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Spectroscopic investigations of CdS
nanoparticles in sol-gel derived polymeric
thin films and bulk silica matrices
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Absorption, photoluminescence and Raman scattering spectroscopies have been
performed on two kinds of SiO, bulk matrices and sol-gel polymeric thin films, containing
CdS nanoparticles. Waveguiding in the polymeric CdS films has been demonstrated for
wavelengths in the visible region. A simple surface energy diagram, including defect levels,
has been used to explain the size-selective luminescence of the nanocrystals. The
luminescence spectrum is composed of an excitonic recombination band and a broader
red-shifted band, imputed to the transition between the surface trap levels. The particle
interaction with the silica xerogels appears to enhance these surface states. Resonance
Raman scattering shows that the excitons are coupled to LO-phonon modes, but the
spectra exhibit no matrix effect on the frequency vibration of the fundamental LO phonon.
© 2001 Kluwer Academic Publishers

1. Introduction particular, technological efforts have been made to im-
Semiconducting nanoparticles have been the subject girove the epitaxial growth of well-calibrated semicon-
increasing interest since the demonstration in 1975 oflucting quantum dots [2]. Heteroepitaxial methods are
the enhancement of their third-order non-linear opticalparticularly well suited for obtaining many different
properties [1]. These properties are expected to aris#l-V materials useful for their luminescence proper-
from the confinement of the charge carriers when theies [3]. Other techniques, such as co-melting [4] or RF
particle size becomes of the order gf the Bohrradius  co-sputtering [5], are commonly used to produce II-VI
of the exciton. A high third-order optical non-linearity semiconductor doped glasses.

of semiconducting nanopatrticles should allow a wide More recently, low cost chemical routes have
range of useful functions, such as high-speed all-opticabroved to be convenient for generating mono-dispersed
switching and other signal processing operations. Hownanoparticles in glasses or polymer matrices at low tem-
ever, such applications require nanoparticles of wellperatures. In particular, colloidal chemistry and sol-gel
defined dimensions and of sufficiently large concentechniques can be used to investigate either the intrinsic
tration. A wide variety of experimental methods hasproperties of semiconducting nanoclusters or the influ-
been developed to prepare such confined structures. Bnce of a vitreous matrix on these properties. Due to a
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difference between the dielectric constant of the parti-Careful control of the aging procedure allowed the pro-
cle and that of the surrounding medium, a broadeningluction of matrices with tailored textural properties.
of the individual exciton features and the appearanc@he gels used in this study were 7.8 nm pore-size sam-
of quasi surface states have been predicted theorefples with specific surface areas of 4721.5 nt/g
cally [6], which should be seen in the absorption specand pore volumes of (922 82)x 10°° m®/kg as de-
tra. Trap surface states, as well as the size dispersion termined by N gas sorption analysis. The pore volume
the electron-phonon interaction are presumed to slowas then used as a host for the active phase. A col-
down the resonant non-linearity or to inhibit its oscil- loidal solution of CdS nanoparticles was impregnated
lator strength. On the other hand, while bulk matricesinto the gels by soaking them directly in the solution for
are useful for studying fundamental effects on the opti-one day. We have demonstrated that soaking the gelsin
cal properties of the particles, potential technology re-acetone does not change their textural properties. After
quires basic spectroscopic research on low-dimensionainpregnation, the doped gels were dried carefully at
transparent systems. To obtain a clearer understandir@f°C for a few hours. The mean size of the CdS par-
of the relative importance of the matrix on the elec-ticles contained in this matrix was evaluated at 2 nm
tronic transitions inside a CdS nanoparticle, we havdrom the absorption spectrum of the colloid [8]. The
prepared three types of materiaia different routes. surface of the resulting yellowish gel, labelled, Bias
We have then studied these materials using absorptiothen carefully cleaned and polished using ethanol and
emission and Raman spectroscopies. a 1 um-grain abrasive paper.
The third sample, labeled F consists of a spin coating

. . deposition of the previously mentioned CdS particles
2. Experimental details , onaglass substrate. A sol-gel process for these particles
The CdS nanocrystals were generated using three difs optained by oxidation of the thiols undep®b, fol-
fe_zrent technlques_. The first sample, Iabe_ll_eg &n-  |owed by random aggregation. A polymer (polyvinyl-
sists of a conventional CdS-doped bulk silica xerogelyyrolidone) was added to the initial solution to avoid
It was prepared by hydrolysis and polycondensatiortyacks in the final films. The sol was then spin-coated
of trimethoxyorthosilane (TMOS) with 0, CHsOH  gnto a BK7 glass substrate with a rotation speed of
and d|methylform§1m|de (DMF) in a basic medium [7] 2500 rpm, which results in an 810 nm-thick layer.
(NH4OH), containing 0.5-at % Cd(G€OO) as the  Apsorption spectra were recorded at room temper-
cadmium precursor. After gelification for about 5 hours, 3¢ re using a Perkin-Elmer Lambda 19 UV-Vis-IR
the sample was dried at 35 and then densified at goyple-beam spectrophotometer. Considering the high
600°C using a temperature gradient of @CImin. A concentration of CdS particles, the bulk samples were
further 2-hourtreatmentat200 underanHSgasflow  nolished in order to obtain absorption spectra with a
precipitated the CdS in the pores and gave a monolithigmited saturation effect. For the CdS film, a clean BK7
yellow transparent glass. ~ slide was used as the reference.

‘The other two samples were elaborated using a ppotoluminescence and Raman spectra were carried
highly concentrated solution of CdS nanoparticles pregt at room temperature by exciting the samples reso-
pared by the inverted micelle method, which has beemantly with a number of Ar-ion laser lines. The aim of
explained in detail elsewhere [8]. Briefly, the parti- oyr approach was to excite the nanocrystals resonantly
cles were prepared by rapid injection of an excess ofyith exciton transition energy close to that of the laser,
HaS into inverted micelle solutions containing vari- fo|lowing the concept of size-selective excitation [11].
able amounts of cadmium salt dissolved in the watefp, the case of the thin film F in the visible-wavelength
pools. The inverted micelles were obtained by mixinggomain, the light was focused into a high-refractive in-
the appropriate amount of heptane, water, and sodiujex prism pressed onto the film. Under an appropriate
di-(2-ethylhexyl)sulfoccinate (AQT). After the forma- angle, a part of the beam energy was then coupled into
tion of the CdS nanoparticles, the excesSHvas re-  the waveguide to excite a TE mode. The scattered light
moved by bubbling N through the emulsion. Further emjtted at 90 from the sample was then imaged onto
addition of 4-fluorophenylthiol resulted in the floccu- the slits of a Jobin-Yvon U1000 monochromator to be

lation of the colloid. Finally, centrifugation and dry- analyzed and then detected using a Thorn EMI 9863B
ing allowed the recovery of the particles as a powderphotomultiplier.

which could be dispersed in acetone, leading to a clear

yellow solution. The particles size was measured using

High Resolution Transmission Electron Microscopy or3. Results and discussion

deduced from the correlation curve between the mea3.1. Absorption

diameter and the exciton peak position in the opticalln Fig. 1 are shown the absorption spectra of the dif-

absorption spectrum [9]. CdS colloids with a particle ferent samples. For all of them, a blue shift of the ab-

diameter between 1 and 8 nm were thus obtained witlsorption edge, when compared to the spectrum of bulk

a narrow size distribution (less than 10%) and with aCdS, reveals a characteristic confinement effect on the

concentration up to 15 volume%. carriers, due to the reduction of the particle size down
This colloidal solution was used to dope pre-to nanometric scale. However, it can be noticed that

densified xerogels having a well-calibrated pore sizesample B contains larger particles than the other sam-

These porous gel-derived silica monolithic matricesples. The exciton structure is only visible for film F

(2.5 mmx 5.6 mm diameter cylinders) were synthe- because of the thickness of the bulk samples, so that

sized following a procedure previously reviewed [10]. the mean size of the nanoparticles in@&d B could
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Figure 1 Room temperature optical absorption spectra of samples B
(—), B> (0), polished B (o) and F (). Solid arrow indicates the Figure 2 Evolution of the luminescence intensity with the irradiation
bulk CdS extinction edge. time for waveguiding configuration in the film F. The symbol shape
corresponds to high or low laser power. Both the excitation and detected
signal wavelengths are indicated.
not be deduced from these curves. In the spectrum of
sample F, the exciton peak around 354 nm leads t
the estimation of an average diameter of about 1.8 n
according to the tight-binding model of Lippens and
Lannoo [12]. This result is in agreement with the 2 nm
size previously measured in the colloidal solution [9].
In the case of sampleBeven when it was polished

tion. This behavior is characteristic of the structural
relaxation of the organic molecules but a significant
fraction of the signal is permanently photo-degraded
by the laser irradiation. Given the optical losses, spec-
troscopic acquisitions were performed in waveguiding
down to a thickness of 0.2 mm, the spectrum did no onfiguration for the highest wavelengths but not in the

show the exciton, because of the high nanoparticle con= M doma'”- The laser power was kept below 100 mW
centration of 65-vol %. However, the blue shift is more and a time delay of 30 min was respected between first

pronounced when the sample is thinned, showing tha@xcitation and measurements, in order to avoid the men-
the smallest particles are found in the core of the hosponed photo-degradation.

matrix. This fact is easily explained if one considers the

impregnation of the colloidal solution as a percolation3.3. Photoluminescence

process in which the diffusion constant differs accord-photoluminescence (PL) spectra of the different sam-
ing to the particle size. It would appear that this matrixples and for several laser excitations are shown in Fig. 3.
plays the role of a sifter for the largest particles, thusin each case when the laser energy was sufficient for ex-

narrowing the size distribution. citing the electron-hole pairs, two emission bands could
be distinguished, as already reported in other works
3.2. Waveguiding in CdS films [5, 13]. The weak band in the blue region, called band I,

To the best of our knowledge, the present work iscorresponds to the direct recombination of the exciton
the first report of waveguiding in an almost pure CdSpairs. This band is usually slightly red-shifted when
nanoparticle layer for visible wavelengths. The opticalcompared to the absorption exciton peak, and the en-
losses have been estimated by numerical analysis of thergy shift may reach 0.5 eV, depending on the matrix.
scattered light from a CdS waveguide and detected biNevertheless, the position of this PL band at 470 nm
a CCD camera. A considerable attenuation, between fias led to the evaluation of the particle diameter in
and 11 dB/cm, was measured, which depended on theample B as being between 2 and 4.5 nm. This peak
layer thickness. We have determined a refractive indeseems sharper and more intense in sample F than in the
of 1.64 and a mean thickness of 810 nm using the m-lin@ther matrices, showing a more efficient direct recom-
spectroscopic technique, performed at 632.8 nm. Theination in the case of an almost pure form of the CdS
low value of the index compared with the bulk CdS particles and making the influence of the host obvious.
one (3) is due mainly to a confinement effect in the Clearly, for the nanocrystals prepared by inverted mi-
semiconductor and to the relative increasing portion otelle, the interaction between the surface of the pores in
surface ligands when the size is decreased. the B, silica matrix and the complex thiolate particles
However, the waveguiding properties of the CdSleads to additional surface depassivation.
layer are sensitive to light. Fig. 2 exhibits the temporal The more intense and broader band around 640 nm
decay of the luminescence signal for several experifor sample B and in the green-yellow region for sam-
mental conditions. This decay appears more rapid foples B, and F, is called band Il. It is usually ascribed to
the highest laser power (100 mW); while the excitationthe recombination of the excited pairs via trap surface
wavelength influences essentially the asymptote of thetates. In Fig. 3a and b, as the excitation wavelength in-
signal evolution. For example, the residual intensity recreases, the largest particles are size-selected and a red
mains around 15% for 457.9 nm. Furthermore, it wasshift of the trapped-state band is observed. When the
found that when the laser is shut down during differ-luminescence is not too strong in samplg Bnother
ent time delays, the film partly retrieves its waveguid-band is observable, corresponding to a high-frequency
ing properties but, after a new irradiation, the signalRaman shift of about 4100 crh. This band can be
quickly decreases again to tend towards its initial evo-assigned to vibrations of organic groups.
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In the longest wavelength limit, an anomalous de-
crease of the emission energy, is observed in samples B
and F (Fig. 4). This behavior occurs for excitation laser
lines strongly out of the absorption domain, so that no
particle can be size-selected. Taking into account the
weak intensity of this band, we consequently ascribed
this luminescence to the surface complexing agent.

The evolution of the energy positions of the emis-
sion bands in Fig. 4 can be qualitatively interpreted
using a model with two surface trap bands [14]. The
corresponding carrier transition mechanisms are shown
in the Fig. 5. At the surface of the particle, the donor
level situated between the bottdsg of the conduction
band and an energlfs may be due to an interstitial
sulfur [15]. The Acceptor State, more deeply situated
inside the band gap, is generally due to an excess
of Cd [16]. After absorbing a photon, an electron of
the valence band can be excited into the conduction
band and then relaxes non-radiatively to the S sur-
face states. When such an electron recombines with
a hole of the valence band through a radiative transi-
tion, it contributes to the emission band I. If the hole has
been activated previously in the Cd trap band, then the
recombination electron-hole corresponds to the emis-
sion band Il. When the laser energy is greater than the
gap of the smallest patrticles, all of the sizes are se-
lected and can be represented by a mean value. In this
case, the position of the band Il should not depend on

Figure 3 Photoluminescence spectra, taken at excitation wavelengths
indicated by the arrows, of samples @), B (b) and F (c). Also reported,
as thick lines are the corresponding absorption spectra.

Nanoparticle

Host matrix

25
’ B m-N
/// 02e - Conduction Band
[
! S band
:
—@—B1 \ 8
to 08 eV = 82 | E
. e F : “E
2 |© ;
=g 5
2.8 3 32 34 36 = ]
Eoxc (eV) 2 2
| s
Figure 4 Variation of the energy position of the emission band Il as a @ I §
function of the excitation energy for samples (@ ), B, () and F @A ). ’!5‘ ! =
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In order to clarify the energy levels involved in these |
transitions, the central position of the band Il has been E
-
1

plotted versus the laser excitation energy in Fig. 4. The
main tendency is an increase of the emission energy
with increasing the excitation one, except for the CdS
polymeric film F. However, the shape of the band Il in

Fig. 3c for UV excitation seems to indicate that it is

composed of more than one contribution. As the UV
experimental acquisition has not been made in wave-
guiding configuration, the second contribution proba-

Valence Band

bly comes from th_e substrate. Thus the effective band Ikigure 5 Energy level diagram of the defect states at the nanoparticle
for the UV excitations should be located around 2.4 eVsurface.
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the excitation energy. This fact could be observed ir
samples B and B in the blue and UV domains, re-

spectively. As the excitation approaches the absorptio
edge, the particles are size-selected and then the ener
of the transition |l decreases with decreasing excitatiot
energy, as seen for sample.B his result is expected

since the shallow S level follows the variation of the
conduction edge, which undergoes a larger shift tha
the valence edge, due to the lower effective mass c

the electron tfie/ m, = 0.16/5). Finally, as the excita- - - . —
tion energy becomes smaller than the gap of the large: (b)
particles, only the S band of these particles is reache Auxe =351.1 nm

by the electrons : the intensity of the type I photolu-§
minescence weakens and its energy position remairz M
almost constant aE = (Es- Ecg). This behavior, ob- Mexc =457.9 nm

served for sample B can be predicted for sample.B

Unfortunately, because of a lack of data in the appropri
ate range, no assumption could be made for the emi \2pxe =488 nm
sion band Il of the film F. If we assume the mean size
of the particles in samples;Band B to be equal to

4.5 and 2 nm, respectively, then the energy shift of the
emission band Il corresponds to a selection between tr
mean sized nanocrystals and the largest ones. Cons
quently, we found an estimation of the size dispersion
which is around 3 nm for sample;Band only 1 nm

(2)

Aexec = 514.5 nm

Aexc = 457.9 nm

(f

Intens|

ke = 351.1 nm
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3.4. Raman spectroscopy 0 200 400 600 800
In semiconducting nanoclusters, the confinement ef AV (em™)

fect is expected to influence the electron-LO phonon

interaction also. The exciton-phonon coupling is alsofigure 6 Raman spectra of sample &), Bz (b) and F (c). The excita-
assumed to be responsible for the experimentally Obt_lon wavelength is varied to fulfill resonance conditions.

served gap between the main lines in absorption and

luminescence [17]. Most of the previously reportedemission band I. This 1LO Raman cross section en-
Raman scattering experiments concerned the phongiancement when exciting inside the absorption band
confinement or the nature of the electron-phonon coupas peen often reported [20, 24] and theoretically pre-
pling [18, 19]. It has been predicted theoretically thatgicted long ago [25]. The resonant transitions of the
the fundamental LO (1LO) frequency should shift to charge carriers, occurring inside the nanoparticles, al-
lower energies and that the corresponding band shouldy the normally forbidden LO modes to be active.
broaden with decreasing cluster size [20, 21]. HOW-The experimental frequency of this vibration does not
ever, although the asymmetrical line broadening hageem to depend on the particle size or the environment
been observed systematically in various CdS quang the particles. The theoretically predicted red-shift
tum dots [20, 22], contradictory results have been reqye to the phonon confinement may be hindered by a
ported concerning the red-shifted position of this band, e shift, This second effect would be caused by strain
[19, 20, 23]. Infact, asignificant deviation from the bulk g¢ting on the surface of the nanocrystals, as suggested
1LO frequency of 305 cm' has been observed only in py Shianget al. [20]. The Raman signal is not strong
CdSSe.« doped glasses [21] and explained as the preanough to show the surface phonon mentioned in sev-
dominant effect of phonon confinement on the surfacgya| works [19, 23, 26].

strain. As shownin Fig. 6, whenthe excitingwavelength |, non-resonant conditions, the Raman spectra of
is far from the excitonic transitions of the sample, N0sample B (Fig. 6a) exhibit the characteristic features of
CdS vibrational modes are observed. However, whefhcompletely densified silica xerogels. The amorphous
approaching the resonance conditions, the 1LO modgtrycture of the polymer composing the CdS layer ap-
appears around 302 cth This effect is well observed pears in the low energy excitation spectra of sample F
for the film F (Fig. 6¢) where the maximal intensity is (Fig. 6¢). Nevertheless, the Raman profile characteris-
obtained foriexc= 3511 nm. The weakness of the ob- ic of the silica matrix could not be seen for sample B

served peak intensities may have two different reasonsrig. 6h), probably due to the high porosity of the
In sample B and B, the 457.9 nm excitation wave- yaterial.

length is still believed to be too far from resonance to

enhance the oscillator strength of the Raman transition.

On the other hand, in both the samplesdd F, the 4. Conclusion

Raman scattering at 351.1 nm is resonant but the 1L@bsorption, photoluminescence and Raman spectro-
vibration of CdS is then superimposed on the strongcopies were performed on CdS nanoparticles of
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different forms and which had been prepawigithree 4.
different routes. The waveguiding capabilities of almost
pure CdS nanocrystalline films were demonstrated,®
although further progress is still needed in order to
stabilize these films and to improve their optical proper-
ties. The conventional sol-gel method remains the eas-.
iest one for producing semiconducting nanoparticles in
silica bulk matrices. However, the particles obtained &
are rather large and poly-dispersed if the CdS ratio ex-¢
ceeds 1%. Post-doping of porous xerogels seemsto prgg.
vide an interesting method of obtaining well-calibrated
and highly concentrated small particles. Yet, interac11.
tion between nanocrystals and the Si@atrix, which 12
generates additional trapping energy levels, could be,
a limiting effect for applications. The two emission
bands shown in the luminescence spectra have bean.
interpreted as a direct excitonic recombination and a
size-selected transition between the surface trap lev:>
els. Quasi-resonant Raman scattering measurements
allowed the observation of the 1LO phonon of CdS7.
nanocrystals, even in thin films or at low concentra-is.
tions. No influence of the matrix or of the particle size
on the 1L O vibration has been observed. However, we
have shown that clear and intense Raman spectra are
difficult to obtain when the exciton recombination oc-
curs because of the emission band I.
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