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The spectrum of optical phonons (including localized transverse and longitudinal optical
phonons, as well as their overtones and surface optical phonons) in semiconductor CdS, PbS,
ZnS, ZnO, CuS, and Ag2S nanocrystals formed by the Langmuir-Blodgett technique on solid
substrates is studied using non-resonant, resonant, and surface-enhanced Raman as well as
Infrared spectroscopies.
PACS numbers: 78.30.-j; 78.67.Hc

I. INTRODUCTION

II-VI and IV-VI nanocrystals (NCs) have been extensively studied due to their attractive optical, electronic, and magnetic properties resulting in a number of applications,
especially in nonlinear optics, optoelectronics, and biology [1–5]. A number of experimental techniques such as colloid and wet chemistry [4, 6, 7], formation in glasses [4], epitaxial
growth [5], ion implantation and lithography techniques [5], etc. is used for the formation of
semiconductor NCs. Among those, the Langmuir-Blodgett (LB) technology is considered
as a low-cost and flexible method for the fabrication of various II-VI and IV-VI NCs.
Raman spectroscopy is traditionally applied for the identification of NCs distributed
in various matrices and for the determination of their crystal structure [3]. Complementary
to Raman scattering and due to different selection rules, IR spectroscopy provides additional information on the lattice vibrations of NCs. Cadmium chalcogenide NCs belong to
the most investigated system the vibrational spectrum of which was studied in detail both
theoretically and experimentally [8–11]. However, today’s science technology and semiconductor industry require cadmium-free, non-toxic nanocrystal materials with superior optical
properties.
Here we present a comparative study of vibrational properties of CdS and cadmiumfree NCs formed using LB technology.
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FIG. 1: SEM images of free-standing CdS NCs formed after annealing of LB film with thicknesses
of a) 2 and b) 4 MLs. The position of CdS NCs is indicated by arrows. The non-homogeneous
background is due to the island growth of Au on Si. The height of the islands is typically about 4
nm.
II. EXPERIMENT

High quality films of Cd, Zn, Pb, Cu and Ag behenates were prepared using the
LB technology on (001)-oriented Si substrates covered by a 100 nm thick Au layer. The
thickness of the LB films under investigation was varied in the range from 2 to 440 monolayers (MLs). The reaction of the behenates with gaseous H2 S results in the formation of
CdS, ZnS, PbS, CuS, and Ag2 S NCs. Free standing NCs were obtained after removing
the organic matrix by thermal annealing in an inert atmosphere at temperatures between
100 and 250◦ C. Free standing ZnO NCs were formed as a result of annealing of either Zn
behenate films or ZnS NCs at 600◦ C in air.
Raman scattering experiments were carried out using a Dilor XY800 spectrometer
in backscattering geometry at 40 and 300 K. Kr+ , Ar+ ion, and HeCd lasers were used as
excitation sources in the wavelength range from 752.5 to 441 nm.
IR reflection spectra were recorded at grazing incidence (angle of incidence is θ ≈ 80◦ )
using an IR Fourier transform spectrometer Vertex 80v in the spectral range of the optical
vibrations (50÷700 cm−1 ) of the crystal lattices in the chalcogenides. IR spectra were taken
at room temperature using non-polarized light.

III. DISCUSSION

The structural properties of the NCs were studied by scanning electron microscopy
(SEM). Typical SEM images of CdS NCs with different areal densities are shown in Fig. 1.
The size of CdS NCs determined from the SEM images is varied in the range from 2 to 5
nm. The size of NCs of all materials under investigation does not exceed the value of 10
nm.
According to X-ray diffraction measurements PbS and ZnS NCs have predominantly
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FIG. 2: Raman spectra of a) PbS and b) curve 1- ZnO NCs, curve 2- (0001) ZnO crystal, curve 3ZnS NCs.

cubic structure, CdS and ZnO NCs are hexagonal, while Ag2 S NCs reveal monoclinic symmetry. A variety of crystal modifications of CuS with similar lattice parameters complicates
the analysis of crystal structure of the CuS NCs. A detailed analysis of XRD results will
be published elsewhere.
The Raman spectra of NCs were recorded in the spectral range of the lattice vibrations
of materials composing the NCs. Fig. 2(a) shows the Raman spectrum of PbS NCs formed
from a LB film with a thickness of 400 MLs. Note, that the Raman spectra of PbS NCs were
measured in resonance with the energy of interband transitions in the NCs derived from
absorption spectra (not shown here). The interband transition energy of PbS NCs amounts
to about 2.1 eV. It is shifted towards higher energies with respect to the band gap of bulk
PbS (0.4 eV) due to the confinement effect. The peaks at about 70 cm−1 and the features
at 174 and 270 cm−1 seen in the Raman spectrum of PbS NCs (Fig. 2(a)) are assigned to
the TO phonons and to 2TO phonon along Σ(2 × 135 = 270) cm−1 of the PbS NC phonons,
respectively, according to the conclusions made for bulk PbS in [12, 13]. The peaks at 212,
430, and 636 cm−1 correspond to the scattering by LO(Γ) phonons localized in NCs and
their overtones (2LO and 3LO), respectively, confirming a high crystalline quality of the
NCs.
The Raman spectrum of free-standing ZnO NCs was measured at the non-resonant
conditions (Fig. 2(b)). For comparison the Raman spectrum of wurtzite ZnO crystal was
measured in the same experimental conditions with the incident light parallel to c-axis of
ZnO crystal. The spectra of ZnO bulk crystal and ZnO NCs reveal an intensive peak at
440 cm−1 which is attributed to the E2 phonon mode. The weaker peak at about 335 cm1
seen in both spectra is attributed to second-order Raman processes [14]. The mode at
584 cm−1 seen in the Raman spectrum of ZnO NCs (Fig. 2(b)) is still under debate. This
mode is observed in the Raman spectra of both ZnO bulk and NCs (with higher intensity)
and, therefore, can be attributed to E1 (LO) phonons [15]. The enhanced intensity of the
mode can manifest the weakening of selection rules in ZnO NCs with respect to the bulk
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FIG. 3: Raman spectra of a) Ag2 S NCs measured in resonant (λ = 647.1 nm) and non-resonant
conditions (λ = 488 nm) and b) as-prepared CuS NCs and the NCs annealed at 250◦ C.

material. On the other hand, a mode with the same frequency position assigned to confined
LO phonons is expected in ZnO NCs according to theoretical calculations [16].
The Raman spectrum of free-standing ZnS NCs (Fig. 2(b)) shows a broad peak at
347 cm−1 attributed to LO phonons in the NCs and a weaker feature at 211 cm−1 due
to second order Raman scattering (TO(X)-TA(X)) [17]. The frequency position of the LO
mode is shifted towards lower frequencies with respect to the corresponding value in cubic
ZnS (351 cm−1 ). This can be due to the confinement effect of optical phonons in the NCs.
Raman spectra of Ag2 S NCs (Fig. 3(a)) measured at low temperature (30K) demonstrate a strong resonance dependence. In the non-resonant conditions (λL below 600 nm)
two intensive features at 200 and 222 cm−1 are observed. At the resonant conditions (at
647.1 nm) the intensity of the mode at 200 cm−1 is increased by a factor of 10 while the
mode at 222 cm−1 is vanishing. It was already reported that the Raman spectra of Ag2 S
thin films measured with λL = 514.5 nm at room temperature show one very broad band
(centered around 220 cm−1 ) which may be an indication of an amorphous material [18].
The observation of Raman scattering by the lattice vibrations in monoclinic Ag2 S at about
200 and 220 cm−1 and their identification as Ag and Bg, respectively, using a charge-dipole
molecular dynamical calculation were reported in a detailed spectroscopic study of bulk
Ag2 S [20].
Much less is known about the vibrational spectrum of CuS NCs.
The Raman scattering by phonons in CuS NCs reveals no resonance behavior. This
is in accordance with the featureless absorption spectrum of CuS NCs. Raman spectra of
as-prepared CuS NCs embedded in the LB film are shown in Fig. 3(b). The spectra reveal
an intensive peak at 474 cm−1 and a weaker feature at 265 cm−1 (at T=300K) which are
assigned to lattice vibrations in CuS NCs. These data coincide with earlier results [18, 19]
for CuS thin lms. It is worth mentioning, that the spectra remain almost the same after
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FIG. 4: a) Raman (curve 1) and SERS (curve 2) spectra of CdS NCs measured with λ = 476.5 nm.
b) The resonant profile and the absorption spectrum of Ag nanocrystals.

annealing to 150◦ C while annealing at higher temperatures leads to the appearance of a
new peak at about 490 cm−1 . The origin of this feature is not established and requires
further investigation. However, the symmetry analysis of the lattice vibrations in CuS has
not been performed yet.
The Raman scattering by phonons in the arrays of CdS NCs is well established and
understood. It reveals a dominant feature at 300 cm−1 attributed to LO phonons in the
NCs [2, 4, 8–11]. Recently, it was reported that the deposition of silver on CdS NCs causes
a significant enhancement of the Raman intensity of LO phonons manifesting the existence
of surface-enhanced Raman scattering [21]. Fig. 4(a) shows Raman spectra of free-standing
CdS NCs formed after annealing of the corresponding LB film with a thickness of 440
MLs before and after Ag deposition measured at 30K. It is clearly seen that the intensity
of the LO mode is drastically increased and new modes attributed to its overtones up to
fourth order (2LO-5LO) are observed. The low frequency shoulder of nLO modes can also
be seen in the spectra. The shoulder is due to surface optical (SO) phonons and their
overtones (nSO). A broad feature near 1600 cm−1 can be attributed to SERS either from
amorphous carbon species [22] or from Ag2 O [23]. The resonance profile, i.e. the ratio of
Raman intensities of the mode after and before Ag deposition as a function of the laser
excitation energy, presented in Fig. 4(b) reveals a maximum of the SERS enhancement
which amounts to about 140. The energy of the maximum corresponds to the energy of
the localized plasmon in Ag nanoclusters which makes surface-enhanced Raman scattering
possible.
It has been already established that the distance between metal nanoclusters and a
SERS active medium is crucial for the Raman enhancement [24]. The first few nanometers
of the active medium give a dominant contribution to the SERS enhancement. Therefore, it
is expected that the lower lying NCs give a minor contribution to the SERS enhancement.
Indeed, decreasing of the nominal thickness of CdS NC layers from 440 to 30 MLs (factor
of about 14.7) exhibits only three-fold decrease of the SERS intensity by LO phonons. This
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FIG. 5: IR spectra of NCs measured at oblique incidence (θ ≈ 75◦ ) using non-polarized light at a
temperature of 300K. The results of fitting with Lorentzian line shapes are shown by dashed lines.

corresponds to 700-fold SERS enhancement of the Raman intensity of LO phonons and
opens perspectives for studying the NC arrays of very low areal densities.
The IR reflection-absorption spectra of free standing CdS, ZnS, PbS, Ag2 S, and ZnO
NCs are presented in Fig. 5.
The IR spectrum of ZnO NCs demonstrates the most intensive absorption. Obviously,
this absorption band consists of two lines (indicated as SO1 and SO2 which are centered at
546 and 484 cm−1 , respectively) distinguished by curve fitting. Their frequency positions are
situated between the LO and TO phonon frequencies of the IR-active E1 and A1 vibrational
modes, respectively. According to calculation of the phonon spectrum of spherical ZnO NCs
[16] and the literature Raman data [25] these modes can be attributed to surface optical
phonons. The frequency positions of the SO phonons (548 and 490 cm−1 ) are consistent
with those calculated within the dielectric continuum model [26] supposing a spherical shape
of NCs. In the calculations, the dielectric constants obtained earlier for ZnO films [27] were
used.
The frequency position of the minimum in the IR spectrum of PbS at about 210
−1
cm corresponds well to the LO phonon mode (Fig. 5). A low-frequency shoulder of the
minimum can be attributed to the influence of absorption by SO phonons [11]. The IR
spectrum of CdS NCs exhibits a broad feature at the frequency range between the TO and
LO phonon positions assigned to SO phonons in the free-standing CdS NCs according to our
previous observation [11]. The absorption feature seen in the spectra of ZnS NCs consists
from two components. The spectra were curve fitted with the Lorentzian line shapes to
reveal the individual absorption bands at 330 and 283 cm−1 attributed to SO and TO
phonons in ZnS NCs, respectively. The frequency position of the SO mode corresponds
well with that (332 cm−1 ) calculated in [28].
As in the case of the analysis of Raman data, the assignment of the broad feature
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observed in the IR spectrum of Ag2 S NCs at 250 cm−1 is not obvious. The only IR
reflection study of monoclinic Ag2 S available in literature [29] shows a broad band due to
lattice vibration in the spectral region from 220 to 250 cm−1 . Therefore, most probably,
this feature can be attributed to IR active lattice vibrations of monoclinic Ag2 S NCs.

IV. CONCLUSIONS

CdS, PbS, ZnS, ZnO, CuS, and Ag2 S nanocrystals embedded in an organic matrix
and free-standing on solid substrates are formed by the Langmuir-Blodgett technique. The
combination of IR spectroscopy and Raman scattering (including non-resonant, resonant,
and surface-enhanced Raman scattering) are employed to probe the vibrational spectrum
of NCs. On the basis of the experimental data and the calculations, the spectrum of optical
phonons (including localized TO and LO phonons, as well as their overtones and surface
optical phonons) for NCs is established. It is shown that surface-enhanced Raman scattering
can be effectively applied for studying the phonon spectrum of the NCs with a low areal
density.
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