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Growth Behavior of CdS Nanoparticles Embedded in
Polymer and Sol-Gel Silica Matrices: Relationship with
Surface-State Related Luminescence
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Chemical techniques were employed to synthesize CdS nanoparticles embedded in polymer (PEG
300) and sol-gel silica matrices. Systematic growth of particles (radius 3–9 nm) was obtained by
adjusting post-deposition annealing temperature and time to examine the dependence of surface-
state–related luminescence on particle size. Photoluminescence (PL) peak energy showed a linear
dependence with a gentle slope in the weak confinement region and a steep slope in the strong
confinement region, the divergence being observed near the excitonic Bohr radius for CdS. The
empirical relation proposed for the weak confinement region could be used for estimating chemically
prepared CdS nanoparticle size with a high degree of reliability from PL peak energy.
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INTRODUCTION of dangling bonds/defect states. Because of the high den-
sity of these defect states with decreasing particle size the

Semiconductor nanoparticles are characterized opti- recombination at the surface of the nanoparticle increases
cally by, among other factors, their fluorescence spectra. rapidly. So when an exciting radiation falls on such a
Fluorescence in a semiconductor is determined by radia- nanoparticle there may be recombination at the surface
tive transition compared to the nonradiative transitions without reaching inside, which may be detrimental for
occurring through various recombination centres or sur- fluorescence. If the surface states extend up to a certain
face states. There are various types of surface states that thickness (top layer) of the nanoparticle, making its sur-
give rise to different energy states inside the semiconduc- face charged, there will be a depletion layer of nearly the
tor band gap. Surface states due to dangling bonds are same width. The widths of the charged surface layer and
deep traps. In addition there may be vacancies because of depletion layer depend on the fabrication technique of
nonstoichiometry, interstitial or substitutional impurities, the nanocrystalline semiconductor sample. If the nanopar-
and impurity vacancy complexes. With reduction of size ticles are embedded inside a suitable matrix, the surface
of the nanocrystallites the surface to volume ratio is states may be passivated to some extent and the properties
increased and there is a rapid increase of surface states, of the nanoparticle may be controllable, which is an essen-
which often promotes nonradiative recombination. tial requirement for device fabrication. There is some

Even if there is charge neutrality inside a nanopar- controversy about the dependence of fluorescence on sur-
ticle, the surface of it may be charged because of presence face states. Hence it needs further investigation so that a

clear picture about the effect of surface states may emerge.
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res.in the characteristic luminescence is caused by excitonic
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recombination, in association with significant contribu- with a predictive value, that is, estimation of nanoparticle
size from the surface state luminescence spectra.tions from impurities and surface states in the lower-

energy part of the photoluminescence (PL) spectra. With
decreasing size of the nanocrystallites, the density of the
surface states would increase as a result of increase in EXPERIMENTAL
surface to volume ratio; as a consequence, the lumines-
cence has often been found to be dominated by surface Preparation of CdS nanoparticles embedded in thin

films of (a) a polyethylene glycol (PEG)-based solutionstate transitions rather than excitonic transitions.
Band edge luminescence has been studied rigorously and (b) an alkoxide-derived silica sol consisted of two

steps: preparation of a solution or sol for the host material[4–7], and the line shape analysis was used to determine
the average grain size, as well as size distribution. It has and that of a solution for the nanoparticles. Brief descrip-

tions are given below.been well established that the excitonic luminescence is
size dependent and the emission shifts to the blue region In the process of preparation of a solution for deposi-

tion of the composite films of CdS nanoparticles dispersedwith decreasing particle size. Thus the band edge lumines-
cence can be used as a tool to monitor the grain growth in polymer matrix, polyethylene glycol (PEG 300, Merck,

India) was dissolved in dry ethanol (dried over activatedprocess. Recently, the aggregation of silica particles dur-
ing hydrogel polymerization has been observed using the molecular sieve zeolite 4A under agitation). Glacial acetic

acid (GR, Merck India) was added into the ethanoliccombined fluorescence anisotropy decay of solvated and
bound dye [8]. solution under stirring, which was continued for ,1 hr.

This part of the solution had the composition PEGNot many systematic reports have been found on the
study of the size dependence of the surface-state–related 300:acetic acid:dry ethanol 5 1.25:1:17.5 (molar ratio).

For the preparation of the films of CdS nanoparticlesluminescence. Some reports [9,10] indicated that lumi-
nescence from surface states does not vary much upon embedded in silica matrix, a silica sol was first prepared

by dissolution of tetraethyl orthosilicate, Si(OC2H5)4decreasing particle sizes. Chen et al. [11], on the other
hand, observed that the surface emission shifts to the blue (TEOS, for synthesis, Merck.Schuchardt) in 2-propanol,

(CH3)2CHOH (GR, Merck India) dried over activatedregion as the size of the particles decreases for chemically
prepared ZnS nanoparticles. This size dependence of the molecular sieve Zeolite 4A and addition of distilled water.

Hydrochloric acid (0.1 N) (Titrisol, Merck India) wassurface emission was in agreement with their optical
absorption and thermoluminescence. Mandal et al. [12] added as catalyst.

For synthesis of CdS in the above matrices, a solu-observed similar size dependence of surface emission for
ZnS nanocrystalline thin films prepared by high-pressure tion suitable for both was separately prepared.

Cd(NO3).4H2O (Pure, Merck, India) and NH2CSNH2magnetron sputtering. The shift of the surface emission
because of size variation has been reported and discussed (Purified, Merck, India) were used as the precursors for

incorporation of Cd and S, respectively. These precursorsby Chestnoy et al. [13]. Wada et al. [14] attributed the
red shift of the surface emission not to the particle growth were dissolved together in dry ethanol (for PEG solution)

or dry 2-propanol (for silica) and distilled water underbut to the changes in the surface structures for microwave-
assisted growth of CdS nanocrystallites. Qi et al. [15] stirring. The precursor solutions of CdS were mixed care-

fully with the respective precursor solutions for the hostfound that the emission from the surface state was related
to the particle size and the PL emission blue shifted with to obtain clear and transparent solutions in both cases.

The final solutions were stirred again for another 4–5 hrdecreasing particle size for CdS nanoparticles stabilized
by double-hydrophilic block copolymers. None of the and aged overnight before preparing the films. Films were

prepared by keeping the molar ratio of PEG 300 toabove reports attempted any type of direct and quantita-
tive correlation for the size dependence of the trapped CdS 5 50:50 and equivalent SiO2 to CdS 5 70:30.

The composite films were deposited by spin coatingluminescence that can be used to monitor the grain growth
using only the fluorescence spectroscopy, and thus there (,3000 rpm) on properly cleaned soda-lime glass sub-

strates (for optical measurements) and on C-coated Cuis no simple theoretical relationship between nanocrystal-
line size and peak emission wavelength. grid (for transmission electron microscopy). Post-deposi-

tion annealing treatment for the formation of CdS nano-In this communication, an attempt has been made
to study the grain growth process of cadmium sulphide particles was carried out in the temperature range

373–473 K for 10–120 min. The films were characterizednanocrystals in two different hosts using the correspond-
ing surface state luminescence spectra. The expectation of by measuring the optical transmittance and reflectance

as a function of wavelength using a spectrophotometerthis work was to arrive at a possible qualitative correlation
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(Hitachi-U3410) in the wavelength region 350–800 nm. matrices indicating typical growth of the particles, their
sizes increasing with heat treatment. In all cases, theTransmission electron micrographs (TEM) were obtained

using a Hitachi-H 600 unit. Photoluminescence (PL) optical band gaps obtained using these spectra were
spectra were recorded on a Perkin Elmer LS 55 lumines- greater than the bulk band gap of CdS. This indicates
cence spectrometer. The excitation source used was a that nano size of the particles was retained in our whole
xenon lamp. experimental range. The particle radii (r) were measured

in all cases from the blue shift of the optical band gap
because of the quantum confinement. Particle radii were
also measured, whenever possible, from transmissionRESULTS AND DISCUSSIONS
electron micrographs (accuracy 60.5 nm) as support of
the values obtained using optical spectra. Table I showsWhen the films were annealed at different tempera-
examples of the matching in the particle radii valuestures for a fixed time period, or for different times at a
obtained via two methods of measurement for differentfixed temperature, nucleation and growth of CdS nano-
experimental conditions. Figure 2 shows the variation ofparticles occurred both in the polymer and sol-gel silica
average particle radii (r) with annealing time (t) (curvesmatrices. Figure 1 shows, as an example, representative
a and b) and annealing temperature (T) (curves c andTEM of the CdS nanoparticles embedded in PEG 300
d), respectively, for the series CdS:PEG 5 50:50 andmatrix. Typical grain growth was observed with increas-
SiO2:CdS 5 70:30 (molar). Significant changes wereing annealing temperature or time. It also could be
observed in average particle radii (r) with increase in tobserved from the figures that, in all cases, the particles
or T. Figure 3 shows some representative PL spectra forare nearly monosized and no significant size distribution
CdS nanoparticles embedded in PEG (Fig. 3a) and silicaoccurred in the nanocrystals. Figure 2a shows the varia-
matrices (Fig. 3b), respectively. PL spectra for the filmstion of the optical absorption coefficient (a) of the CdS
with different particle sizes were recorded at room tem-nanocrystallites with photon energy (hn) dispersed in
perature with an excitation wavelength of 400 nm. InPEG (curves a–c) and sol-gel silica (curves d–g) matri-
both cases the spectra were broad and emission occurredces, respectively. The red shift of the fundamental absorp-
at lower energy values than those for the excitonic emis-tion edge with increasing annealing temperature (T) and/

or annealing time (t) was evident in the case of both the sion band. This could be attributed to the recombination

Fig. 1. Transmission electron micrographs of CdS nanoparticles in PEG matrix with PEG:CdS 5 50:50
(molar) for (a) annealing temperature (T) 5 373 K, annealing time (t) 5 30 min; (b) T 5 373 K, t 5

120 min; (c) T 5 413 K, t 5 30 min; (d) T 5 473 K, t 5 30 min.
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A B
Fig. 2. (A) Optical absorption spectra of the CdS nanocrystallites dispersed in PEG (curves a to c): (a) T 5 373
K, t 5 120 min; (b) T 5 373 K, t 5 60 min; (c) T 5 373 K, t 5 30 min; and sol-gel silica (curves d to g)
matrices: (d) T 5 373 K, 120 min; (e) T 5 433 K, t 5 45 min; (f) T 5 413 K, t 5 30 min; and (g) T 5 373
K, t 5 30 min, with corresponding particle radii (r) obtained from these spectra. (B) Variation of average particle
radii (r) with annealing time (t) for (a) CdS nanoparticles in PEG matrix; (b) CdS nanoparticles in sol-gel silica
matrix; and variation of average particle radii (r) with annealing temperature (T) for (c) CdS nanoparticles in
PEG matrix; and (d) CdS nanoparticles in sol-gel silica matrix. (The lines drawn in the figures are only for
visual guidance.)

of the charge carriers trapped in the surface states [15]. gentle. The value of radius rc, for which this change
occurred, was determined from the divergence (Fig. 5)It was clear from the figures that the PL emission peaks

red shifted with increasing particle radii. When the PL that occurred in the second derivative (d2p/dr2) of the
slope of the curve (p) in Fig. 4. This value was determinedemission energy was plotted against the growing particle

radii as a function of increasing temperature or time in as 3.7 nm, close to the excitonic Bohr radius of CdS (3.4
nm). For the particle sizes greater than this value, a gen-both the hosts, two different slopes were observed (Fig.

4). For relatively small particle sizes, the slope was very eral linear relationship was obtained. The relationship
can be empirically expressed assteep, whereas for larger particles, the slope was relatively



Growth Behavior of CdS Nanoparticles 373

Table I. Average Particle Radii (r) for Nanocrystalline CdS Films
Annealed at Different Conditions (Temperature 5 T and Time 5 t)

with Molar Ratio of PEG:CdS 5 50:50

r from blue shift of
Condition for film optical band gap r from TEM

synthesis (nm) (nm)

T 5 373K, t 5 30 min 3.72 3.60
T 5 373K, t 5 60 min 4.69 4.50
T 5 373K, t 5 90 min 5.82 5.90
T 5 373K, t 5 120 min 8.44 8.60
T 5 413K, t 5 30 min 3.86 4.00
T 5 433K, t 5 30 min 4.60 4.40
T 5 473K, t 5 30 min 8.26 8.40

E(r) 5 E0 2 kr (1)

where E0 is the theoretical extrapolated value of the PL
emission energy at vanishingly small radius with slope

Ak. In the present case, the slope is 0.0157 6 5 3 1024

(eV/nm) (inset, Fig. 5), indicating a clear dependence of
PL peak energy on particle size in this weak confinement
region; the intercept was estimated as 2.269 6 2.96 3
1022 eV. The value of the correlation coefficient in this
case was 20.998, which showed that the reliability of
the straight line fitting in the present case was very high.
It may be noticed that this same equation represents the
growth behavior of CdS particles as a function of increas-
ing time or temperature in both PEG and silica matrices.

The relationship between R, the distance between
two trapping sites (such as donor–acceptor pairs) and
the emission wavelength of the defects in bulk II–IV
semiconductor crystals was used by Chestnoy et al. [13]
to explain the size dependence of the surface emission.
The Coulomb potential e2/εR was considered to be an
important term determining the emission energy of the
surface states, and it was pointed out that close pairs with
small trapping distance emit at higher energy than distant
pairs. This model is not able to explain the surface emis-
sion reasonably, because the distance between two B

Fig. 3. (A) Photoluminescence (PL) spectra of representative CdS nano-trapped carriers has been considered not to be related to
crystallites embedded in PEG matrix (PEG:CdS 5 50:50, molar): (a)the size of the particles but to the density of the trapped
T 5 373 K, t 5 30 min; r 5 3.72 nm; (b) T 5 373 K, t 5 60 min;

carriers [11]. On the other hand, the size-dependent r 5 4.69 nm; (c) T 5 373 K, t 5 120 min; r 5 8.44 nm. (B) PL spectra
behavior of the surface-state–related PL peak energy can of representative CdS nanocrystallites embedded in sol-gel silica matrix
be explained by the model proposed by Chen et al. [11]. (SiO2: CdS 5 70:30, molar): (a) T 5 373 K, 30 min, r 5 3.48 nm;

(b) T 5 413 K, t 5 30 min, r 5 3.57 nm; (c) T 5 433 K, t 5 45 min,The trap depth does not change significantly upon
r 5 5.28 nm; (d) T 5 373 K, t 5 120 min, r 5 7.41 nm.decreasing the particle size, but the band gap increases

as the size is decreased. Thus the energy separation
between the charge carriers increases with decreasing
size. As a result, the luminescence of the surface states occurs at a faster rate; the PL emission energy accordingly

should change with particle radii at a faster rate, makingshifts to the blue region as the size is decreased. As in
the case of very fine particles, the blue shift in band gap a steeper slope in the peak energy (E) vs. r curve. This
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the particle size. Thus all the points on the E vs. r curve
(see Fig. 4) fell on a straight line with a very high correla-
tion coefficient, indicating that no abnormal growth of the
particles took place under any of the time or temperature
conditions. This further shows that the empirical linear
equation thus obtained has a significant predictive value
for CdS nanoparticle size determination, and, thus, deter-
mination of particle growth rate as a function of surface-
state–related luminescence. A similar relationship also
has been obtained for ZnS nanoparticles in sol-gel silica
matrix [16].

CONCLUSIONS

Growth of CdS nanoparticles in polymer and sol-
gel silica matrices was studied using the fluorescence
arising from the surface states. PL emission energy
showed a linear dependence on particle size above a

Fig. 4. Variation of PL peak energy (E) with average particle radii (r) certain value of radius close to the excitonic Bohr radius.
for n CdS nanoparticles embedded in PEG matrix and ▫ CdS nanopar-

The relationship as expressed in a linear equation had aticles embedded in sol-gel silica matrix.
high value of correlation coefficient (20.998) and could
probably be used for monitoring growth of chemically
derived CdS nanoparticles over a large stretch of size andhas been experimentally observed in our system for r
irrespective of their nature (organic, inorganic) of con-,3.7 nm (Fig. 4). However, this agreement is qualitative;
finement.quantitative analysis needs inclusion of several factors

(e.g., trap state density, ionization of defect, etc.) in the
above model.
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