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Light-induced nonthermal population of optical phonons in nanocrystals
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Raman spectroscopy is widely used to study bulk and nanomaterials, where information is frequently obtained
from spectral line positions and intensities. In this study, we monitored the Raman spectrum of ensembles of
semiconductor nanocrystals (NCs) as a function of optical excitation intensity (optical excitation experiments).
We observe that in NCs the red-shift of the Raman peak position with increasing light power density is much
steeper than that recorded for the corresponding bulk material. The increase in optical excitation intensity results
also in an increasingly higher temperature of the NCs as obtained with Raman thermometry through the commonly
used Stokes/anti-Stokes intensity ratio. More significantly, the obtained dependence of the Raman peak position
on temperature in optical excitation experiments is markedly different from that observed when the same NCs
are excited only thermally (thermal excitation experiments). This difference is not observed for the control bulk
material. The inefficient diffusion of photogenerated charges in nanoparticulate systems, due to their inherently
low electrical conductivity, results in a higher steady-state density of photoexcited charges and, consequently, also
in a stronger excitation of optical phonons that cannot decay quickly enough into acoustic phonons. This results
in a nonthermal population of optical phonons and thus the Raman spectrum deviates from that expected for the
temperature of the system. Our study has major consequences to the general application of Raman spectroscopy

to nanomaterials.
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I. INTRODUCTION

Raman spectroscopy (RS) is a nondestructive, simple, and
highly sensitive technique that has been widely used to study
different materials in various forms and dimensions by means
of their characteristic vibrational signatures. The versatility
and instrumental development of RS have made it one of
the most popular characterization techniques in the fields of
geology [1], biology [2], semiconductor materials [3], and
polymer science [4], both at academic and industrial levels. In
the field of semiconductors, a large variety of bulk crystalline
materials has been investigated by RS, including those of group
IV [5-7], HII-V materials [7-9], and II-nitrides [10-14]. RS
has also been a valuable tool to investigate low-dimensional
semiconductor structures, such as superlattices [ 15], nanowires
[16-18], and nanocrystals [19,20], as well as more exotic
nanomaterials such as graphene [21-23] and carbon nanotubes
[24-26].

The Raman spectrum can provide detailed information
about many physical properties, including structure, composi-
tion, strain, material size, electronic doping, and local temper-
ature. For instance, temperature measurements using RS (Ra-
man thermometry) can be carried out by analyzing variations in
Raman spectra resulting from changes in zone-centered optical
phonons, namely, changes in Stokes and/or anti-Stokes Raman
peak position (£2) and/or linewidth (I"), or variations in the ratio
between the peak intensities observed in the Stokes and anti-
Stokes regions of the spectrum [6,27-31]. Also, strain-related
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effects, originating from crystal defects, lattice and/or thermal
mismatches, can be unveiled by analyzing variations in 2
and/or I" [32-34]. The nature and concentration of doping in a
semiconductor can also be investigated through shifts observed
in  and changes in Raman peak shape, which result from the
so-called Fano interference between optical phonons and the
electronic state continuum [32,35-38]. Moreover, shifts in Q
and broadening of I due to quantum confinement of phonons
in low-dimensional structures have been exploited to estimate
the size of nanocrystallites [39-46]. Hence, a single parameter
of the Raman spectrum, for example the peak position €2, can
depend on several physical effects, namely, temperature, strain,
doping, and quantum confinement, amongst others. Impor-
tantly, these effects can simultaneously influence the spectrum
measured in one Raman experiment. For example, it is known
that a Raman spectrum of quantum-confined nanocrystals
heated to a certain temperature (e.g., by optical excitation
during the Raman measurement) will experience a shift in
2 due to both quantum-confinement and temperature effects,
whose deconvolution is not straightforward [43,45,47-49].
The situation becomes even more complicated if unexpected
effects contribute to the Raman spectrum parameters. This is
particularly relevant in the case of nanomaterials since their
physical properties tend to differ from those known for their
bulk counterparts. We expect this to be the case in silicon
nanocrystals (Si-NCs) where it has been found that under
high optical excitation intensity the dependence of the Raman
peak position €2, associated with the Raman active optical
phonon mode, on temperature, as measured by means of
Raman thermometry, is more abrupt than that observed for
bulk crystalline silicon (c-Si) [43,46—48,50]. In general, RS
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can only provide reliable information if all factors contributing
to the Raman parameter under analysis are known.

In this work, we conclude that for nanocrystals under
moderate/strong optical pumping, the Raman peak position
2 is influenced by the inherently low electrical transport in
nanomaterials. We study this phenomenon using free-standing
Si-NCs by measuring the temperature and excitation power
dependencies of the Raman scattering and comparing with
those observed for bulk c-Si. The differences observed in
the behavior of Raman spectra measured under optical and
thermal excitation conditions are discussed in the scope of a
different population of optical phonons associated to a stronger
influence of the electron-phonon coupling, which results
from a hindered diffusion of photoexcited charge carriers
in nanoparticulate systems. We notice that silicon provides
an unmatched platform for studying such kind of effects in
nanomaterials due to its long technological history and the
deep understanding of its Raman spectrum. Besides, there is
an increasing interest in electronic and optoelectronic devices
based on low-dimensional silicon structures, in particular
Si-NCs. They offer an enormous range of tunability of their
physical properties through size, shape, doping, and embed-
ding material, which brings a huge potential for applications
such as light sources [51-53], flash memories [54,55], and
high efficient solar cells [56—58]. Not surprisingly, there have
been an increasing number of publications concerning the
investigation of the Si-NCs physical properties by RS [59-61],
particularly the determination of the nanocrystals size and
temperature from the Raman peak position €2 of the optical
phonon [45-47,49].

II. EXPERIMENTAL DETAILS

Free-standing Si-NCs in the powder form and with a surface
termination with Si-H bonds (H termination) were synthesized
from gas phase in a silane (SiHy) plasma [62]. After prolonged
exposure of these Si-NCs to air, a thin (~1.5nm thick) silicon
oxide shell is formed on the surface [63]. Several samples
with different mean crystallite sizes were produced and
studied. The mean crystallite sizes were estimated by carrying
out a Williamson-Hall profile analysis of X-ray diffraction
(XRD) patterns obtained in experiments performed in the
Bragg-Brentano geometry with a PANalytical X’Pert MPD
diffractometer using Cu- K, radiation. XRD data are shown in
the Supplemental Material [64]. For the sake of simplicity, we
label the different samples used in this study according to their
mean crystallite diameter determined from XRD. Samples
for Raman measurements consisted of Si-NCs deposited onto
borosilicate glass substrates (ProSciTech Pty Ltd). The Si-NCs
deposition was carried out by spin coating of dispersions
containing Si-NCs dispersed in absolute ethanol (3 wt.%).
The dispersion was achieved by combining several sonication
and stirring processes. The resulting NC samples consist of
multilayer films with thickness up to 2 um (see Supplemental
Material [64]), with a density around 30%—-40% [19]. Raman
scattering measurements were performed in backscattering
configuration in a Jobin-Yvon LabRam HR 800 spectrometer
equipped with a Peltier-cooled (203 K) CCD detector and
an ULF filter pack for Stokes and anti-Stokes analysis. All
measurements were carried out with a 50x long focal distance
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objective (0.5 numerical aperture), which resulted in a probing
spot radius of ~0.7 um. The Raman measurements were
done with either the 532-nm or 633-nm line of diode pumped
solid state (Laser Quantum) and He-Ne (CVI Melles Griot)
lasers, respectively. In the optical excitation experiments, the
samples were measured without external heating with laser
power densities that varied in the range 10°~10° W /cm? using
neutral density filters. In the thermal excitation experiments,
the samples were placed on a Linkam THMS600 temperature
controlled stage that allowed control of their temperature in
the range from room temperature to 873 K. Here, the laser
power was kept low to avoid light-induced heating of the
samples. The samples were kept under vacuum conditions
(<102 mbar) during all Raman measurements. Control and
comparative Raman measurements were also carried out for
bulk c-Si using a piece of an intrinsic silicon wafer, which also
enabled calibration of the Raman spectrometer.

III. RESULTS AND DISCUSSION

Figure 1 shows representative Raman spectra obtained at
room temperature for Si-NCs with different mean diameter
and measured using different laser wavelengths [spectra
Figs. 1(b)-1(e)]. All spectra were probed with excitation
power densities above 190 kW /cm?. For comparison purposes,
characteristic spectra from bulk c-Si, showing the typical
optical phonon mode peak at  =521.5 cm™!, and from
hydrogenated amorphous Si (a-Si:H), with the usual broad
asymmetric band with maximum at ~480 cm~!, are also
shown [spectra Figs. 1(a) and 1(f), respectively]. As can be
seen, the spectra of Si-NCs show peaks that are deviated
towards lower frequencies (red-shifted) when compared to the
peak observed for bulk c-Si, when similar excitation powers are
used. A larger frequency red-shift of the peaks in the Si-NCs
spectra is accompanied by an increased line broadening. The
shapes of the peaks observed for the Si-NCs are nicely fitted
with Lorentzian curves, similar to the case of the bulk c-Si
Raman peak [see Fig. 1(a)]. From the fits, we found that
the peaks observed for Si-NCs exhibit red-shifts as high as
30 cm™'. This results in the appearance of peaks with € close
to the frequency of the band typically observed for a-Si:H
[see Fig. 1(f)]. However, these peaks cannot originate from
an amorphous silicon phase in our samples because their
shape and width are completely different from those observed
for a-Si:H, whose Raman band is commonly described by
the sum of two Gaussian curves [65]. Besides, the XRD
analysis show only the presence of crystalline silicon (see
Supplemental Material [64]). Raman peaks strongly deviated
toward low energies are observed in measurements carried out
with both excitation wavelengths .. of 532 and 633 nm [see,
for example, spectra Figs. 1(d) and 1(e)], which correspond
both to strongly absorbing photons (above energy band gap).
We have found that the number of peaks observed in the
Raman spectra does not show any coherent dependence on
the excitation wavelength or sample (nanocrystallite size). For
the same sample (Si-NC film), we found a range of situations,
i.e., spectra with one peak, spectra with two peaks, and spectra
with more than two peaks. Instead, we find that the number
of peaks depends on the particular measurement spot within
the sample. For simplicity, in Figs. 1(b)-1(e) we show only
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FIG. 1. Raman spectra of (b)—(e) different Si-NCs samples, with
various crystallite sizes, in comparison with the (a) bulk ¢-Si and (f)
amorphous Si spectra. The Raman spectrum of bulk c-Si features a
single peak related to the zone-center optical phonon mode, whereas
the one of amorphous phase is characterized by a broad asymmetric
band at lower frequencies. The Si-NCs spectra may evidence one
or more peaks, irrespectively of the nanocrystallite size (d) and
excitation wavelength (le). The solid lines represent fits to the
spectra using Lorentzian curves.

spectra containing up to two peaks since in cases containing
more peaks the deconvolution of the spectra is unreliable. We
will return to this point below in the discussion.

Strongly red-shifted and broadened peaks have been
observed recently by several authors in Raman spectra of
Si-NCs [43,45-50,66-68]. In the cases where the Si-NCs
are significantly large, so that phonon confinement effects
could be ruled out, red-shifts up to 30 cm~! and linewidths
up to 22 cm~! were observed [49,66], which are in line
with those reported here. In general, these observations were
explained exclusively based on a temperature increase of
the NCs due to the optical excitation underlying the Raman
experiment [43,45-50,66—68]. To investigate this phenomenon
in more detail, we have carried out a comparative study of
the effect of the temperature 7 and of the optical excitation
intensity on the Raman spectra of Si-NCs and bulk c-Si.
Thus, we first thoroughly study the temperature dependence
of the Raman spectra of Si-NCs and compare it with the data
obtained when we carry out similar experiments with bulk c-Si
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FIG. 2. Temperature dependence of the frequency of the optical
phonon mode observed in thermal excitation experiments of a Si-NCs
(34 nm) film and of bulk c-Si. The inset shows representative Raman
spectra from the same Si-NCs film at different temperatures. The
parameters used to calculate the solid, dashed, and dotted lines are
listed in Table 1.

(thermal excitation experiments). In addition, we compare our
experimental data with data reported in the literature for bulk
c-Si.

In the thermal excitation experiments, in order to avoid local
heating induced by the laser light, the excitation power density
was kept at the lowest value while enabling the observation
of both Stokes and anti-Stokes spectra. The excitation powers
used for Si-NCs (5 kW/cmz) and bulk c-Si (64 kW/cmz)
were maintained constant. In the case of Si-NCs, for each
temperature 7 we have probed the sample at three different
locations to assure representative data. The Raman spectra
of the Si-NCs feature just a single peak, as shown for three
different temperatures in the inset of Fig. 2. The spectra at
each temperature were fitted with a single Lorentzian curve,
from which the parameter 2 was extracted. These data are
shown as a function of 7 in Fig. 2 (blue triangles). As can
be seen, 2 progressively shifts towards lower frequencies
with the increase of temperature. This trend follows closely
the behavior observed when we perform similar temperature-
dependent experiments with bulk c-Si (see Fig. 2, red closed
squares) over the entire temperature range (293-873 K).

The temperature dependence of 2 results from the an-
harmonic coupling between the involved phonon and other
phonons (phonon-phonon interactions) as well as on the
thermal expansion of the crystal [6,27,70]. In the simplest case,
the variation of the Raman line position with temperature can
be expressed as [37]

QT) = wo + Aann(T) + Arau(T), ey

where wy is the frequency observed at 0 K. A, (T) represents
the anharmonic terms in the lattice potential, and A (T)
describes the thermal expansion. The anharmonic part of 2(7")
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TABLE 1. Values of the parameters obtained in the fitting of Eq. (1) to the data of the temperature dependence of 2 of the optical phonon
mode for the Si-NCs and bulk ¢-Si, obtained in the thermal excitation experiments. Published values for bulk c¢-Si are also listed. For all cases,
the term describing the thermal expansion of the lattice has been parametrized using values from Refs. [6,69].

Sample ®y (cm™) C (cm™) D (cm™) F

Si-NCs This work 527.6 £0.2 —34+02 —0.02 +0.02 0.65 +0.08

Bulk ¢-Si This work 527.3+0.3 —-3.1+02 —0.04 £+ 0.02 0.81 £0.03
Ref. [37] 528 —3.45 —0.05

has been described as [27]

2 3 3
Agp(T)=Cl14+—— |+ D1+ . + ,

e¥ —1 eV —1  (ev—1)?

2

where x =hwy/2kgT, y =hwo/3kgT, in which i is the
reduced Planck constant and kg is the Boltzmann constant;
C and D are the so-called anharmonic parameters. The
contribution of thermal expansion to the frequency shift can
be described in the Griineisen approximation as [6,70]

T
Ap(T) = wo[exp<—33// Ol(T)dT) — 1i|. 3)
0

Here, y is the (isothermal) Griineisen parameter and «(7') is
the temperature dependence of the linear thermal expansion
coefficient [69].

The dashed (dotted) lines in Fig. 2 illustrate the fits
described with Eq. (1) to the temperature dependence of 2
obtained in our experiments for the Si-NCs (bulk ¢-Si). The
corresponding fitting parameters obtained are listed in Table 1.
The solid line in Fig. 2 represents the well-known temperature
dependence reported for bulk c-Si [37]. As can be seen in
Table I, the obtained values for Si-NCs and bulk c¢-Si are very
close to each other and are also close to the values reported in
the literature for bulk c-Si. This observation reflects the close
agreement between the temperature dependencies measured in
our experiments for Si-NCs and bulk ¢-Si and the dependence
reported for bulk ¢-Si [37]. In addition, it also shows that
the temperature of the Si-NCs (and bulk ¢-Si) is very close
to the experimental nominal temperature, which corresponds
to the temperature of our sample holder.

Figure 3 shows the dependence of the Raman spectra of
Si-NCs and bulk c-Si on the optical excitation intensity (optical
excitation experiments). For Si-NCs probed under the lowest
power density (5 kW /cm?), the spectrum features a single peak
at ~521 cm™! that progressively shifts towards lower frequen-
cies and broadens with increasing the excitation power density.
At the highest excitation power density (670 kW /cm?), the
spectrum displays a pair of peaks (centered at ~504 and
518 cm™!) instead of the single peak observed for the other
power values. For bulk c-Si (dashed gray spectra), the Raman
peak also red-shifts and broadens with the increase of the
excitation power density but at much lower rate than that
observed for Si-NCs. For both Si-NCs and bulk ¢-Si, the local
temperature was evaluated by means of the commonly used
procedure in Raman thermometry based on the ratio R between
the intensities /s and Ias of the Stokes and anti-Stokes Raman

bands, respectively, following the equation

R=15 Fexp(hﬂ>, )
Ias kgT

where F is a coefficient that depends on the optical properties
of the material and on measurement apparatus characteristics
[71]. Detailed information regarding the determination of F
is given in Supplemental Material [64]. It is found that the
optical excitation promotes a much higher heating in the
Si-NCs than in bulk c-Si, as observed in previous experiments
from other authors [50,66,68,72]. In the samples, the Si-NCs
form a very porous network with a rather poor inter-NC
physical contact (grain boundary). This results in a very low
thermal conductivity of the Si-NC samples when compared
to bulk c-Si [45,46,49,61,68,73,74]. Therefore, the Si-NCs
temperature increases due to optical excitation is much higher
than when bulk ¢-Si is excited under the same conditions.
In fact, due to the lack of signal intensity in the anti-Stokes
region, the measurement of the Raman spectra of bulk c-Si

T T T T T T T T T T T T
Si-NCs bulk c-Si
S

(+12)

340 kW/cm?

-540

-520

-500  -480 480 500 520 540

Raman shift (cm™)

FIG. 3. Normalized anti-Stokes and Stokes Raman spectra mea-
sured at different excitation power densities (Aexe = 633 nm) for one
of the Si-NCs samples (d = 34 nm). The dashed lines represent the
Raman spectra of bulk c-Si measured under the same conditions.
The spectra were normalized to the Stokes spectrum measured with
the lowest excitation power density; the normalization factors are
shown between black and gray brackets for the Si-NCs and bulk c-Si,
respectively.
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was only achieved using an excitation power density one order
of magnitude higher (64 kW/cm?) than in the case of the
Si-NCs. The intensity of anti-Stokes peaks increases with the
raise of temperature. Another effect that may be contributing
to the stronger Raman signals of Si-NCs is their lower optical
reflectivity, resulting from an effective medium with lower
refractive index, which enhances the rate of Raman scattering
events.

The green circles in Fig. 2 show the variation of Q2 as a
function of temperature obtained from the excitation-power-
dependent measurements illustrated in Fig. 3. As can be
seen, for high optical excitation intensity, there is a clear
deviation with respect to the expected 2 versus temperature
dependence (blue triangles). This deviation is observed for the
experimental point with lowest 2 and corresponding highest
estimated temperature. In order to investigate this behavior
more deeply, we have carried out experiments of the excitation
power dependence of the Raman spectrum for different
samples of the same Si-NCs (d = 34 nm) and also of different
Si-NCs (d = 10, 11, 21 nm). The spectra have been evaluated
following the same procedure as the one described above for
the data in Fig. 3. The resulting values of €2 versus temperature
are depicted in Fig. 4. Also plotted in this graph are the curves
that describe the temperature behavior of €2 reported for bulk
¢-Si [37], and those determined in our thermal excitation
experiments for the Si-NCs and bulk ¢-Si (from Fig. 2). In
Fig. 4, we can see that the deviation between experimental data
of 2 and the dependence expected for bulk c-Si is observed for

525 ——————————————
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~ 510

Q (cm’

505

500 | e

L e
495 . .
L 4
490 L | L | L | L | L

200 400 600 800 1000 1200
Temperature (K)

FIG. 4. Temperature dependence of the Raman peak position
obtained in optical excitation experiments for different Si-NC samples
(with the indicated crystallite sizes d). The solid, dashed, and dotted
lines illustrate the 2(T") dependencies reported for bulk c-Si, and
those obtained in thermal excitation experiments for Si-NCs and bulk
¢-Si, respectively (see Table I).
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all Si-NC samples studied. The experimental points observed
in the higher range of , i.e., 514 < Q < 521 cm™!, are close
to the values expected for bulk c-Si. This closeness is more
evident for Si-NCs with 34 nm, whereas for the other sizes, a
small downshift of 2 values is observed. These deviations are
most likely related to confinement effects resulting from the
smaller size of these Si-NCs [39—42,44]. In the range of smaller
Q values (2 < 514 cm™1), the deviations observed between
the experimental data shown in Fig. 4 and the temperature
dependence expected for bulk c-Si (solid and dotted lines)
and also for Si-NCs (dashed line) cannot be explained based
on confinement effects. Therefore, it becomes clear that the
interaction of the excitation light with the Si-NCs promotes a
frequency shift of the optical mode peak versus 7', when T is
obtained using Eq. (4), that is different from the shift obtained
in the thermal excitation experiments. We will discuss the
origin of this effect below.

When the Si-NCs are excited thermally (thermal excitation
experiments), the vibrational state of the optical phonon mode
with the highest population, denoted 7, is only defined by the
temperature T of the Si-NCs. In this case, the relation between
nand T for the Si-NCs corresponds to that taking place for bulk
c-Si, as demonstrated by the data shown in Fig. 2. Note that
the frequency €2 of Raman line is directly determined by n and
decreases with temperature due to anharmonicity. Similarly,
the ratio f between the populations of the vibrational states
n + 1 and n, denoted p, ;| and p,, respectively, also depends
only on the Si-NCs temperature and the relation f vs T is

simply given by
P+l iy
— — —_— . 5
f o eXP< kBT> ®)

Obviously, this is the reason why in Raman thermometry the
temperature is frequently obtained from the ratio R between
Stokes and anti-Stokes Raman lines using Eq. (4). Note that f
is directly proportional to the ratio R given in Eq. (4). Hence,
in our thermal excitation experiments with Si-NCs and bulk
c-Si, n and f are only determined by the temperature of the
system. Therefore, there is a well-defined relation between n
(or €2) and f (or R) when the temperature is changed. The
relation between €2 and R obtained for Si-NCs from the data
shown in Fig. 2, by solving Eq. (4) with respect to T and
introducing the result in Eq. (1), is shown in Fig. 5 (dashed
line). In the same figure are also plotted the experimental data
obtained from our optical excitation experiments with Si-NCs
(orange symbols). As can be seen, under optical excitation 2
vs R displays a clear deviation from the behavior expected if
n (and f) is only determined by the temperature, which is the
case in the thermal excitation experiments.

Upon optical pumping, the excitation of the optical phonon
mode occurs in a way fundamentally different from that of
the thermal excitation case. Under optical excitation with
above energy band-gap photons, electrons (holes) are excited
above (below) the conduction (valence) band edge. When
these hot electrons and holes lose energy to occupy states in
the corresponding band edges, they generate optical phonons
(photocarrier thermalization) due to electron-phonon cou-
pling. In turn, the optical phonons decay into acoustic phonons
via phonon-phonon coupling, which results in generation of
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FIG. 5. Raman peak position Q2 versus intensity ratio R. The
dots (orange) represent the experimental data obtained for all Si-
NC samples (data corresponding to Fig. 4). The dashed line (blue)
depicts the expected (calculated) relationship between €2 and R (see
text for details). The calculated dependence was obtained using the
parameters shown in Table I, extracted from the thermal excitation
experiments.

acoustic phonons and in sample heating. Thus, in the case
of optical excitation, the state n of the optical phonon mode
is determined by the balance between the energy gained
from photogenerated carriers via electron-phonon interaction
and the energy lost to acoustic phonons via phonon-phonon
coupling. Likewise, the ratio f is also determined by the
balance between these two energy terms.

Under low optical pumping conditions, the optical phonon
generation rate is low and phonon-phonon coupling processes
are sufficiently efficient so that the optical phonon population
distribution, likewise n and f, corresponds to that expected
for the temperature of the system. In this case, the system is in
thermal equilibrium and Eq. (5) is applicable. Therefore, 2 vs
R is close to that observed in a thermal excitation experiment
(region I in Fig. 5). However, under moderate/high optical
excitation intensity, the generation rate of optical phonons is
higher. This generation rate may be so high that the optical
phonons cannot decay into acoustic phonons quickly enough
to bring the system to thermal equilibrium. There is no quick
enough exchange of energy between optical and acoustic
phonons and no thermal equilibrium is reached. Under these
conditions, a nonthermal steady-state population of optical
phonons is reached and, consequently, the populations p, and
Pn+1 deviate from values expected for the temperature of the
system. In other words, these populations can no longer be
described by the Maxwell-Boltzmann statistics and, therefore,
Eq. (5) is not valid anymore. The observed deviation of 2 vs
R under intense optical excitation (region II in Fig. 5) is a
direct evidence for a nonthermal optical phonon population
distribution. This deviation occurs only in the case of the
Si-NCs because of an enhanced effect of the electron-phonon
coupling. More specifically, the rate of hot electron (hole)
to optical phonon energy transfer events (optical phonon
generation) is higher in the NCs than in the bulk, which leads
to a higher optical phonon generation rate in the NCs.

PHYSICAL REVIEW B 95, 115439 (2017)

FIG. 6. Schemes representing the (a) allowed and (b) hindered
diffusion of photoexcited electrons away from the Raman measure-
ment (excitation) spot in a bulk material and in a nanoparticulate
system, respectively. The red area represents the measurement
(excitation) spot. In the nanoparticulate system, the higher steady-
state density of photoexcited electrons in the measurement spot
leads to an enhanced excitation of optical photons resulting from
electron-photon coupling.

We propose that this effect results from a hindered
photocarrier diffusion in NCs due to their inherently low
electrical conductivity. In the case of bulk ¢-Si, a considerable
amount of photoexcited electrons lose their energy, during
thermalization, to optical phonons outside the photoexcitation
spot, due to a significant electron diffusion current. Here, we
need to estimate the diffusion length of hot electrons within
the thermalization time. Considering a diffusion coefficient
D for electrons in silicon of 36 cm?s™! and a typical
thermalization time of the order of t = 1 ps [75], we
estimate a corresponding diffusion length L = 2+/Dt of about
120 nm. This value is within the same order of magnitude of
the Raman measurement spot on the sample and, consequently,
we expect that a considerable amount of photoelectrons
cannot contribute to optical phonon generation in the Raman
measurement region of the sample [see Fig. 6(a)]. In the case
of the Si-NCs, a larger amount (nearly all) of the photoexcited
electrons contribute to optical phonon excitation in the Raman
measurement spot of the sample because of the very small
diffusion current associated with the nanoparticulate nature
of the system [see Fig. 6(b)] [63]. We should note that this
discussion should of course apply also to the photoexcited
holes. Typical room-temperature charge transport mobilities
n reported for electrons in Si-NC films are in the range
of 107°-5 x 10> cm?> V~!'s~! [76,77]. Using the Einstein
relation,

ks T
D=—un, (©6)

these mobility values correspond at maximum to a diffusion
coefficient at room temperature of D = 1.3 x 107% cm?s~!,
which gives a negligible diffusion length during thermalization
of only ~0.2 A.

As mentioned above, the spectra of Si-NCs recorded in
the optical excitation experiments with high excitation power
densities may display more than one peak (see Figs. 1 and
3). The number of peaks and their 2 values do not follow
any coherent pattern as a function of excitation power density;
however, there is a monotonous correlation between 2 and
I', which indicates that the origin of the peaks should be the
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same, as considered in the analysis above. We note that the
appearance of multiple peaks in the Raman spectra should
not be due to morphological/structural inhomogeneities of
the samples, e.g., inhomogeneous NC size, shape, or surface
structure, because such situation would result in a Raman
peak broadening instead of multiple peaks. The simplest
explanation that we find for the appearance of multiple peaks is
the presence, in the same measurement spot, of clusters of Si-
NCs experiencing different levels of optical phonon excitation.
Si-NC films used in our study are assembled using liquid
suspensions composed of agglomerates of Si-NCs with a size
typically in range of hundreds of nanometers, which results in
the opaque, milky appearance of the suspensions. Therefore,
the films form a three-dimensional random network of these
Si-NC agglomerates. It is reasonable to assume that differ-
ent Si-NC agglomerates, with differing shape and number
of Si-NCs, may have different electrical conductivities. Taking
into account the above discussion, this should in turn result
in agglomerates of Si-NCs with different degrees of optical
phonon excitation (nonthermal phonon population) within
the same measurement spot, consequently yielding multiple
peaks in the Raman spectrum. We should also note that
for nanoparticulate systems like those used in our study,
where electrical percolation effects are very important [77],
it is known that the charge transport properties are quite
inhomogeneous, where some portions of the system conduct
charges more efficiently than others [78]. This explanation is
fully consistent with the fact that the multiple peaks appear
only at high laser powers because the nonthermal population
of phonons occurs only at these excitation powers.

IV. CONCLUSIONS

We monitored the Raman spectra of ensembles of Si-
NCs as a function of intensity of optical excitation, with
photon energies above the energy band gap (opftical excitation
experiments). We observed that the light intensity dependence
of the position 2 of the Raman peak due to the symmetric
optical phonon mode in the Si-NCs is significantly steeper than
that observed when the same experiments are carried out with
bulk c-Si. From the measured dependence of Raman spectra
on optical excitation intensity, we extracted the corresponding
dependence of 2 on temperature 7', where T is estimated from
the intensity ratio of the Stokes and anti-Stokes Raman peaks.

PHYSICAL REVIEW B 95, 115439 (2017)

We found that the temperature dependence of 2 observed
under the photoexcitation conditions is markedly different
from the dependence observed when the same Si-NCs are
excited only thermally (thermal excitation experiments). For
the latter, the 2 versus temperature observed for the Si-NCs
corresponds very closely to that observed for bulk c-Si.
We conclude that moderate/high optical pumping leads to a
nonthermal optical phonon population, which is due to an
enhanced effect of the electron-phonon coupling resulting
from the hindered electrical connectivity in nanoparticulate
systems. Under these conditions, the phonon distribution, as
well as n and (p,+1)/pn, is not only defined by the NCs
temperature, but it is also defined by the optical excitation
conditions. This phonon nonthermal population affects the
position of the Raman band and also leads to an incorrect
determination of the temperature using the Stokes/anti-Stokes
intensity ratio. Our study indicates that, in nanomaterials with
low electrical conductivity and under moderate/high optical
excitation intensity, thermometry via Raman spectroscopy
becomes unreliable due to a nonthermal population of optical
phonons induced by a stronger effect of electron-phonon
energy transfer. Under these conditions, the temperature of
the system cannot be estimated either from the Raman peak
position or from the Stokes/anti-Stokes intensity ratio.
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