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1. INTRODUCTION

New materials, whose physical, optical, and other
properties are related to their linear size, are increas�
ingly used nowadays. In particular, quantum dots (II–
IV and II–VI semiconductor nanoparticles) are
actively used in optics, biology, and medicine as opti�
cally stable markers instead of traditional dyes. Special
interest in quantum dots is due to a considerable dif�
ference between the discrete exciton spectrum of the
quantum dots and the spectrum of a bulk crystal of the
same chemical composition. This difference leads to a
change in the optical properties of quantum dots as
compared to the bulk material. In particular, the emis�
sion band of the quantum dots can be located,
depending on their size, in any part of the spectrum
from the ultraviolet to infrared range [1, 2]. This
makes it possible to produce markers of various color
for optical coding [3] and to use quantum dots in opto�
electronics [4] and for studying the structure of biolog�
ical cells and influence of various factors on the cells
[5, 6].

It is difficult to observe the lines associated with the
excitonic states in the luminescence spectra of bulk
chalcogenide semiconductors at room temperature.
The quantum yield from these states is low owing to
the large effective radius of the exciton. In addition,
the excitons intensively decay due to the thermal
motion. The binding energy and oscillation strength of
the exciton increase under its confinement at least in
one direction to a size comparable with the exciton
radius. This makes possible creation of new materials
and devices, whose operation is based on the physical
properties determined by the excitonic states. The
motion of an exciton in a quantum dot is confined in
all three directions. Placing a zero�dimensional semi�

conductor into a dielectric matrix can give rise to an
additional enhancement of the electron–hole Cou�
lomb interaction. In particular, coating a quantum dot
by a semiconductor shell with a wider band gap (e.g.,
CdSe/ZnS quantum dot) leads to an increase in the
quantum yield.

Cadmium sulfide�based quantum dots are promis�
ing materials for optics, optoelectronics, biology, and
medicine [4–7]. Cadmium sulfide quantum dots were
initially grown and studied in a dielectric matrix, e.g.,
in a glass [7]. Quantum dots in colloidal solutions are
of considerable fundamental and applied interest.
Quantum dots in liquid�phase nanomaterials can be
used to control biomedical parameters [5, 6]. The
techniques of synthesizing semiconductor quantum
dots in organic solvents are being successfully devel�
oped [8]. Such quantum dots have unique optical
characteristics and are widely applied. However, they
are generally synthesized with the use of two�stage
high�temperature techniques. The use of toxic sol�
vents limits the biological and medical applications of
quantum dots. Whereas the properties of quantum
dots produced in organic solvents have been studied
pretty well [8], the data on quantum dots in aqueous
solutions are quite poor [6].

An important characteristic of each material is the
Bohr radius of the exciton. For CdS it is 3.2 nm. The
CdS particles with a size from 2 to 10 nm correspond
to the regime of moderate or strong confinement.
According to the calculations [9], the binding energy
of the exciton in a 2.5� to 5�nm CdS quantum dots
should be several times greater than in a single crystal.
This prevents the decay of the exciton at room temper�
ature, allows one to consider nanosystems of CdS
quantum dots as active media of semiconductor lasers,
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and significantly extends other fields of their possible
application. In many cases, it is necessary to produce
quantum dots in aqueous solutions. However, there
are still many open questions regarding the tendencies
of growth and fluorescence of CdS quantum dots in
aqueous solutions. As a rule, it is required to produce
quantum dots of strictly specified size. Even a very
small dispersion in the size of the quantum dots can
lead to a significant change in their optical properties.

Measurement of the sizes of quantum dots is a
complicated experimental problem. Different physi�
cal methods often yield different results for the same
quantum dots. The most adequate size measurement
technique seems to be the direct visualization of quan�
tum dots, which allows one to estimate not only the
sizes but also their dispersion and the degree of
agglomeration. The reliability of the results obtained
by this method can be confirmed by using it in combi�
nation with indirect measurement techniques.

2. SAMPLES, EXPERIMENTAL TECHNIQUE, 
AND EXPERIMENTAL RESULTS

In this work, we studied CdS quantum dots pro�
duced by wet chemical deposition according to the
technique described elsewhere [10]. This method pro�
vides stable colloidal aqueous solution of quantum
dots without the use of toxic organic solvents and gives
the opportunity to avoid additional laborious opera�
tions associated with the solubilization process.

The size of the quantum dots was determined by
different methods both in a solution and in a powder.
The size of the quantum dots was measured directly in
the solution by the dynamic light scattering on a Zeta�
sizer Nano�ZS dispersion analyzer. The size of the

dried quantum dots was measured by intermittent�
contact atomic force microscopy (ICAFM) with the
use of an NTEGRA Spectra nanolaboratory.

To measure the size of the quantum dots a 2�μL
droplet of the colloidal solution of CdS nanoparticles
was dispensed to the surface of a fresh mica chip. Slow
evaporation of the dispersion medium can knowingly
lead to the formation of ordered structures owing to
capillary effects. To avoid coarsening of the colloidal
particles during evaporation of water, the microdroplet
was dried by blowing clean air for 30 s.

The ICAFM image of the surface profile is shown
in Fig. 1. As is seen, there are mainly small rounded
nanoparticles (quantum dots) on the atomically flat
surface of mica; among these small nanoparticles one
can find individual relatively coarse particles. The
ICAFM measurements of the surface profile revealed
the presence of two types of objects, 1) quantum dots
with a size of less than 10 nm and a density of about
100 particles per μm2 and 2) coarse particles with a size
from 30 to 45 nm and a density of about one particle
per μm2.

The size of nanoparticles was determined accord�
ing to the height of the surface relief. Having measured
750 small particles we found their average size
(2.9 nm) and the root�mean�square deviation
(1.3 nm). The nanoparticle size distribution histogram
(Fig. 2) was fitted to the normal distribution with a
maximum at 2.6 nm.

To find the fraction of coarse particles, the system
was centrifuged on a Sawates SM 180�Hp250HDMS
instrument with speeds of 1000 and 3000 rpm imme�
diately after the deposition of a colloidal solution
microdroplet on the substrate. The ICAFM study of
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Fig. 1. Cadmium sulfide quantum dots deposited from a
colloidal solution onto the mica surface. Intermittent�
contact atomic force microscopy image of the surface pro�
file.
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Fig. 2. Histogram of the size distribution of CdS quantum
dots according to the analysis of the ICAFM image of the
particles deposited onto the mica surface. The experimen�
tal data are fitted to the normal distribution.
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the produced samples again revealed the presence of
nanoparticles with different sizes (Fig. 3).

The size of quantum dots directly in the aqueous
suspension was measured by the dynamic light scatter�
ing. The suspension with the particles was placed into
a cell with a volume of 3 cm3 and irradiated by a
helium–neon laser with a wavelength of 633 nm. The
detector of the scattered light was situated at an angle
of 173°. The distribution function of the scattering
centers versus their size indicated that the majority of
particles have a size of 15.2 nm (Fig. 4).

The fluorescence spectrum of CdS quantum dots
was measured by scanning confocal laser microscopy.
The wavelength of the excitation light was 472.8 nm.
The spectrum included a pretty narrow fluorescence
peak with the maximum at about 557 nm and a broad
long�wave peak (Fig. 5). The detailed investigation of
the spectra in the vicinity of the fluorescence maxi�
mum by means of a 1800�lines per mm diffraction
grating with and a spectral resolution of 0.027 nm
resolved two close peaks (Fig. 6). The observed lumi�
nescence lines are strongly broadened due the disper�
sion of the quantum dot size. Therefore, the accurate
determination of their position is problematic. Fitting
of the spectrum to two Lorentzians yields the positions
of the peaks to be 557 and 563 nm. The distance
between the lines in the luminescence spectrum corre�
sponds to 0.02 eV.

3. DISCUSSION OF THE RESULTS

The sizes of the CdS quantum dots measured by
different techniques are somewhat different. Accord�
ing to the ICAFM measurements, the majority of
nanoparticles have a size of 2 to 3 nm. The dynamic

light scattering indicates that the majority of particles
have a size of 15 nm. This can be explained by the fact
that the dynamic light scattering determines the size of
scattering centers rather than the quantum dots them�
selves. Cadmium sulfide nanoparticles in an aqueous
solution are situated in micelles, which include stabi�
lizer molecules and polarized solvent molecules [10].
These particular formations, each consisting of a CdS
nanoparticle, a stabilizing layer and a solvation sphere
of the molecules of the dispersion medium, are the
scattering centers. This implies that the size of the
majority of particles is less that 10 nm. In addition,
both techniques revealed the presence of coarse parti�
cles.

Centrifugation failed to produce a particle size�
homogeneous fraction. Roldugin [11] mentioned that,

1 µm

Fig. 3. Cadmium sulfide quantum dots on the mica surface
after centrifugation with a speed of 3000 rpm. The ICAFM
image of the surface profile.
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Fig. 4. Size distribution of the quantum dots determined by
dynamic light scattering.
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Fig. 5. Fluorescence spectrum of CdS nanoparticles. The
wavelength of the excitation light is 472.8 nm.
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owing to a tendency of nanoparticles to self�organiza�
tion, new self�organized nanoparticle objects can be
observed after centrifugation. However, no self�orga�
nization of nanoparticles after centrifugation was
detected in this work.

The measurement of the zeta potential indicated
that the state of nanoparticles corresponds to the
boundary of the stability region, so that their coagula�
tion cannot be excluded. Consequently, coarse parti�
cles detected in all our experiments could be agglom�
erations of CdS nanoparticles (Fig. 7).

Most interesting are the short�wave peaks in the
fluorescence spectra. According to [12], the lumines�
cence spectra of nanocrystals with the size a ≤ 3.5 nm
are largely due to band–impurity and impurity–
impurity transitions. As is known, the spectral position
of all luminescence lines is blue�shifted with a
decrease in the size of nanocrystals. This fact in com�
bination with the bimodal size distribution of the
nanoparticles suggests that the presence of two close
peaks at 557 and 563 nm can be explained by the size
effect. However, the spectra of the colloidal solutions
with nanoparticles larger than 30 nm feature the same
peaks.

To study the fine structure of the spectra of a
nanocrystal ensemble one has to implement size�
selective luminescence techniques at low temperature.
We can only make certain assumptions on the nature
of the peaks because accurate identification of the flu�
orescence spectra of such compounds is difficult due
to a number of reasons. In particular, lattice defects in
II–VI semiconductor compounds can lead to the for�
mation of deep centers, which play an important role
in recombination processes. Cadmium vacancies can
appear in different charge states, whereas the Jahn–
Teller distortion of the crystal lattice – the displace�
ment of an atom toward the nearest interstice – results

in breaking the bond with an atom of the adjacent sub�
lattice. These phenomena can lead to the formation of
various complexes, to which excitons are bound. The
relation of two possible structural modifications of
CdS, wurtzite and zinc�blende ones, with the size of
nanoparticles and their optical spectra was studied in
[13, 14]. These investigations imply the following gen�
eral conclusion. Each structural modification or their
combination at a phase transition contribute to fluo�
rescence spectra and determine the optical properties
of the nanoparticles. Lozada�Morales et al. [14] stud�
ied polycrystalline CdS films on glass. The emergence
of a yellow line in the fluorescence spectra of the film
was attributed to the simultaneous presence of two
phases and the formation of Frenkel (interstitial Cd
atom–Cd vacancy) pairs at the cubic�to�hexagonal
phase transition. The formation of a Frenkel pair is
associated with a change in the position of a cadmium
atom under structural transformation. At this point,
there are two peaks separated by 0.02 eV in the fluores�
cence spectrum. When the hexagonal phase starts to
dominate, the Frenkel pairs decay and the intensity of
the yellow line decreases considerably. On the other
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Fig. 6. Fluorescence spectrum of CdS nanoparticles and
its fit to the sum of two Lorentzians.
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Fig. 7. (a) Two�dimensional and (b) three�dimensional
intermittent�contact atomic force microscopy images of
the profile of the surface covered by CdS nanoparticles.
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hand, in our previous work [15], we showed that CdS
nanoparticles similar to those studied in this work have
a disordered structure. Their lattice consists of alter�
nating atomic layers typical for α or β phase of CdS. If
only first three coordination spheres are taken into
account, this disordered structure supports two possi�
ble surroundings of a cadmium atom. Presumably, the
appearance of two peaks in the fluorescence spectrum
separated by 0.02 eV is associated with the disordered
nature of the structure and, consequently, with two
different surroundings of a cadmium atom, which are
inherent to wurtzite and zinc�blende structure.

Zhao et al. [16] considered the energy level dia�
grams of CdS–glass composites and colloidal solu�
tions of CdS. They mentioned that it is more difficult
to observe the emission of free excitons in the colloidal
solutions owing to the presence of a large number of
VS, VCd, IS, etc., defects and surface states. These
defects behave as traps for free excitons. Colloidal
solutions inhere the appearance of deep levels in the
bad gap associated with interstitial sulfur, sulfur vacan�
cies and surface Cd atoms. According to this scheme,
the above lines in the fluorescence spectrum can be
contributed to by the recombination of conduction�
band or IS electrons with VCd holes.

According to Zhao et al. [16], the width of the band
gap of colloidal solutions of CdS is 2.62 eV, somewhat
lower than for composites. This value nearly coincides
with the width 2.66 eV of the band gap previously
found from the absorption spectra of the colloidal
solutions studied in this work.

4. CONCLUSIONS

Thus, quantum dots produced by wet chemical
deposition in an aqueous solution have been investi�
gated by various physical methods. It has been shown
that the majority of nanoparticles are smaller than
10 nm. According to atomic force and confocal
microscopy, the average nanoparticle size is 3 nm. In
addition to these particles, the samples include small
number of larger ones with a size of about 40 nm. Flu�
orescence spectra of CdS quantum dots exhibit
intense peaks at 557 and 563 nm and a broad long�
range peak. The presence of a double peak at 557 nm
can be due to the disordered atomic structure of the
nanoparticles.
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