PHYSICAL REVIEW B VOLUME 62, NUMBER 22 1 DECEMBER 2000-I1

Temperature-dependent Raman scattering studies in nanocrystalline silicon and finite-size effects
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A comparative study of the temperature-dependent Raman scattering of nanocrystalline and bulk silicon is
presented. The nanocrystalline silicon samples were made by a cw laser annealing process, and the character-
istic dimensions were determined with a phenomenological phonon confinement model. Experimental results
indicate a higher degree of anharmonicity in nanocrystals compared to that in the bulk. The anharmonic
constants are found to be highly size dependent and increase greatly with decreasing dimensions. The phonon
lifetimes have two contributions, one temperature dependent and the other temperature independent, both
decreasing rapidly with decreasing nanocrystal size. The temperature-dependentitermportant for larger
nanocrystals, while the temperature-independent tgriv’ecomes dominant for nanocrystals of sizes less than
4 nm.

. INTRODUCTION et al!! were able to show that their data for the damping
constant can be fitted satisfactorily by the cubic anharmonic
The experimental and theoretical study of semiconductomodel of Klemen¥ if the zero-temperature value of the
nanocrystallites? has generated tremendous technologicadamping constant is properly chosen. Balkanski, Wallis, and
and scientific interest recently due to the unique electronitiard calculated the change in linewidth and line center for
and optical properties and exhibition of new quantum phethe first-order LO phonon mode in silicon using cubic and
nomena. The recent discovery of strong room-temperaturguartic anharmonicity and found good agreement between
photoluminescence from silicon nanocrystals fabricated byheory and experiment.
different methods is an extremely important scientific break- Changes in the linewidth of the phonon in Raman and
through with enormous technological implications, thus at-infrared spectra can be used as an indirect measurement for
tracting much attention from a fundamental physics view-estimating the lifetime of strongly interacting optical pho-
point and because of the potential applications in opticahons. A more direct measurement for estimating the lifetime
devices’* of the optical phonons in the time domain, such as time-
The crystalline, amorphous, or nanocrystalline nature ofesolved spontaneous Raman scatte(lflBSRS, can pro-
any material can be ascertained by studying the first-ordevide a detailed picture of the dephasing of molecular vibra-
Raman spectra. Confinement or localization of phonons itions. However, important information concerning the
finite-dimension nanocrystals introduces changes in the viphonon relaxation process can be obtained from an analysis
brational properties including a shift in phonon frequencyof the broadening of Raman spectra, which is inversely re-
and changes in the linewidth and asymmetry. These changéasted to the lifetime of the phonon.
are functions of the dimension of the nanocrystal. The char- Raman scattering in nanocrystalline semiconductors has
acteristic dimension of nanocrystals can be ascertained byeen studied extensively=*® However, very few experi-
analyzing the change in the line shape of the first-order Raments have been carried out to investigate the temperature
man spectrum on the basis of a phenomenological ntddel. dependence in nanocrystals. Finite-size effects in nanocrys-
Furthermore, the vibrational properties of semiconductorgals are expected to modify the anharmonicity and the pho-
are also strongly influenced by temperature. An increase inon decay times. Richtet al> presented the variation of the
temperature introduces perturbations in the harmonic poterinewidth of silicon microcrystals of large dimensions and
tial term, which changes the vibrational properties. Opticalfound an increase in the decay rate of optical phonons in the
phonons decay into two or more low-energy phonons due tenicrocrystals compared to the bulk. Tanaieall” investi-
anharmonic processes, which decreases their lifetimes. It gated the variation of the linewidth of CdSe microcrystals
also pointed out that the carrier relaxation f&tes, in gen-  and arrived at a similar conclusion as that of Ricteeal?®
eral, not dominated by emission, but is frequently dominatedhere have been, however, no reports of variations of the
by the decay of strongly interacting optical phonons intopeak positions with temperature in nanocrystals. Further, the

weakly interacting acoustic phonons. anharmonicity in very small nanocrystals has not been inves-
The temperature dependence of the Raman spectra @Gfated as yet.
crystalline silicon has been studied by many autfiots. The purpose of this paper is to examine the effects of

They have studied both the line center and linewidth variaconfinement and temperature-induced changes on vibrational
tions with temperature due to the presence of anharmonicitgtates of silicon nanostructures using Raman spectroscopy.
in the vibrational potential energy. The Klemé&hsnodel  Silicon nanostructures used in the present study were pre-
assumes that the contribution to the linewidth arises onlyared by cw laser annealing of hydrogenated amorphous sili-
from the decay of the optical phonon into two acoustic pho-con. The average dimension of nanocrystals was determined
nons of the same frequency and opposite momentum. Hattsing the phonon confinement model. The contributions
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from the amorphous background and strain have been detemanocrystals by comparing the experimental line shape of the
mined to ascertain the proper line shapes. Measurements fifst-order Raman spectrum with theoretical ones using the
the Raman scattering spectra for different dimension nanosimple phenomenological model of Richtat al® and
rystals are presented in the temperature range 10—300 K. Ti@ampbell and Fauchét.

results are analyzed in terms of anharmonic and finite-size We have analyzed our experimental results using a Gauss-
effects. It is found that the anharmonicities for nanocrystalsan weighting function in this model with a value of
are larger than those in the bulk and increase asymptoticallgxp(—47?) at the boundary of the crystallites. This choice
with decreasing dimensions. Furthermore, phonon lifetimegorresponds to rigid confinement of the phonons in the nano-
are influenced by both thermal and finite-size effects, therystal so that the amplitude vanishes at the boundary.
latter predominating for very small nanocrystals. The first-order Raman spectrum is therefore given by

1 exp(—q’L%/4a?)
0= ], o e gz

II. EXPERIMENTAL PROCEDURE (@N)

Raman scattering experiments were performed in a back-
scattering geometry configuration at different temperatures Here q is expressed in units of 2a, a is the lattice
by employing the 514.5-nm wavelength of the argon-ion la-constant(5.430 A of silicon, andl’,, is the linewidth of the
ser, the RAMANOR double monochromator, and photonsilicon LO phonon in C-Si bulk~4 cm ! including instru-
counting electronics. The Si nanocrystals used for this exmental contributions andL is the average dimension. The
periment were fabricated by cw laser annealingaeSi:H  dispersionw(q) of the LO phonon is given by the relatitth
samples of thicknesses 1100 and 5000 A grown on quartz
substrates. Tha-Si:H samples were fabricated using the »?(q)=A+Bcog7q/2), (2

glow discharge method with the quartz substrates maintaineghare A=1.714< 1P cm 2 and B=1.000<1f cm™2 A

at 250°C. The hydrogen concentration in the film wasy qqer jine-shape fitting of the experimental results is needed
roughly 8%. Controlled cw laser annealing of theSi:H o e\ aiuation of the average dimension of nanocrystals cor-
samples on diffraction-limited spots of 4dm was done by  recqy However, several factors such as the interfacial strain,
employing an argon-ion laser and optimizing the power denymgrphous contribution, size distribution of nanocrystals,
sity and exposure time of the laser. The exposure time wag,y shape of nanocrystals influence the line shape and com-
controlled by an electronic shutter. Uniform annealing overyjicate the theory. Nanocrystalline silicon samples produced
an area of 2mm2mm was also achieved by scanning thep,, o |aser annealing, in the present study, for example,
argon-ion laser over the sample using& precision trans-  gqo an appreciable contribution from amorphous silicon at
lator and optimizing the annealing power density and scafy,, values of the power density and exposure time of the
speed of the translator. _ annealing laser beam. A fitting procedtfreas used to sepa-
The Raman scattering experiments were pe_rformed on th&te the broad overlapping amorphous Raman peak from the
annealed spots and areas of é&i:H samples fixed on the  hanocrystalline peak. With the increase in the power density
cold finger of a helium cryostat using silver paste, and the;q exposure time of the laser, however, the amorphous
temperature was regulated down to 10 K from room t€M+omponent becomes negligible and does not influence the
perature using a HELITRON cIosed-cy(_:Iéa liquid-He cry- ) width at half maximum(FWHM) of the nanocrystalline-
ostat. The cryostat was evacuated t8 10" °torr to avoid jie peak. Also, with the increase in the power density and
condensation of moisture on the sample at low temperaturegynosure time of the laser, the nanocrystallinelike mode
A microprocessor-based digital temperature controller wagnifts to higher frequency and becomes narrower and more
used to regulate the temperature with an accuracy®8B K. symmetric, suggesting an increase in the dimension of
The temperature of the sample was measured accurately Wénocrystals.
mounting a chromel vs gold thermocouple on the cold finger. Figure 1 shows the relationship between the peak shift
The monochromator was calibrated using the strong plasmang peak width in nanocrystalline silicon. The solid line
lines of the argon-ion laser. Each experiment was car_r@ed OWnows the theoretical curve calculated using Etjsand (2).
three times, and the average values of the peak position anghe experimental values seem to agree with the theoretical
peak width were taken to avoid random errors. The' excitag rve fairly well except at higher values bf which could be
tion power of the argon-ion laser was kept low to avoid localy,e to the presence of strain in the annealed films.
heating of the sample. T_he slit width of the r_nonochr(_)maf[or The difference in the thermal expansion coefficient of
was set to 10Qum. The instrumental resolution at this slit qartz and silicon leads to tensile stress across the interface
width is about 1 cm”. Raman experiments on the annealedpeqyeen the substrate and thin film when the films are cooled
samples were performed at seven different temperatureser |aser irradiation during the annealing process. Tensile

varying between 20 and 300 K. stress in the film leads to a softening of the Raman phonon
mode. In general, strain in crystalline silicon causes the

IIl. EXPERIMENTAL RESULTS AND DISCUSSION threefold-degenerate zone-center optical phonon to shift and
split.?° For uniaxial stress, it is possible to separate the shift

A. Size dependence at room temperature coming from the hydrostatic component of the strain from

Relaxation of the selection rules due to phonon localizathe splitting. To do this, one must know the orientation of the
tion inside the nanocrystal results in softening and broadenerystal and stress and adjust the incident polarization and
ing of the first-order phonon in Raman scattering. It is pos-analyze the scattered light accordingly. The orientation of
sible to make an estimate of the average dimension ofur crystallites was not determined in the present study, and
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good fit of the experimental line shape is thus not obtained in
120 the framework of the phonon confinement model. When one
60 24 considers only the FWHM and peak position, the experimen-
- tal points will lie towards the left of the theoretical liieefer
iy to Fig. 1. In our case, however, the experimental points lie
§ 40 towards the right, i.e., the Raman lines, are narrower than
= 123 E expected theoretically. Further, a shifting the Raman lines
3 b 3 towards higher frequency results in good agreement of the
- ) experimental and theoretical line shapes. The sign and mag-
g 2 BEYS nitude of the shift agree to what one would expect from the
existence of tensile strain between the film and quartz sub-
145 strate. The existence of tensile strain is further confirmed by
76-0 the fact that on increasing the annealing power density, the
0 . , 1150 linewidth continues to decrease and the line shape becomes
0 10 20 30 more symmetric, but the line center persists at the same po-
Peak shift (cm™ 1) sition. The existence of a very broad distribution of nano-

crystal sizes would have resulted in a broader and asymmet-
Raman line of nanocrystals produced by cw laser annealing of ?arger crystals when the annealing power density is very
1100-A-thick a-Si:H film. The open circles correspond to various high. The growth temperature is higher in this case, and thus
annealing power densities and the solid circles to various annealinEhe phonon shift due to strain, which is proportional to the
exposure times. The solid line is the theoretical result with aGaussdifference between the growtﬁ and ambient temperature, is

ian weighting function. The right ordinate shows the correspondingaISO hiaher. For lower annealind bower densitv. the arowth
dimensiond_ in nm. gner. . 9p y.’ 9
temperature is less and consequently the strain effects are

thus it is assumed that the observed shift is due to the hydrd1€9ligible. Therefore, it is clear from Fig. 1 that stable
static component of the strain. Furthermore, a slight broad@nocrystals of dimensions in the range of 2—7 nm are pro-
ening of the Raman line is also observed due to the presendyced by cw laser annealing af Si:H samples on quartz
of stress, but the line shape is always symmetftahis is substratgs with proper optimization of power density and ex-
in sharp contradistinction to the effect in nanocrystals wherPoSUre time.

the wave-vector nonconservation rule leads to phonon soft-

ening and line broadening of the Raman spectrum, but the B. Temperature dependence

line shapes are highly asymmetric. _ _In bulk materials, both the line center and linewidth of
A rough estimate of the phonon softening due to tensilgyptical phonons are found to vary with temperature. This
strain can be made as follows. The maximum volumeemperature dependence can be attributed to anharmonic
changé” due to hydrostatic strain when a silicon film on a tgrms in the vibrational potential energy. Because of anhar-
quartz substrate is cooled from its melting temperature tqnonicity of the lattice forces, an optical mode can inter-
ambient is 6<10 . Given the fact that the Gruneisen pa- change energy with other lattice modes and in this way
rameter for silicon is 0.91, this corresponds to a Wavemaintain thermal equilibrium. The principal anharmonic in-
number shift of 2.8 cm. So this is qualitatively consistent teractions are due to the cubic or quartic anharmonicities,
with the deviation of the observed peak shifts from thoseresulting in the splitting of an optical phonon into two or
expected theoretically for the larger nanocrystals given inpree acoustic phonons, respectively.
Fig. 1. This deviation varies between 0.4 and 4.0&m  According to Balkanski, Wallis, and Hafdelow the De-
Therefore, there could be some additional stress mducmgye temperature, the temperature dependence of the line-
mechanisms within the film, resulting, for example, from theyyigth and line center of the one-phonon LO mode at the

localized nature of the recrystallization procéssy., involv-  canter of the Brillouin zone can be written as
ing spatially nonuniform expansion within the filmt is also

found that, in general, with increasing power density and

exposure time, the magnitude of the strain increases. This is I(M=A

expected, because a larger value of the strain will be there for

samples annealed at higher temperatures. However, at vegnd w(T) = wy+ A(T), where

high power densities, the strain values are low. The growth

of the nanocrystals is governed by a bulk-induced solid-

phase crystallization proce$si.e., the nucleation of crystal- A(T)=C

lites is initiated by a statistically random occurrence of

nucleation sites in the bulk of the crystal. This could be duewvherex=# wy/2kgT, A andC are anharmonic constants, and

to melting of the film at these high power densities leading tow, is the intrinsic frequency of LO phonon.

an alteration of strain values. In nanocrystals, finite-size effects have also to be taken
A large distribution of nanocrystalline sizes also leads to @nto account, but unfortunately, no theory of anharmonic ef-

discrepancy between the expected theoretical and experimefects exists for this. We therefore assume that the tempera-

tal line shapes. However, in this case there is a very largeure dependence of the phonon structures in nanocrystals is

broadening and unusual asymmetricity of the spectra. Ahe same as that of phonons in the bulk and that the equa-

2
1+ m (3)

e
1+ =k 4
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FIG. 4. Variation of peak position with temperature for nanoc-
rystals of different dimensions. Solid lines are theoretical fits using
Eq. (4). The various symbols shown correspond to experimental

150K points.
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width of the first-order phonon. EquatidB) can be used to
explain the variation of the linewidth of the Raman line with
temperature in nanocrystals, provided the valuewgf is
250K properly chosen to include the additional shift of the Raman
line due to the confinement of phonons.
Figure 2 shows the first-order mode of nanocrystals of

300K average dimensions 5.1 nm at different temperatures. The
average experimental values for the linewidth and line center
have been plotted in Fig. 3. Equatiof#y and(5) have been
used to fit the experimental data by suitably choosing the
constantswg, A, C, andI';, and the agreement between the
Raman shift {cm™ ") theoretical curve and experimental points is found to be quite
0ggood. Figure 3 typically shows that the linewidth increases,
whereas the line center shifts towards lower frequency with
increasing temperature. The same trend is observed for

tions given previously are valid. Furthermore, we assumd'@nocrystals of other dimensions. Figures 4 and 5 show the
that disorder and boundary scattering in finite-size crystalyariation of line center and linewidths with temperature for

lead to temperature-insensitive additional broadening of th@@nocrystals of different average dimensions. The solid lines
phonon line€* Therefore, Eq(3) becomes give the theoretical fits to the experimental points. The varia-

tion of the absolute value @& with nanocrystal size is given
in Fig. 6. The anharmonic constadt and temperature-
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0

FIG. 2. Temperature dependence of the first-order phonon
nanocrystals of 5.1 nm average size.

I'(m=Ir{+A =1 +To(T), (5

1+72
(e*=1)

wherel'; is the additional broadening due to the finite-size aLl=7nm
effects andI'y(T) is the temperature-dependent intrinsic
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FIG. 3. Variation of peak position and peak width with tempera-tals of different dimensions. Solid lines are theoretical fits using Eq.
ture for nanocrystals of average size 5.1 nm. (5). The various symbols shown correspond to experimental points.
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FIG. 6. Variation of the anharmonic constd@} with nanocrys-
tal size. The bulk value is also shown. FIG. 8. Variation of the intrinsic lifetimery with nanocrystal
size at different temperatures.

independent broadening parameter due to finite-size effect
I'y, as a function of nanocrystal size are given in Fig. 7. Th
corresponding values for bulk silicon are also indicated inf
the figures. All of these paramete(3, A, andl’;, are found

to increase rapidly with a decrease in the dimension of th

than A wih decreasing size of nanoorysials. The rapid in-~/27CL Wherec is velociy of light andr s the line-
9 Cry T P width. The variationry with temperature and dimension is
crease of the constants C, andI'; with decreasing nano- | - PO .
: otted in Fig. 8. The intrinsic lifetimey, is related to anhar-
crystal size and the fact that these values are much greatgr

. . - . monic effects, and it is observed thaj increases with a
than the corresponding values in bulk silicon imply that the ; .
) . ) decrease in temperature and the rate of change is higher for
anharmonic effects are more important in nanocrystals tha

in bulk silicon. The constanb, seems to be independent of Parger ngnocr_ystals. It. Is also clear thay decreasgs with
. decreasing size. For instance, typical valuesrgflie be-
the size of nanocrystals. tween 0.7 and 1.7 ps for nanocrystals of various sizes at low
The linewidth is reciprocally related to the lifetime of the : P Y

decay process, and so the constantan be related to the temperatures, while the value of for bulk silicon is 2.5 ps.

phonon lifetime. The thermal interaction increases with in- The phonon lifetime 7,, which 'is related to the

creasing temperature, decreasing the phonon mean free péﬁ{nperature—independent broadening paranieferalso de-

with a consequent decrease in the decay lifetime. Cons:i\c?—reases with decreasing dimensions. The rayér, has

quently, the linewidth increases at high temperatures. Fu Deen p_Iotted in Fig. 9 to compare the two lifetimes. It s clear
ther, the inherent boundary scattering in nanocrystals is exfomM Fig- 9 thatro/7, is greater than 1 for nanocrystals of
pected to further decrease the decay times. dimension less t_ha_n 4_nm and it is less than 1 for Igrger
Hart et al’* predicted a mean phonon lifetime of 2.5 nanocrystals. This implies that phonon decay due to finite-
%10~ 125 cdrresponding to a zero-temperature IinewidthSize effects dominates for smaller nanocrystals, while the

with a value ofA=2.1cni* for bulk silicon. However, for gerc?r/ 2;5:;“2?;8'3 Tnpmzln:gsﬂlligntto a;]nor;]a;r;ncc)jrggaeffﬁ] ctrs]af:(;_
silicon nanocrystals, there are two different contributions to 9 y : P y

the first-order phonon peak widths: the temperature—StrlJCtureS Is thus dominated by bathand 7, and is found

to be faster than that in the bulk.

ﬁ1dependent widthl’; due to finite-size effects and the
emperature-dependent widif, due to anharmonicity ef-
ects. Two different decay timeg, and r; are therefore de-
fined, related inversely tb'o(T) andI';, respectively. The
%honon lifetimes were calculated using the relatien
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FIG. 7. Variation of the anharmonic constard and
temperature-independent broadenlngwith nanocrystal size. The FIG. 9. Variation of ry/7; with nanocrystal size at different
corresponding values for the bulk are also shown. temperatures.
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IV. CONCLUSION tal size and increased asymptotically with a decrease in di-

In conclusion, nanocrystals in the range 2—7 nm have. ensions. Two different contributions to the phpnqn d.ec.ay
been made by C\,N laser annealingaeSi:H films. The aver- IMES 7o andr, related to the ter_nperat_u_re-se_nsmve intrinsic
age size of nanocrystals was calculated by a detailed ling¥idth I'o and the temperature-insensitive disorder and the
shape analysis of the Raman scattering using a phenomenfjite-boundary-related widtfi', were observed. A thermal
logical model and taking into account the contribution ofinteraction at higher temperature decreases the inherent pho-
interfacial strains and amorphous background. A compara2on decay timero. Both 7 and 7, are found to be sensitive
tive temperature-dependent Raman study indicated that tHe the nanocrystal size and decrease rapidly with decreasing
anharmonic constants related to the peak widths and pead#ze, the change being faster for. As expected, it is found
positions are higher in nanocrystals than in the bulk, imply-that the phonons decay via the intrinsic path for larger crys-
ing a greater degree of anharmonicity in nanocrystals. Théals, while the decay at the finite boundary becomes more
anharmonic constants were found to depend on the nanocrypronounced in smaller crystals.
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