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Abstract
CdSe quantum dots have been produced in an amorphous GeS2 thin film matrix
by alternating thermal evaporation in vacuum and deposition of several CdSe
and GeS2 layers, with the thickness of the latter being, typically, 20 times
larger than that of the former. Raman scattering spectra of these films have
been measured over the temperature range 20–293 K using four Ar+ laser lines
for the excitation and studied with emphasis on the position and intensity of
the longitudinal optical phonons of CdSe. A shift of these phonons to lower
frequencies is seen which increases with decreasing CdSe layer thickness. On
the other hand, resonant Raman effects have been observed as the phonon
intensity depends strongly on the nominal CdSe layer thickness, excitation
energy and temperature. These results imply formation of high quality CdSe
quantum dots in the amorphous GeS2 thin film matrix and are interpreted in
terms of resonant absorption in exciton electronic states of these quantum dots.

1. Introduction

Low-dimension semiconductors display remarkable size-dependent optical and electronic
structure properties [1–8] manifested by band gap variation, spectral tunability of light
absorption and emission, confinement induced oscillator strength, etc. Thus, apart from their
exciting new physics, they can be used in a number of optoelectronic and non-linear optical
applications [9–12]. Nanosize particles, or quantum dots (QDs) as they are often referred
to, of various semiconductors have been produced in a variety of large band-gap matrices,
such as glasses [1, 4, 6], colloidal solutions [2, 3] and organic or polymeric materials [5, 7]
and studied mainly with regard to their emission spectra. On the other hand, semiconductor
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nanoparticles with narrow-size distribution have been produced in periodic structures, such as
amorphous/nanocrystalline multiple quantum wells [13–16].

It is well known that the electron–phonon coupling is of great importance in these
materials as its strength increases with decreasing QD size [17] and, because of this, Raman
spectroscopy can provide further evidence on such quantum confined structures. Previous
Raman investigations [4, 6, 18, 19] on semiconductor QDs embedded in large band-gap
matrices have shown a marked shift (up to 8 cm−1) to lower frequencies (red shift) and an
asymmetric broadening of the Raman bands, results which are in agreement with the predictions
of the phonon localization model [18]. However, for semiconductor nanoparticles formed in
multiple quantum wells, it has been found both experimentally [15] and theoretically [18] that
the Raman bands sustain a very small red shift (∼1 cm−1), even in the case of superlattices
with ultra thin sublayers; clearly, there is a distinction between nanoparticles (QDs) in a
matrix and those formed in two-dimensional quantum wells and this should be attributed to
the three- and one-dimensional quantum confinement sustained by phonons in the former
and latter cases, respectively. Size-dependent resonant Raman scattering has been reported
in CdSe [4] and CdS [6] QDs embedded in silicate glasses and in CdSe nanoparticles [15]
formed in SiOx /CdSe multiple quantum wells; the latter results have been interpreted [15] in
terms of resonant absorption brought about by an increase of the optical band gap of CdSe
with decreasing particle size.

In recent studies [20–22], fabrication of CdSe QDs in a thin film SiOx matrix has been
reported using the multilayer deposition technique; it has been shown [21] that during the
deposition of ultra thin layers of thermally evaporated CdSe on relatively ‘rough’ SiOx layers,
a self-organized formation of CdSe nanoparticles takes place which are distributed in space
according to the surface roughness of the oxide layer underneath. It has been proposed [21, 22]
that at the start of CdSe layer deposition, the first nuclei for such particles are formed at
positions of the SiOx layer for which the surface curvature and intrinsic stress are greatest,
then the following CdSe deposition does not result in the formation of further nuclei, but simply
leads to an increase in size of the existing nanoparticles. This proposition has been based on
the observation of a rather narrow nanoparticle size distribution in SiOx–CdSe films [21].

In order to draw further supporting evidence for the above described mechanism of self-
organized nanoparticle formation, we have prepared a-GeS2–CdSe composite thin films in
an attempt to produce CdSe QDs in the amorphous matrix of GeS2. In this study, Raman
scattering from such composite films is reported in which the GeS2 layer thickness is 20
times larger than that of the CdSe ones. Another motivation for this study is to investigate,
via the Raman scattering characteristics (position and intensity of Raman bands), the nature
and quality (shape, size distribution, etc) of the low-dimension CdSe particles formed in the
respective layers. Further, as the studies on QDs to date refer almost exclusively to large
band-gap matrices, we extend the studies on low-dimension semiconductors by using a lower
band-gap matrix material, namely amorphous semiconducting GeS2. Temperature dependent
Raman measurements have been carried out on a variety of a-GeS2–CdSe composite films
in the range 20–293 K using four exciting laser lines. From the shift of the Raman bands it
is concluded that CdSe QDs are formed in the GeS2 matrix. Resonant Raman scattering is
observed and related to light absorption in several excited electronic states of CdSe QDs.

2. Experimental details

Composite a-GeS2–CdSe thin films were prepared in the shape of almost square platelets
(∼1 cm2 area) by alternating thermal evaporation of GeS2 and CdSe from two independently
heated tantalum crucibles at a vacuum of 10−4 Pa and deposition on Corning 7059 glass or
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crystalline Si substrates at room temperature [22]. The nominal thickness of a single CdSe
layer was dCdSe = 1, 2, 3 and 5 nm, while the total thickness of all CdSe layers in each sample
was 75–80 nm. All samples had GeS2 ‘matrix’ layers with a typical thickness of dmatrix =
20 dCdSe (i.e. dmatrix = 20–100 nm) and the total thickness of all GeS2 layers amounted to
1500–1600 nm.

Stokes Raman spectra in a pseudo-backscattering geometry were recorded using a system
of a SPEX 1403 double monochromator (operated at a spectral slit width of ∼3 cm−1) and
a cooled photomultiplier connected to photon counting equipment. The 457.9 (2.71), 476.5
(2.60), 488 (2.54) and 514.5 nm (2.41 eV) lines of an Ar+ laser were used for the excitation in a
line focusing configuration (cylindrical lens) in order to avoid degradation of the films. Raman
spectra were obtained at several temperatures over the range 20–293 K in vacuum (inside the
cryostat) and at 293 K in air, with the laser beam power density being 4 and 8 W mm−2 for the
measurements in vacuum and air, respectively. A closed cycle He cryostat (20–300 K) was
used for the low temperature Raman measurements.

3. Results and discussion

The room temperature Raman spectra of a-GeS2–CdSe films (having different CdSe layer
nominal thickness) excited by the 488 and 514.5 nm laser lines and recorded in air are shown
in figures 1 and 2, respectively. For comparison, the Raman spectrum of a pure GeS2 film is
also given in figure 1. The peak at 343 cm−1 in the spectra of figures 1 and 2 is the main band of
amorphous GeS2 [23] and its intensity is, within small margins, the same for all films, a result
which is anticipated given that the total thickness of GeS2 layers is equal for all samples and that
no significant variation of their optical gap is expected (with dmatrix) for such thickness values
(dmatrix � 20 nm). Hence, in order to compare the Raman scattering intensities from CdSe
layers and eliminate any small variations of sample parameters (thickness, surface quality) or
measuring conditions, the thin film spectra of each figure 1 and 2 were normalized with respect
to the maximum of the 343 cm−1 peak of the spectrum of the single layer of pure GeS2 film.
Three more bands observed at 260, 370 and 435 cm−1 are also due to amorphous GeS2 [23].
The band at ∼205 cm−1 in the spectra of figures 1 and 2 is attributed to scattering from the
CdSe layers as it is known [24] that the 1LO Raman phonon of bulk CdSe wurtzite crystal
appears at 210 cm−1. The inset of figure 1 shows, in detail, the variation of the 1LO band with
dCdSe for the four samples in hand. Further peaks at about 280 and 410 cm−1, appearing in the
spectra of films with dCdSe = 2 or 3 nm, are discussed below.

The position of the 1LO band depends on the CdSe layer nominal thickness and shifts
from about 208 (dCdSe = 5 nm) to 204 cm−1 (dCdSe = 1 nm), an effect illustrated better in
the inset of figure 1; also, the band becomes increasingly asymmetric on the low frequency
side with decreasing dCdSe. A total shift of up to 6 cm−1 is observed in our spectra for the
1LO band in comparison to its single crystal position [24]. This shift is slightly less than
the maximum observed in other studies [4, 19] of CdSe QDs embedded in large band-gap
silicate matrices. This small difference may be attributed to the different environment of
the GeS2 matrix in which the red shift is partly counter-balanced by a strain-induced blue
shift due to a compressive stress by the GeS2 matrix. Generally, our results are in good
agreement with previous studies [4, 6, 18, 19] and imply formation of CdSe QDs which are
subjected to a three-dimensional quantum confinement, thus allowing observation of phonon
scattering contributions also from points of the Brillouin zone away from its centre, where
the optic branches show lower energies [4]. In fact, the Raman results of this work confirm
the conclusions of previous electron microscopy [22] and absorption [25] studies on these
a-GeS2–CdSe composite films about the formation of CdSe QDs.
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Figure 1. Room temperature Raman scattering spectra of a-GeS2–CdSe composite films for four
values of nominal thickness dCdSe of the CdSe layers and of an amorphous GeS2 single layer, excited
by the 488 nm Ar+ laser line. The inset shows, in detail, the shift towards the lower frequencies
(red-shift) of the 1LO phonon band of CdSe with decreasing dCdSe. All spectra are normalized
with respect to the 343 cm−1 band of the amorphous GeS2 matrix.

Furthermore, the spectra of figures 1 and 2 imply that resonance Raman scattering takes
place as the intensity of the 1LO band strongly depends on dCdSe; specifically, this band shows
maximum intensity for dCdSe = 3 (2) nm when excitation is done by the 488 (514.5) nm line.
Intensity comparisons between the spectra of figures 1 and 2 show that the resonant effects are
stronger when the 514.5 nm line is used for the excitation and this is confirmed by the strong
appearance of extra spectral features in the spectra of films with dCdSe = 2 or 3 nm (figure 2),
namely bands at about 280 and 410 cm−1, corresponding to second order combination (additive)
scattering [24, 26]; these bands are weakly observed also when the 488 nm line is used to excite
the respective samples (figure 1). In fact, the band at ∼410 cm−1, which has also been observed
strongly in a previous study [15], is attributed to the 2LO second order band which appears
at 420 cm−1 in single crystals of CdSe [24, 26]. This second order Raman band is red-
shifted in our spectra (figure 2) because of the phonon confinement effect. A similar feature
at about 280 cm−1 appears in the spectrum of bulk CdSe crystals [24, 26] which has not been
assigned, but, because of its broad character should be attributed to combination (addition) of
different (TO + LO) optical phonons. These results show that excitation with the 514.5 nm
line corresponds to better resonance conditions compared to excitation with the 488 nm line.

In order to draw further evidence on the dependence of the 1LO intensity on the excitation
energy, we have also used the 457.9 (2.71) and 476.5 nm (2.6 eV) Ar+ laser lines for the
excitation of Raman spectra of the ‘2’, ‘3’ and ‘5’ nm samples. In figure 3 the spectra of the
‘3’ and ‘5’ nm samples are shown excited by the 476.5, 488 and 514.5 nm lines; the spectra
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Figure 2. Room temperature Raman scattering spectra of a-GeS2–CdSe composite films for four
values of nominal thickness dCdSe of the CdSe layers, excited by the 514.5 nm Ar+ laser line. All
spectra are normalized to the 343 cm−1 band of the amorphous GeS2 matrix.

have been measured inside the cryostat and are normalized to the 343 cm−1 band of GeS2. The
observed intensity variation of the 1LO band with laser energy is very unlikely to be caused
by variable absorption by the GeS2 matrix as it is known [27] that the Raman intensity from
pure GeS2 glass is almost independent of the excitation energy in the range 2.0–2.7 eV. It
is, therefore, obvious from figure 3 that the 1LO band is stronger when the 514.5 nm line is
used for the excitation and this trend is observed in spite of the ν4 dependence of the Raman
scattering cross-section which favours the blue line excitations. Further evidence about this
trend is given in figure 4 which shows the Raman spectrum of the ‘2’ nm sample excited by
each of the four laser lines used in this work; each spectrum is normalized first with reference
to the ν4 factor of the respective line and then all four spectra are normalized to the peak of
the 343 cm−1 band of GeS2. The normalized, integrated intensity of the 1LO band from the
spectra of figure 4 has been plotted against the excitation energy and this plot is given in the
inset of figure 4, showing, again, that excitation with the 514.5 nm is closer to resonance.

It is known [28] that in semiconductor QDs with a parabolic dispersion of electron and hole
bands, the three-dimensional carrier confinement results in the appearance of a series of discrete
levels in both valence and conduction bands. In this simplified parabolic-band model, optical
transitions are allowed between electron and hole states of the same symmetry and the QD
conduction band is reasonably described by this model [28]. Due to the spin–orbit interaction,
the valence band splits into fourfold and twofold degenerate bands and calculations performed
taking into account this degeneracy and the valence band mixing in QDs have shown [2, 28, 29]
that electronic transitions are allowed between various levels of the valence band and the lowest
level of the conduction band (1Se). In this situation, the lowest energy electronic transition
1S3/2–1Se defines the optical band gap of CdSe QDs [2, 28, 29]. Besides, as a consequence
of the breakdown of selection rules, several distinct bands should appear in the absorption or
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Figure 3. Room temperature Raman scattering spectra of two a-GeS2–CdSe composite films with
CdSe nominal layer thickness of dCdSe = 3 and 5 nm, excited by the 488, 514.5 and 476.5 nm Ar+

laser lines. Each series of spectra correspond almost to the same sample spot and are normalized
to the peak intensity of the 343 cm−1 band of the amorphous GeS2 matrix.

photoluminescence excitation (PLE) spectra of high quality (that is, narrow size distribution
and small shape variation) CdSe QDs related to the so-called high-energy excitons [2, 28, 29].
Indeed, a number of bands have been observed in the PLE spectrum of colloidal CdSe QDs [2].
However, in absorption spectra of CdSe QDs in amorphous matrices (which display a relative
wide size distribution), only two such features have been observed [28, 29] and related to
1S3/2–1Se and 2S1/2–1Se transitions. Intensity evaluations of PLE results [2] have shown that
the observed bands correspond mainly to nhS3/2–1Se, nhS1/2–1Se and 1P3/2–1Pe transitions.
Recent calculations [30] of the possibility of observing various excitons in CdSe QDs have
shown that it is relatively high for the 2S1/2–1Se transition (which originates from the split-off
valence subband) in comparison with the 2S3/2–1Se, 1S1/2–1Se and 1P3/2–1Pe transitions.

In an attempt to observe and identify independently excitonic transitions in the CdSe QDs
of this study, spectral photocurrent measurements at room temperature have been performed
in these composite films and particularly in the samples with dCdSe = 3 and 5 nm; a detailed
account of these measurements and results have been presented elsewhere [25]. The transition
(exciton) energies obtained from the photocurrent spectra [25] of the films having dCdSe = 3
and 5 nm are given in table 1, along with the corresponding transition assignments which
were deduced in a sequence of increasing energy; also, in the same table, approximate
transition energies are given for the film having dCdSe = 2 nm, with the procedure of deducing
these energies explained below. Using the values of the lowest transition energies, i.e. the
experimental bad-gap energies (third column of table 1) and the size dependence of the energy
gap of CdSe [28], we have obtained values of 2.5 and 3.3 nm for the average radius Rav of CdSe
QDs (second column of table 1) in the films with dCdSe = 3 and 5 nm, respectively; for the film
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Figure 4. Room temperature Raman scattering spectra of an a-GeS2–CdSe composite film with
CdSe nominal layer thickness of dCdSe = 2 nm, excited by the 457.9, 476.5, 488 and 514.5 nm
lines. The spectra have been normalized with reference to the excitation energy (i.e. to the ν4 factor)
and then to the peak intensity of the 343 cm−1 band of the amorphous GeS2 matrix. The inset
shows the integrated intensity of the 1LO phonon of CdSe plotted against the excitation energy;
the integrated intensity is normalized to the respective intensity of the spectrum excited by the
457.9 nm line.

with dCdSe = 2 nm, an average QD radius of ∼1.5 nm has been obtained from transmission
electron microscopy data [22] which in any case have not given as accurate QD size values
as those obtained from the photocurrent measurements. An approximate band-gap energy for
QDs of the dCdSe = 2 nm film (average QD radius Rav ∼ 1.5 nm) has been estimated from the
size dependence [28] of the CdSe band gap.

The estimated QD radii are smaller than the value of 5.6 nm which corresponds to the
exciton Bohr radius in CdSe [29] and, hence, a strong confinement regime should be effective
for the QDs of this work. Bearing in mind the nominal thickness of the CdSe layers and the
obtained values of QD radii, one may calculate the in-plane density of QDs and draw the
conclusion that they are very close to one another or even in contact. However, we know
from transmission electron micrographs [22] that the CdSe QDs are not disposed in a plane,
but they follow the surface morphology and roughness of the GeS2 matrix below; this means
that the QDs are grown at those areas of the GeS2 layer for which strain becomes maximum
(peaks or valleys of the surface, [22]). Thus, QDs are grown in a sublayer whose thickness
is, at least, three times greater than the QD diameter [22]. These results imply that strong
confinement conditions exist for the QDs of this work. Moreover, we have additional evidence
for the existence of strong electronic confinement in the CdSe QDs. The absorption spectra of
these samples obtained by various spectral photocurrent methods show a number of absorption
maxima [25]. These maxima appear at the energy positions of several excitonic transitions



8228 C Raptis et al

Table 1. Electronic transitions of CdSe nanocrystals and respective experimental, estimated and
theoretical values of transition energies.

1S3/2–1Se

Nominal Average Optical 2S3/2–1Se 1S1/2–1Se 1P3/2–1Pe 2S1/2–1Se 3S1/2–1Se

CdSe CdSe QD band gap (eV) (eV) (eV) (eV) (eV)
thickness radius E0

g at 293 K
dCdSe (nm) Rav (nm) (eV) 293 K 20 K 293 K 20 K 293 K 20 K 293 K 20 K 293 K 20 K

5.0 3.3a 1.94b 2.09b 2.17f 2.19b 2.27f 2.30b 2.38f

1.99e 2.09e 2.09e 2.29e

3.0 2.5a 2.05b 2.14b 2.22f 2.25b 2.33f 2.34b 2.42f 2.52?b

2.13e 2.25e 2.32e 2.40f 2.47e 2.55f 2.52e 2.60f

2.0 ∼1.5c ∼2.30d 2.42e ∼2.60e ∼2.70e

a Estimated values deduced from the size dependence of the optical band-gap E0
g [28] (E0

g values from the third
column have been used).
b Room temperature electronic transition energies obtained from the spectral photocurrent measurements of [25].
c Approximate value obtained from the high resolution electron micrographs of [22].
d Estimated value of E0

g deduced from the size dependence of the optical band-gap [28] (the value of 1.5 nm from the
second column has been used for the average CdSe nanocrystal radius).
e Room temperature theoretical electronic transition energies from [2] (using the effective mass model of [29]).
f Low temperature estimated electronic transition energies deduced from the temperature dependence of the optical
band-gap dE/dT ≈ 2.9 meV K−1 [31] of bulk CdSe.

of CdSe QDs, thus indicating the existence of three-dimensional carrier confinement in these
QDs and a narrow size distribution.

Furthermore, in table 1 theoretical values of exciton transition energies are given for
CdSe QDs with average radii 1.5, 2.5 and 3.3 nm, which have been calculated [2] using
the effective mass model [29]; these values are in good agreement with experimental ones
obtained by the same authors [2] for colloidal CdSe QDs. One can see that for our samples
with nominal dCdSe = 3 and 5 nm, there is, in general, good agreement between the room
temperature transition energies (and the transition assignments) obtained from the photocurrent
measurements [25] and the calculated energy values [2] of these transitions. The only
noticeable difference between experimental and theoretical values concerns the 2S1/2–1Se

transition of the ‘3 nm’ sample; however, since the experimental value involves a large margin
of error as the relevant feature corresponds to a ‘shoulder’ in the photocurrent spectrum [25]
of this sample, we rely on the calculated data for further considerations about this transition.
As was mentioned previously, the estimation of the optical band gap energy of the ‘2 nm’
sample involves large margins of error and so do the theoretical values which correspond to
the optical band gap value (table 1). The exciton energies at 20 K (given in separate columns
of table 1) have been obtained assuming the same temperature-induced increase of energy
for all excitons and applying the temperature dependence of the optical band-gap for bulk
CdSe (dE/dT ≈ 2.9 meV K−1 [31]). The good agreement between the theoretical transition
energies [2], obtained for an infinite zero-dimensional quantum well, and the experimental
ones [25] for CdSe QDs in a GeS2 matrix (having a relatively narrow band-gap) may be
understood if one considers that CdSe is an n-type semiconductor, while GeS2 is a p-type one.
Therefore, a deep well most likely exists which leads to a strong electron confinement.

Now, returning to the room temperature Raman spectra (figures 1 and 2), if we bear in
mind that the energies of the three exciting lines (2.41, 2.54 and 2.60 eV) are greater than the
band-gap energies (1.94, 2.05 and ∼2.30 eV) of the samples under consideration in table 1, we
conclude that the resonance effects observed in these samples should be due to higher excitonic
absorption transitions. According to this consideration when the excitation is realized with the
488 nm line (2.54 eV), nearly resonant absorption in the 1S1/2–1Se (2.6 eV) and 2S1/2–1Se
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Figure 5. Temperature dependence of the Raman spectrum of an a-GeS2–CdSe composite film
with CdSe nominal layer thickness of dCdSe = 3 nm, excited by the 488 nm Ar+ laser line and
over the temperature range 20–293 K. All spectra correspond to the same sample spot and are
normalized first to the n(ω, T ) Bose thermal factor and then to the peak intensity of the 343 cm−1

band of the amorphous GeS2 matrix. The inset shows the integrated intensity of the 1LO phonon of
CdSe plotted against temperature; the integrated intensity is normalized to the respective intensity
of the room temperature spectrum.

(2.47 eV) electronic transitions should be expected for the dCdSe = 2 and 3 nm samples,
respectively. The two cases are almost equally distant from resonance conditions (by 0.06
and 0.07 eV, respectively), but the probability of the 2S1/2–1Se transition is higher than the
1S1/2–1Se one [30]. Indeed, maximum intensity for the 1LO Raman band is observed when
the dCdSe = 3 nm sample is excited by the 488 nm line (figure 1). On the other hand, when
the 514.5 nm (2.41 eV) line is used for the excitation, resonant absorption should occur along
the 2S3/2–1Se (dCdSe = 2 nm) and 1P3/2–1Pe (dCdSe = 3 nm) excitons, with the former
case expected to be closer to resonance, a result confirmed by the maximum intensity of
the 1LO phonon displayed in the Raman spectrum of the dCdSe = 2 nm sample (figure 2).
In both Raman spectra of the dCdSe = 5 nm sample (figures 1 and 2), the 1LO phonon
is relatively weak in comparison to those of the dCdSe = 2 or 3 nm samples; this is most
likely because the exciting laser energies are higher than the energies of all room temperature
exciton transitions observed in this sample [25] (see also table 1). Finally, the spectra of
the dCdSe = 1 nm sample show very weak intensities for the 1LO phonon with either 488
or 514.5 nm line excitation, which is a compatible result bearing in mind that the electronic
transition energies of QDs in this sample are expected to be significantly higher than the
excitation energies.

Further evidence for the above conclusions has been obtained by measuring the Raman
spectra of the dCdSe = 3 nm film at several temperatures over the range 20–293 K using the 488,
514.5 and 476.5 nm lines (figures 5–7, respectively). After baseline subtraction, these spectra
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Figure 6. Temperature dependence of the Raman spectrum of an a-GeS2–CdSe composite film
with CdSe nominal layer thickness of dCdSe = 3 nm, excited by the 514.5 nm Ar+ laser line and
over the temperature range 20–293 K. All spectra correspond to the same sample spot and are
normalized first to the n(ω, T ) Bose thermal factor and then to the peak intensity of the 343 cm−1

band of the amorphous GeS2 matrix. The inset shows the integrated intensity of the 1LO phonon of
CdSe plotted against temperature; the integrated intensity is normalized to the respective intensity
of the room temperature spectrum.

have been normalized first according to the Bose thermal factor n(ω, T ) and then to the peak
of the 343 cm−1 band of GeS2 at room temperature; the latter normalization minimizes any
effects of variable absorption by the GeS2 matrix layers because of an anticipated blue shift
of the absorption edge of the layers at low temperatures. Following these normalizations, the
integrated intensity of the 1LO band has been plotted against temperature for each excitation
and the resulting plots are shown as insets in figures 5–7. The combination of the ‘3’ nm
sample and the above mentioned lines results,most likely, in the tuning of the 2S1/2–1Se (which
has the highest probability [30]), 1P3/2–1Pe and 3S1/2–1Se excitonic transitions, respectively
(see table 1). Excitation with the deep blue line (457.9 nm) did not produce noticeable
resonance effects most likely because the anticipated higher order (>2.70 eV) transitions have,
in general, a lower probability [30]. In these additional experiments, by increasing the exciton
energies at low temperatures, we can see whether we move closer to or further away from
resonance conditions. A continuous, gradual increase of the 1LO phonon intensity observed
with decreasing temperature (figure 5) clearly indicates that the QD absorption approaches
near resonance conditions for the predicted 2S1/2–1Se excitation at 20 K as the theoretical
value of the transition energy (2.55 eV, table 1) becomes comparable to the exciting laser
energy (2.54 eV). As was mentioned above, the experimental value (2.52 eV) of the transition
energy, obtained by photocurrent measurements at room temperature, is not reliable. Also,
compared to the room temperature situation, better resonance conditions should be attained
for the dCdSe = 3 nm film close to 20 K when excited by the 514.5 nm line as the 1P3/2–1Pe
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Figure 7. Temperature dependence of the Raman spectrum of an a-GeS2–CdSe composite film
with CdSe nominal layer thickness of dCdSe = 3 nm, excited by the 476.5 nm Ar+ laser line and
over the temperature range 20–293 K. All spectra correspond to the same sample spot and are
normalized first to the n(ω, T ) Bose thermal factor and then to the peak intensity of the 343 cm−1

band of the amorphous GeS2 matrix. The inset shows the integrated intensity of the 1LO phonon of
CdSe plotted against temperature; the integrated intensity is normalized to the respective intensity
of the room temperature spectrum and displays a resonance maximum at about 80 K.

exciton energy (2.42 eV, table 1) for this film almost coincides with the laser energy (2.41 eV);
indeed, figure 6 shows that the 1LO intensity attains its highest value at 20 K. Finally, when
the dCdSe = 3 nm sample is excited by the 476.5 nm (2.60 eV) line a resonance peak appears to
occur at about 80 K (figure 7) which, according to the expected temperature dependence [31]
for the higher order exciton transition 3S1/2–1Se (table 1), corresponds to a transition energy
of ∼2.58 eV.

The results of figures 4–7 provide further support for the experimental, theoretical and
estimated electronic transition energies and the assignments presented in table 1. In addition,
this study has shown that resonant Raman scattering can provide valuable information on
the quality (nanoparticle shape and size distribution) of low-dimension semiconductor films
and structures.

4. Conclusions

Raman scattering spectra have been presented of composite a-GeS2–CdSe thin films in which
the nominal thickness of CdSe layers varies between 1 and 5 nm and the GeS2 layers are ∼20
times thicker than the CdSe ones. From the red-shift of the 1LO and 2LO Raman bands of
CdSe, it is concluded that CdSe quantum dots are formed in the matrix of amorphous GeS2,
a result which confirms previous studies [22, 25] on these films. Resonant Raman effects have
been observed in the spectra of films with a CdSe layer thickness of 2 and 3 nm when excited
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by the 488 and 514.5 nm Ar+ laser lines at room temperature and have been related to resonant
light absorption in several exciton transitions of the CdSe quantum dots. These results have
been strongly supported by temperature-dependent Raman measurements in the range 20–
293 K and by using a higher energy excitation radiation, namely the 476.5 nm Ar+ laser line.
The results of the present study imply a successful fabrication of CdSe quantum dots in an
amorphous GeS2 matrix and provide further support for the proposed mechanism [21, 22] of
self-organized nanoparticle formation on a rough amorphous surface. Also, this work provides
convincing arguments that Raman spectroscopy can be successfully applied for the study of
the electronic structure of semiconductor quantum dots.
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