-Si, only
reversible changes are observed which are related to the
temperature rise due to the laser irradiation. For evalu-
ating the temperature profiles during the laser beam
processing of the thin films, Burgener and Reedy w21x
have derived the Green's function solutions of heat
equations for a two-layer structure composed of a thin
layer (region 1) and relatively thick substrate (region 2).
It is given by

R e

and

10 | | 00

aV1121sinhVA q VcoshVA

X dl

(3)

p r p
2 P | | d j Re

^ K10|| 00

aV1121sinhVAq V

(n2-nj

dl (4)

where Q,1 = (£2 + iVi\Q
1/2 is with the dummy variables

\ and j. The Xsxyr, Ysyyr and Zszyr are the
dimensionless coordinates. The P s Payr, ViiisvryD(T),
A s ayr and asK12yK are normalized parameters. The
0i and u are the linear temperature rise in the thin film
and substrate, respectively. The K1 and K are the
thermal conductivities of the thin film and the substrate,
respectively. The x, y and z are the co-ordinates. The r
is radius of the laser beam and a is the thickness of the
film. v is the velocity of the laser scanning speed. Di is
the coefficient of diffusion of the film and substrate.
Eqs. (3) and (4) require an inverse Kirchhoff transform
to calculate the actual temperatures. In these equations,
a linear solution may be utilized for the composite
material, whose thermal conductivities have same func-
tional form of the temperature dependence.

Yamada et al. w22,23x have extended this work to
nonlinear heat equations. They have given the solutions
of nonlinear heat equations under the additional bound-
ary condition, which comes from energy conservation
for heat flow and temperature continuity. They have
introduced the following new variables:

JT A I

{
T2K2(V)

r for

dT fora-z,

(5)

(6)

where Ta is the temperature at the interface between
regions 1 and 2 and T0 is the substrate temperature. If
we use T0 instead of Ta in Eqs. (5) and (6), they
become exactly equal to the well-known Kirchhoff
transform w29x but do not satisfy the boundary condi-
tions. Here, Ta must be determined to satisfy the follow-
ing implicit equation:

(7)
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Fig. 7. Temperature of the thin films as a function of probing the laser
power density where (a) and (b) are for nC-Si on the quartz and nC-
Si on the sapphire, respectively. Solid line and points are the curves
calculated by Eqs. (4) and (1), respectively. Also shown are the cor-
responding Raman shifts of the ZCP mode on the right column.

Although Eqs. (3) and (4) are the implicit equations,
they can be solved numerically in a recursive manner
as used in a semi-infinite material w30x, because u1,2 s
Q^iD^K.iTjMTj] and A,2 = A,2[7'1,2(e1,2)]. The
boundary temperature Ta is determined to satisfy Eq.
(7) linked with Eq. (4) and after that the actual
temperatures T 1,21,2(u) are obtained from Eqs. (5) and
(6) linked with Eqs. (3) and (4), respectively.

The absorbed power in thin film of the nC-Si can be
given by Pa s P00(1 y R y T) where P is incident laser
power. Since we have thin films of the nC-Si on the
quartz and sapphire substrates, the reflectivity (R) and
transmission (T) must be taken into account in the
calculation. To obtain appropriate values of R and T, the
reflected and transmitted intensities were measured for
the laser beam. This gives R s 0.41 and Ts 0.1 for the
nC-Si film on quartz and R s 0.20 and Ts 0.05 for the
nC-Si film on sapphire. The nC-Si on the quartz sub-
strate sample has a high reflectivity and transmission in
comparison to the sample of the nC-Si film on the
sapphire substrate. We have done calculation for the
actual temperature for the stationary beam (at Xs Ys
Z s V s 0 ) . It is expected that the thermal conductivity
of nanocrystals is lower than that of a single crystal
because of defects and voids between grains and addi-
tional resistance at the boundary of the nanocrystals
(intergrain contacts). Therefore for the nanocrystals in
the thin films, we have taken the thermal conductivity
(K) w31x of 1 W c m K . For quartz, the thermal
conductivity function (K) w22x is given by 4 .2=10 y 1 1

(Ty350)3 q 0.0117 W c m K . For sapphire, the ther-
mal conductivity (K) w23x is 73.9y(Ty 159) W c m K . y1

Using these data, temperatures at the surface of the nC-
Si film were obtained by Eq. (5) for different probing
laser power densities and are plotted in a solid line in
Fig. 7. Furthermore, temperatures which are also calcu-
lated from the ratio of antistokes and stokes Raman

scattering of the ZCP mode for various laser power
densities by Eq. (1), are shown by points in Fig. 7 and
exactly matches with results obtained from Eq. (5). This
implies that temperatures calculated by Eq. (5) for
various laser power densities are the actual temperatures
of phonon in the lattice inside nC-Si. Corresponding
Raman modes for various laser power density is also
shown on right hand side in Fig. 7.

Thermal conductivity of the sapphire is about three
times greater than that of quartz, appreciable amount of
heat flows through the film to sapphire. Due to the low
thermal conductivity of the quartz substrate, the film
retains a large fraction of the heat resulting in a large
increase in the temperature in Fig. 7. Raman spectra
with different probing laser power densities reveal high
temperature rise in the thin films of the nC-Si on the
quartz substrate. Therefore, we observe large phonon
softening from 517 to 485 cm as the probing laser
power density is increased from 0.1 to 6.5 kWcm for
the thin film of nC-Si on the quartz substrate in Fig. 4a.
For nC-Si film on the sapphire substrate, phonon soft-
ening is observed from 517 to 508 cm as the probing
laser power density is increased from 0.1 to 20
kWcm in Fig. 4b. There is a poor retention of heat
in the thin film on the sapphire substrate that drains
heat more effectively since its thermal conductivity is
high. During the laser heating of thin films, the heat
conduction is affected by the nature of substrates and
samples. Since the thermal conductivities (K) of silicon,
sapphire and quartz are related by Ksi sapphire quartz)K)K,
the temperature rise for a given probing laser power
density is more for laser heated nC-Si film on the quartz
substrate than that on the sapphire substrate. Conse-
quently, the Raman shift for a given probing laser power
density will be different for three cases, as shown in
Fig. 4. Temperature rise, which determines the phonon
softening of the ZCP mode observed in Fig. 4, depends
on the thermal conductivity of substrate as well as the
thermal conductivity and thickness of the thin films. It
also depends on the biaxial stress in the film when it is
heated upto more than 1000 K w32x.

4. Conclusions

In this paper, we have presented a detailed Raman
study of the thin films of the nC-Si on the quartz and
sapphire substrates as a function of probing CW argon-
ion laser power density. From the line-shape analysis,
the mean size of nanocrystallite was found to be 5 nm
for the Raman mode at 517 c m . As the laser power
density is increased, phonon softening of the ZCP mode
is observed from the 517 to 485 cm and 517 to 508
cm for the quartz and sapphire substrates, respectively.
Systematic study of these samples reveals that the
phonon softening for the laser power density less than
7 and 20 kW cm in the quartz and sapphire substrates,
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respectively, are due to the temperature rise in these
films and are not due to structural changes associated
with the progress of the nanocrystalline-to-amorphous
transition. It is a reversible process. Rise in temperature
is also supported by the reversible changes observed in
the two-phonon Raman scattering. Experimental results
of the Raman scattering show a good agreement between
calculated temperatures from the Green's function heat
diffusion equations and temperatures determined by ratio
of the intensity of the antistokes and stokes Raman
scattering. It is found that the temperature rise for a
given probing laser power density is more for laser
heated nC-Si films on the quartz substrate than that on
the sapphire substrate. Temperature in the thin films can
be varied from the ambient temperature to 1250 K
depending upon the laser power density, thermal con-
ductivity of the films and substrate and thickness of the
films.

The nC-Si films produced by laser annealing on quartz
and sapphire substrates are almost similar. The different
behaviors of the Raman spectra of these films as a
function of probing laser power density are quantitative-
ly understood in terms of the different rises in temper-
ature computed for the thermally insulating quartz and
thermally conducting sapphire substrates. The consider-
ations of laser heating must be taken in account in
analyzing Raman spectra of thin semiconductor films
depending upon the substrates used in device fabrication.
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