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1. Introduction

The optical and vibrational properties of low-dimensiona semiconductors attract much
interest, because they differ significantly from those of corresponding bulk materials and offer a
great variety of attractive applications in eectronic, optodectronic and optica devices, solar cdls,
sensors etc. In order to get information about these properties, a number of techniques devel oped for
bulk materials (infrared and visible absorption, Raman scattering, photol uminescence, photocurrent
measurements, etc.) are applied, as new theoretical considerations have been carried out taking into
account the reduced dimensi onality of nanosized materias.

The Raman scattering (RS) technique, based on indastic light scattering, is a wdl
established procedure for the fast and non-destructive measurement of stress, crystal |attice disorder
and homogeneity of materias with up to ~100 nm spatial resolution. Be ng sensitive to the crystal
potential fluctuations and local atomic arrangement, RS is an excdlent probe for studying
nanostructured materials. The phonon bands appearing in the first order Raman spectrum of a
macroscopic crystal have a Lorentzian line shape. Disorder and particle size change the shapes and
positions of Raman lines. This make it possible, in addition to the rich information taken for bulk
materials, to obtain data about nanoparticle size, shape and s ze distribution etc.

In this article, the size-induced changes in the Raman spectrum of semiconductors are
considered, and a variety of applications of the RS technique to nanostructures containing
semiconductor nanoparticles or ultra-thin films are described

2. Photon-phonon interactions
Light scattering in homogeneous materials is due to dynamic inhomogendties in ther

didectric constant, related to the acoustic or optical wave propagation i.e. fluctuationsin theinternal
mechanical strain. These fluctuations cause indastic scattering of light, and a change in its
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frequency. The two most typical cases of the indastic scattering in crystalline materids are
Brillouin scattering (from acoustic phonons) and Raman scattering (from optica phonons).

The scattering phenomena are two-photon processes, in which an incident photon is
momentarily absorbed into a virtua state. A new photon is created and scattered from this virtual
levd. Thefinal state can be either the vibrationa ground state (this gives Rayleigh scattering) or the
vibrational exdited state (giving Stokes-Raman scattering). In the Stokes-Raman scattering process
(Fig.1) aphoton with energy Awm; transfers a part of this energy to the lattice, thus creating a phonon
with energy %w, which leaves the interaction region with alower energy.

hows = b, - ho, . 1)

The scattering process can also originate from the vibrationally excited state and proceed via the
virtual state to the vibrational ground state. This process is known as anti-Stokes-Raman scattering.
In this case, the scattered photon has energy

fiws: = ko + fa, . 2

The described spontaneous Raman effect is an off-resonance effect. Its description requires
the assumption of a virtual state, which is not intuitively obvious. It is usually considered that the
lattice polarizibility creates this virtual state that allows the incident light to interact with matter
though there is no stationary state nearby into which photons can be absorbed. The polarizibility
changes makeit possible for a photon of any wave ength to be absorbed.

The emitted phonon can be absorbed again by the crystd lattice, and thus a second order
Raman scattering can occur. The energy of the emitted photonis

hws = hws - how, = hwg - 2hw, 3

Such a cascade process can be repeated many times, but with increasing order of the scattering
process the intensity of the scattered light strongly decreases.

3. Raman scattering from nanosized materials
3.1 Effects of nanomaterial size and shape on the Raman spectra

In the Raman scattering process in bulk materids, both the energy and wave vector k are
conserved. The value of k = 2171 (A = waveength) for the photons is very small when compared
with the phonon wave vector k = 217a (a = lattice constant). Since two photons and one phonon
participate in the scattering process, the k of the emitted phonon, which is the vector sum of the
wave vectors of the photons, is aso very small. This means that only phonons with k = 0 take part in
the Raman scattering process. The same is valid for Brillouin scattering. In crystaline materials, the
k conservation results in a single phonon line having a L orentzian shape and a natural line width of
around 3.5 cm™.

The presence of disorder in crystalline solids (amorphization or reduced dimensionality) modifies
the wave vector sdection rules for optica processes. Generaly, in the case of nanosized materials
characterized with dimensions comparable with phonon waveength, the description of the
eementary lattice excitons with plane waves is no longer justified. A wave packet whose spatia
dimension is comparable to the crystallite size is used whose confinement introduces a spread or
uncertainty in-wave vectors and phonons with k # 0 can be involved in Raman scattering. This
uncertainty is larger for smaller sizes of the ordered domai ns because the wave packet becomes more
localized in rea space As the optica phonon dispersion curves are in genera not flat new
frequencies are introduced in the Raman spectra when contribution from phonons with significantly
different wave vectors starts to play arole[1-4]. Assuming that the size reduction rel axes the Raman
sdection rules but does not significantly modify the phonon dispersion curves of the reference three-
dimensiona (3D) system, Raman lines will “red’” shift and asymmetrically broaden to the low-
energy side of the Raman band (see Fig.2). The nature of the changes and the crystal size at which
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these changes take place depend on the dispersion curve of the material, and also on the intrinsic
phonon lifetime. Normally the smaller the size, the stronger the band asymmetry.
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Fig. 1. Energy conservation for photon-phonon Fig. 2. Effect of nanoparticle size and variation in Sze
inelastic scattering with emission (left) and distribution g on the shape of the ca culated Raman
absorption (right) of aphonon. band from an ensemble of S nanocrystals with two

different average sizes[1].

Fig. 2 demonstrates the effect of variations of nanoparticle size and size distribution o (ha f
width a half maximum, divided by the average nanocrystal size) on the shape of the cdculated
Raman band of an ensemble of Si nanocrystals. It is seen that the size decrease causes a red shift of
the Raman band. With increasing o, the peak position keeps nearly constant, but the full width at
haf maximum (FWHM) of the band, as well as its asymmetry, increases significantly. Therefore,
the presence of a strong and longer tail in the Raman lines can be interpreted as an indication for a
broad nanoparticle size distribution. It has been calculated [1] that for large crystals (> 10 nm)
and/or small ovalues (< 10%), the effects of gvariations are negligible.

Considering the phonon wave function to be partialy confined to the volume of crystalites
of three different shapes (thin film, column and spherical crystals, Fig. 3, left), Campbdl and
Fauchet [3] calculated a relationship between the FWHM/Raman shift and the crystal size (Fig. 3,
right). Thereis a clear distinction between the spectra of the film contai ning many isolating spherical
nanocrystals and those for the ultra thin crystalline film. The effect of the size on the position and
shape of the Raman band is strongest for the spherical nanoparticles and margina for ultra thin
films. That is why, following the works of Richter et al. [2] and Campbell and Fauchet [3], a number
of research groups have developed theoretica formalisms for calculating first order Raman
scattering from nanocrystas. In those calculations, aong with the effect of the reduced size of a
single nanoparticle [1,5-7], the nanoparticle shape and size distribution in an ensemble of small
crystas has aso been considered [8]. It has been argued that for an ensembl e of nanospheres, apart
from superposition of the individual scattering from each single sphere, there exists a collective
scettering by a coherent mode, which involves many spheres, unless their concentration is too small
[8]. Several rdatively simple formulas can be found in the literature, giving the intensity of the first
order Raman spectrum in nanocrystals. For example, Campbell and Fauchet [3] suggested the
following expressi on for the Raman intensity I:

l(wl) O/ exp (RLY2a){ K[ efk) - cd*(Go/2)} 4

where G, is the bulk FWHM, «(K) is the dispersion rdation for optical phonons and « is a constant
representing the degree of phonon confinement. This or similar relations can be applied for
determi nation of the average size of ensembles of small crystals by using nanocrystal size as the free
parameter in afitting procedure. It is also necessary to know or assume a function for the dispersion
curve of the opticd phonon [9]. Experimental Raman spectra have been used to eval uate the average
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size of crystals in nanocrystalline Si and Ge films [10-12] as well as of CdS, CdSe nanocrystals
embedded in various matrices [13,14].
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Fig. 3. Left: Zero, one- and two-dimensiona crystas. Right: Qualitative relationship

between the FWHM G, shift 4w and crystal size L for these microcrystal shapes. The shift

and width scales are the same for dl three shapes. The maximum Aw and G in each curve
correspondsto acrystal dimension of 3 nm.

3.2. Off-resonance Raman scattering results

The Stokes and anti-Stokes Raman scattering considered above are off-resonance optical
phenomena. When absorbing photons, the systemisin a virtual state corresponding to some change
inits polarizability. In this case, the Raman scattering cross section is not very high. For this reason,
off-resonance Raman scattering measurements require intense excitations and rdatively long
integration times.

Raman scattering investigations of the effects of thermal annealing and laser illumination on
the structures of amorphous Se/CdSe multilayers of various sublayer thicknesses (3.5 to 10 nm) have
shown [15] that after annealing, the intensity of all bands increases for all samples, implying an
improvement in the interface quality. It was aso observed that a gradual increase in the laser power
density caused a decrease of the 256 cmi* band (due to amorphous Se), and a significant increase of
the 237 cm™* band (due to crystalline Se). This indicates that crystallization of the Se layers occurs,
related mainly to the thermal effects of the laser beam. From the threshold for crystallization, it was
concluded that the crystallization temperature of ultra-thin Se films is significantly higher than that
of bulk Se. Thus, the Raman scattering experiments confirmed the prediction of thermodynamic
considerations for an increase in the crystallization temperature of 2D amorphous materials when
compared to that of the 3D material.

Raman scattering measurements have been used to explore the photocrystalization of
SenTey layers in Se¢/SeTe amorphous multilayers having various layer thicknesses [16,17].
Spectra obtained for Se(4 nm)/SepTe multilayers having SexTes layer thicknesses of 3.5 and
7.0 nm are shown in Fig.4. In order to avoid heating of the samples and thermally-induced
crystallization, the spectra were taken at 20 K and at a low laser beam intensity. It is seen that when
exdting the sample having thinner Se,Tey layers with a laser beam power of 55 W.cm?, the
237 cm'* band related to crystalline Se appears after much longer illumination than in the case of the
sample with thicker Se;pTes layers. Thus, the RS results have shown for the first timethat, similarly
to thermaly-induced crystallization, photoinduced crystalization of ultra-thin amorphous films is
strongly affected by the size reduction.

Since Raman scattering is very sensitive to the composition of materials, it can be used to
check interface dloying in multilayer structures, as wel as compositional homogeneity. Raman
results on interface alloying in ZnSe/CdSe multilayers are shown in Fig.5. It is seen that a significant
increase of the FWHM of the 1LO (longitudinal optica) band of CdSe (210 cm'™) takes place with
decreasing CdSe and ZnSe layer thickness. This increase has been related [18] to the formation of
ZnCdSe regions at the interfaces. The rdative volume of these regions increases when the layer
thickness decreases. The annealing induces a further increase of the FWHM, indicating that the total
volume of the ZnCdSe regions in anneded films is appreciably greater than that in
as-deposited multilayers.
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Fig. 4. Raman scattering spectra of Se(4 nm)/Se;pTesy amorphous multilayers having Se,gTes sublayer
thickness of: () - 3.5; (b) - 7.0 nm. The spectra were measured at a constant spot of each sample, after
preliminary exposure to the respective laser beam power noted for each spectrum.
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Fig. 5. Raman scattering spectra of as-deposited and annealed ZnSe/CdSe multilayers with various layer
thicknesses. The ZnSe and CdSe layers have the same thickness.

Phase separation of supersaturated solid solutions is widely used for the preparation of
semiconductor nanoparticles embedded in glass matrices. In general, the size distribution of the
nanopartid es grown using this technique is rather broad. As discussed above, Raman scattering can
give very useful information about the nanocrystal size and shape distribution. For this reason, it is
frequently used to control and optimize the parameters (saturation, temperature and duration) of the
nanopartide growth process. Fig.6 shows Raman spectra of SiOx films with different oxygen
contents, annealed at 523, 973 or 1303 K [19]. The spectra of samples annedled at 523 K display a
narrow band that originates from the ¢c-Si substrate, and one can conclude that no phase separation
occurs upon this annealing. The spectra of samples annealed a 973 K exhibit two wide bands at
~ 150 cm* and ~ 480 cm™. These bands are typical of amorphous Si, and their appearance indicates
that, at this temperature, phase separation occurs and regions of ‘pur€ amorphous silicon are
formed. The absorption of the 488 nm light in &Si is stronger than in SiO.. For this reason, the
intensity of light scattered from the substrate is reduced. In the samples annealed at 1303 K, the 150
cm™* band was not observed. A tail of the band from the ¢-Si substrate, whichis not as long asin the
case of &Si, isseenin Fig. 6. Also, theintensity of the scattered light from the substrate is increased.
Keeping in mind that the absorption of crystalline Si is weaker than that of amorphous silicon one
can infer than Si nanocrystals were grown upon anneaing at 1300 K.
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Fig. 6. Raman spectra of SO films with different oxygen contents. The films were deposited on ac-Si
substrate and anned ed at 523 K for 30 min (left, dashed line), 973 K for 60 min (le&ft, solid line) in argon and
1303 K for 60 min in nitrogen (right). The 488 nm Ar" laser line was used for excitation.

Finally, in this section, we would like to mention the possibility of exploring internal strain
and size-dependent lattice contraction in nanocrystals by means of the RS spectroscopy. It has been
demonstrated [20] that CdSe-like and CdS-like 1L O bands of CdS;.xSe; nanocrystals embedded in a
glass matrix exhibit a blue shift with respect to their positions in bulk materials. Such a shift
indicates that the nanocrystals suffer compressive strain. It has been found that the strain increases as
the crystallite size decreases. A modd based on the cluster surface free energy on the surface-to-
volume ratio has been suggested to explain the observed blue shift. Raman measurements have also
been performed on CdSe nanocrystd's of various sizes embedded in three different matrices (GeO,,
SiO,, B,0s-SI0,) [21]. All series of samples showed the expected red shift with decreasing
nanocrystal size. However, it was observed that at the same nanocrysta size the magnitude of the
red shift and the band position depend on the matrix composition. The strongest shift has been
registered for the B,Os-SIO, series, in which an appreciable blue shift of the 1LO band of CdSe was
observed in the samples with the largest nanocrystals. This result implies that the compressive strain
in the B,Os-SIO, samplesis greater than in the other two series.

3.3. Resonance Raman scattering investigations

Resonance enhancement occurs in Raman spectroscopy if the energy of the exciting light is
close to the energy of a stationary dectronic transition of the sample The strongest increase is
normally observed when the exciting light approaches the optica band gap of the investigated
material. The intensity enhancement in resonance Raman spectroscopy is very useful to study
nanophase and nanostructured semi conductors, since they require measurements at small nanophase
concentrations. The advantage of the resonance Raman spectroscopy is not only the increased
sensitivity, but also the sd ectivity of the effect. It alows groups of objects (for exampl e nanocrystals
having the same size and hence the same opticd band gap) to be sdectively explored. The
availability of lasers that can be tuned over the whole visible spectrum makes it possible to study
nanocrystal size distributions, the deviation of the shape of nanocrystals from the spherical one, etc.
The enhanced Raman cross section adlows the observation of Raman scattering of orders higher than
3, aswdl as investigations of the € ectronic structure of nanosized semiconductors.

Raman spectra of SiO,/CdSe multiquantum wels (MQWSs) with various CdSe layer
thicknesses, excited by the 647.1 nm (~ 1.92 eV) Kr" laser line, are shown in Fig.7 [22]. The 1 LO at
210 cm™ and 2 LO at 418 cm* phonon peaks are seen. All spectra were recorded under identical
experimental conditions, and correspond to the same intensity scde However, one can see that the
Raman intensity reaches a maximum for samples with a CdSe well thickness ~ 3.5 — 4.0 nm. This
implies that resonant absorption takes place for these thicknesses. Hence, the optical band gap of
CdSe layersis ~ 1.92 eV. On the other hand, CdSe films in these MQWSs are nanocrystdline If the
potential barriers between the CdSe nanocrystals are high enough and 3D confinement of charged
carriers takes place in each separate nanocrystal, one can expect that their optical band gap should
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Fig. 7. Raman spectra of SiOx/CdSe multiquantum Fig. 8. Photoluminescence spectra of a
wells with various CdSe layer thicknesses, excited by SO, /CdSe multiquantum well with a CdSe sublayer
the 647.1 nm Kr" laser line. thickness of d,, =4 nm

be ~ 2.eV. This discrepancy has been explained [22] by assuming low potentia barriers and 1D
carrier confinement that occurs in a direction perpendicular to the layer plane. Thus, the resonance
RS measurements performed on SiO,/CdSe MQWSs gave important information about the optical
band gap of ultra-thin nanocrystalline films of CdSe and the barrier height at the grain boundaries.

Fig. 8 shows photoluminescence spectra of a SiO,/CdSe multiquantum well with a CdSe
sublayer thickness of 4 nm. The sharp peaks superimposed on the uminescence spectra correspond
to various orders of Raman scattering by the 1 LO phonon of CdSe. Up to five orders have been
observed in the spectrum excited with the 647.1 nm laser line, while in the spectrum taken with the
530.9 nm line there are three. As discussed above, the energy of the first laser line corresponds to
eectron transitions between the first minibands of the vaence band and conduction band. That of
the second line coincides with the transition energy between the miniband of the valence band
related to spin-orbit splitting and first miniband of the conduction band. It has been calculated [23]
that the probability for the second transition is lower than that for the first. This may be the reason
for the reduced number of Raman scattering orders observed for excitation with the 530.9 nm line,
even though the absorption coefficient at this energy is higher than that for the 647.1 nmline.

Finally, we give an example of the study of higher exditons in semiconductor nanocrystas.
Room temperature Raman scattering spectra of aGeS,-CdSe composite films for four values of the
average CdSe nanocrystal radius excited by the 488 and 514.5 nm Ar” laser lines are shown in
Fig. 9. All spectra are normalized relative to the 343 cm™ band of the GeS, matrix. They
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Fig. 9. Room temperature Raman scattering spectra of a-GeS,/c-CdSe composite films for four val ues of the
average CdSe nanocrystal radius excited by the 488 nm (l&ft) and 514.5 nm (right) Ar* laser lines.
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correspond to the same intensity scale, but the observed band intensity is different. It is highest for
the ‘2.5 nm sample with excitation by the blue line (2.54 eV) and for the ‘1.5 nm’ sample when
using the green (2.41 eV) one. This implies that resonance absorption takes place for the respective
laser line. Since the energy of both lines is greater than the optical band gap of CdSe nanocrystals
(2.05 ev and 2.3 eV for the ‘2.5 nm and ‘1.5 nm' samples, respectively) one can assume that
resonance Raman scattering takes place for higher excitons in these nanocrystals. By variation of the
measurement temperature and wave ength of the exciting light, one can get information about higher
exdtons in nanocrystals, which as awhole is rather scant.

4. Conclusions

This review of resonance and off-resonance Raman scattering from nanosized
semiconductors shows that significant changes can take place in the first order Raman band, due to
sized-induced rdlaxation of the wave vector sdection rule. The experimental data illustrate that the
Raman scattering technique can be successfully applied to nanosized materials. It alows one to
obtain valuable information about: interface-induced disorder in multilayers, interface dloying,
crystallization of ultra thin amorphous films, phase separation in supersaturated solutions, the
presence of amorphous and crystaline phases in nanostructured materials, nanocrystd size and
shape, and lattice contraction. Resonance Raman scattering dlows one to obtain more rdiable
results, and to investigate the e ectronic structure of low-dimensiona semiconductors.
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