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Abstract—Cadmium sulfide (CdS) nanoparticles have been obtained by chemical precipitation onto the sur-
face of single-crystalline silicon from an aqueous solution of ammonia, cadmium chloride (CdCl,), and thio-
urea, as well as from water—DMSO and water—DMF mixtures with the same concentrations of the reagents.
According to data of atomic force microscopy, the samples obtained from the aqueous solution consist of
individual nanoparticles and agglomerates thereof with sizes of no larger than 1 pm. Materials obtained from
the water—organic mixtures are distinguished by the aggregation of CdS nanoparticles into threadlike chains.
The length of the formed curved chains and the size of CdS nanoparticles composing them depend on the
nature and amount of an organic component of a mixture. Atomic force microscopy, transmission electron
microscopy, and photoluminescence spectroscopy data have shown that the average size of CdS nanoparticles

is 2—2.5 nm depending on solvent composition.
DOI: 10.1134/S1061933X16010075

INTRODUCTION

Optical, electronic, and catalytic properties of
semiconductor nanoparticles differ significantly from
those inherent in macroscopic bodies and depend on
nanoparticle sizes [1—3]. The electronic properties of
the nanoparticles may be regulated by varying their
synthesis parameters and sizes. Nanoparticles of cad-
mium sulfide (CdS), which is a high-energy gap semi-
conductor with an energy gap width of the bulk mate-
rial equal to 2.42 eV (at room temperature), are being
extensively investigated. CdS is used in optical sensors,
solar cells, light-emitting diodes, and other electro-
optical devices. One of the problems relevant to the
synthesis and extension of the fields of applications of
semiconductor nanoparticles is the wide scatter in
their sizes and the particle agglomeration during their
synthesis, which leads to the loss of specific properties.

There are various methods for producing CdS
nanocrystals with different shapes and sizes. For
example, star-shaped CdS nanocrystals were obtained
from a solution of a lyotropic triblock copolymer [4].
Nanosized CdS spheres were synthesized in water-in-
oil microemulsions containing amphiphilic dendrim-
ers [5]. Nanosized tetrahedrons, tetrapods, “needle-
covered” balls, and hexagonal nanoprisms of CdS
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were prepared via the solvothermal synthesis using
ethylenediamine/ethylene glycol mixed solvents [6].
CdS nanorods, nanowires, and nanotubes were syn-
thesized in solutions by the hydrothermal method [7,
8]. When Cd(NH,C(S)NHNH,)Cl, complex
is decomposed in a trioctylphosphine/trioctylphos-
phine oxide mixture, CdS nanorods with a diameter of
3—5 nm and a length of 10—24 nm are formed [9]. A
simple one-stage method has been described in [10]
for the preparation of long uniform CdS nanowires
with a thickness of 1.7 nm from a solution of cad-
mium(IT) hexadecylxanthate in hexadecylamine. CdS
nanowires may also be obtained via electrochemical
deposition [11].

Some methods have been proposed for suppressing
coagulation of nanoparticles by introducing of thiols
[12], phosphines [13], and amines [14] into solutions.
Thus, the composition of a reaction mixture and syn-
thesis parameters substantially affect the morphology
of CdS nanoparticles.

One of the common methods for obtaining of
metal sulfides, including CdS, in the form of fine par-
ticles and films is precipitation from aqueous solutions
containing metal salts, sulfidizing agents, and ammo-
nia or an alkali [15]. This relatively simple method is
based on the use of low-toxic, objectionable-odor-free
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sulfur-containing organic reagents, in particular, thio-
urea, (NH,),C=S (Thio), as sources of sulfur atoms
[16—21]. It is interesting to study the synthesis of CdS
from water—organic mixtures. The nature of a solvent
and its donor ability are known to influence the stabil-
ity of metal complexes [22—24]. The stability of Cd(II)
complexes with Thio in mixed solvents increases with
the concentration of an organic component [25, 26].
This increase may affect the chemical precipitation of
CdS. In addition, solvation of CdS being formed by
molecules of an organic solvent may influence the
morphology of resulting CdS nanoparticles.

In this study, physicochemical properties of CdS
nanoparticles obtained by chemical precipitation from
water—dimethyl sulfoxide (DMSO) and water—dime-
thylformamide (DMF) mixed solvents onto silicon
substrates have been investigated by atomic force
microscopy (AFM), transmission electron micros-
copy (TEM), and photoluminescence (PL) spectros-
copy. The influence of the nature and concentration of
the organic solvent on the morphology of nanoparti-
cles has been studied. The choice of these aprotic sol-
vents has been dictated by their high, as compared
with water, donor ability upon interaction with accep-
tors (donor numbers DNg, 5 are 18.0, 26.6, and 29.8
for H,O, DMEFE, and DMSO, respectively [22]), as well
as their low toxicity and volatility. Solvation of the sur-
face of primary CdS particles with DMSO and DMF
molecules via C=0 and S=0 groups may lead to sta-
bilization of particles owing to the shielding role of
methyl groups [27, 28].

EXPERIMENTAL

CdS nanoparticles were prepared by chemical pre-
cipitation from an aqueous solution (200 mL) of
ammonia (70.3 g/L) containingCdCl, (0.015 mol/L)
and Thio (0.15 mol/L) according to the procedure
described in [29, 30], as well as from H,O—DMSO
and H,O—DMF mixtures with the same concentra-
tions of NH;, CdCl,, and Thio. The mixed solvents
contained different amounts of DMSO or DME The
synthesis was carried out in an open beaker heated in a
water bath at 40°C for 10 min. Such a short time of a
silicon substrate exposure in a solution was chosen in
order to avoid deposition of nanoparticles formed in a
solvent onto the substrate. Nanoparticles were formed
on the surface (100) of single-crystalline silicon sub-
strates immersed in a solution with the help of a
holder. Several samples were obtained from the aque-
ous solution (H,0-100) and mixed water—organic sol-
vents containing 50 vol % of DMF (DMF-50) or
DMSO (DMSO-50) and 20 vol % of DMF (DMF-
20) or DMSO (DMSO-20).

The morphology of CdS nanoparticles was investi-
gated using a SolverPro atomic force microscope
(NT-MDT, Russia) and a JEOL 2010 transmission
electron microscope. In the AFM experiments, sur-
face areas with sizes of 3 x 3 um? (+10%) were scanned
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with NSGO01 DLC (NT-MDT) supersharp tips having
a curvature radius smaller then 1 nm and an average
value of the nominal spring constant of 5.5 N/m. The
measurements were performed in a tapping mode.
Samples for TEM examinations were subjected to
ultrasonic dispersing, and CdS particles were trans-
ferred onto a grid substrate at the onset of the cavita-
tion boiling of a suspension.

A stationary PL was excited with a continuous He—
Cd laser operating at a wavelength of 325 nm and a
radiation power of about 0.5 W/cm?. The PL spectra
were recorded with a spectrometer designed on the
basis of an SDL-1 double monochromator equipped
with a cooled FEU-79 photomultiplier operating in a
single photon counting mode.

RESULTS AND DISCUSSION

Morphologcal Studies of Nanoparticles

AFM images of samples containing CdS nanopar-
ticles located on the Si(100) surface are shown in
Fig. 1. It can be seen that the samples obtained from
mixed water—organic solvents consist mainly of nano-
particles and threadlike agglomerates thereof. The
largest amount of relatively coarse individual CdS par-
ticles is seen in the image of the H,0-100 sample
(Fig. 1a). Smaller nanoparticles form nanothreads.
Previously, the same picture was observed when study-
ing CdS particles on silicon substrates by scanning
electron microscopy [29]. It was noted that, at an ini-
tial stage of the process, CdS nanoparticles with grad-
ually increasing sizes were formed on the silicon sur-
face. The diameter of the threadlike structures
remained almost unchanged, while their number
increased up to the formation of networks of nano-
threads on the substrate. Thus, our data are consistent
with previously reported results.

The synthesis of monodisperse CdS nanoparticles,
rods, and rodlike structures has mainly been described
in the literature. The formation of chain structures
from individual almost spherical nanoparticles (aspect
ratio =1) is clearly observed in the AFM image taken in
the phase contrast mode (Fig. 1f), where narrow areas
of the contact between adjacent particles may be dis-
tinguished.

In contrast to nanorods, nanothreads have a con-
siderable amount of bends indicating the absence of a
long-range crystalline order. The length and diameter
of the nanothreads vary from sample to sample
depending on the nature and amount of an organic
component in a water—organic mixture. Hencefor-
ward, the term “average size of nanoparticles” will
mean the averaged value the of profile height of both
individual nanoparticles and nanothreads on a sub-
strate, because they are approximately equal. The
average size of nanoparticles in the threads of the
H,0-100 sample as determined by AFM is about 2.5
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Fig. 1. AFM images of CdS nanoparticles for (a) H,O-100, (b) DMF-50, (c) DMF-20, (d) DMSO-50, and (¢) DMSO-20 sam-
ples. (f) Image obtained by phase mapping for chains in DMF-50 sample; it can be seen that nanothreads consist of individual
segments separated by thinner necks. The insets present the profiles and heights of nanoparticles; the sections are drawn in the
places denoted in the figures.
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Fig. 2. TEM image of CdS nanoparticles synthesized in
mixed water—organic solution (DMF-50 sample).

nm, which agrees with the data presented in [31]. In
the DMF-50 sample (Fig. 1b), individual CdS parti-
cles and nanothreads with a diameter of 2.9 nm are
observed. In the DMF-20 sample, the fraction of indi-
vidual nanoparticles is considerably smaller, and the
chains are shorter than those in the H,0-100 and
DMF-50 samples; however, their number is increased
(Fig. 1¢). The average size of nanoparticles is 2.1 nm.
When DMSO is used as an organic solvent in the syn-
thesis, individual CdS nanoparticles are almost
absent, and nanothreads alone are observed. The aver-
age size of the particles in DMSO-50 is =2.3 nm (Fig.
1d), and that in the DMSO-20 sample has decreased
to ~2.0 nm (Fig. le). The data obtained show the
influence of medium composition on the morphology
of the particles: a decrease in the content of the
organic component of the water—organic mixtures has
led to some reduction in the sizes of CdS nanoparti-
cles. It is interesting that the smallest particles are
observed in the DMF-20 and DMSO-20 samples.
Moreover, the use of H,O—DMSO mixtures has led to
the predominant formation of nanothreads from CdS
nanoparticles.

Figure 2 depicts the TEM image of nanoparticles in
the DMF-50 sample. The ultrasonic treatment of the
sample has resulted in the disintegration of the nano-
threads into individual CdS particles. However, the
average size of the particles is, according to the TEM
data, close to the values obtained by AFM and is about
3 nm.

Photoluminescent Properties of CdS Nanoparticles

Photoluminescence (PL) spectra of the samples
measured at 77 K are shown in Fig. 3. A high-energy
peak with a maximum at about 420 nm (2.95 eV) dom-
inates in the spectra of the DMSO-50, DMF-20, and
DMSO-20 samples. The PL spectra of the H,0-100
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Fig. 3. PL spectra recorded at 77 K for CdS nanoparticles
of (1) H,0-100, (2) DMF-50, (3) DMSO-50, (4) DMF-
20, and (5) DMSO-20 samples.

and DMF-50 samples comprise a broad band, which
seems to be a superposition of at least two bands. The
high-energy peaks correspond to energy higher than
the energy gap width of bulk CdS (2.58 eV) [31]. We
believe that the high-energy peak is due to the electron
transitions between size quantization levels in CdS
nanoparticles. Luminescence in a wavelength range of
490—500 nm seems to be due to the “zone—zone”
recombination in large particles, in which the size
quantization effect is absent. The PL intensities of all
studied samples are reduced by more than an order of
magnitude at 300 K. This is probably due to the ther-
mal activation of nonradiative recombination chan-
nel. In the DMSO-20 sample, radiation of large parti-
cles prevails.

PL spectra were approximated by the example of
the DMSO-50 sample. The spectrum is adequately
described by a superposition of two Gaussian curves
(Fig. 4) with maxima at wavelengths of 420 and
490 nm, which correspond to energies of 2.95 and
2.53 eV, respectively. The first maximum is associated
with an optical transition between size quantization
levels of a CdS nanopatrticle; the energy of 2.53 eVisin
good agreement with the energy gap width of bulk CdS
having the hexagonal lattice (2.58 eV at 0 K) [31].

DMSO or DMF content in mixed solvents influ-
ences the position of the maximum and the width at
the half-height of a PL peak (Fig. 3). When DMF con-
tent in the mixture is increased to 50%, the PL maxi-
mum shifts toward lower energies, while, when
DMSO content in the water—organic mixture is ele-
vated, the position of the maximum remains almost
unchanged. On the other hand, an increase in the
DMSO or DMF content in the mixture leads to a
decrease in the peak width at the half-height. How-
ever, the peak width at the half-height is 10% smaller
for nanoparticles obtained in the H,O—DMSO mix-
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Fig. 4. PL spectrum of DMSO-50 sample nanoparticles
and its approximation by two Gaussian components.

ture than that for nanoparticles synthesized in the
H,0—DMF mixture.

Nanocrystal size distribution may be determined
from PL spectra using a model quantum well with infi-
nitely high walls. In this case, radiation energy is
uniquely related to the minimal size of nanoparticles:

hn’
om*d*

where FE is the energy between size quantization levels
of an electron and a hole (radiation energy), Ej is the
energy gap width of a bulk material, % is the
Planck constant, »n is a positive integer, m* =
mm,/(m,+ m,) = 0.154m, is the reduced effective
mass of an electron and a hole (m,= 0.19m, and m, =
0.8m, are effective masses of the electron and the hole,
respectively), m, is the mass of a free electron, and d is
nanoparticle size. The nanocrystal size distribution of

E=Eg0+

the DMSO-50 sample is exemplified in Fig. 5. While
plotting the diagram, we assumed that the particle size
may be found from the radiation energy, whereas the
PL intensity is directly proportional to the number of
nanoparticles. CdS particles larger than 6 nm may be
considered as a bulk material. This approach is rather
rough, but it enables one to estimate the sizes of nano-
particles corresponding to the maximum of the distri-
bution.

Dependences of nanoparticle size on the percent-
age of an organic component in a solution plotted
from the AFM and PL spectroscopy data are shown in
Fig. 6. It can be seen that, in the H,O—DMF mixture,
CdS nanoparticles are slightly larger than those in the
H,0—DMSO solvent. In addition, an increase in the
content of the organic component in the mixed solvent
to 50% leads to a growth in the size of nanoparticles.
Thus, the change in the size of CdS nanoparticles
depending on the content and the type of an aprotic
donor solvent in a water—organic mixture revealed by
the analysis of AFM images of the samples is con-
firmed by the data of PL spectroscopy.

The Influence of Solvent Composition on the Morphology
and Sizes of CdS Nanoparticles

Previously, the study of the mechanism of CdS for-
mation in an aqueous solution containing CdCl,,
Thio, and ammonia indicated the formation of mixed-
ligand Cd(II) complexes containing NH; molecules
and a Thio molecule coordinated with the Cd** ion via
the S atom [15, 32]. Then, the alkaline hydrolysis of
Thio molecules occurs, which leads to the rupture the
bond between carbon and sulfur atoms and the forma-
tion of paired units of CdS. In the opinion of the
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Fig. 5. Size distribution of CdS nanoparticles in DMSO-
50 sample plotted from PL spectroscopy data.

Fig. 6. Average sizes of CdS nanoparticles in H,O-100,
DMF-50, DMSO-50, DMF-20, and DMSO-20 samples
according to (/) AFM and (2) PL spectroscopy data.
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authors of [15], CdS pairs form primary (CdS),, clus-
ters in the solution; then, the primary particles are
aggregated via the contacts between them.

The formation mechanism of CdS subunits is the
same in the aqueous solution and mixed solvents. At
the same time, DMF and DMSO change the interac-
tion of primary CdS nanoparticles with each other as
compared with the aqueous solution. Nanoparticles
formed during the initial minutes of the synthesis may
have a surface charge and a dipole moment. The mol-
ecules of strong donor solvents (DMF and DMSO) are
adsorbed on the surface of the acceptors (CdS nano-
particles), thereby promoting the stabilization of the
particles and preventing them from aggregation; how-
ever, CdS nanoparticles exhibit a tendency to the for-
mation of chainlike associates. The formation of the
chains may be explained by the tendency of the nano-
particles to association in the (0001) direction, which
corresponds to the most active crystallographically
oriented sites of the surface of hexagonal CdS nano-
particles [34]. The extent of the influence of DMSO
and DMF on the formation of isolated CdS nanopar-
ticles and chainlike structures is obviously determined
by their ability to solvate the particles. The employed
solvents create more extended and anisotropic solva-
tion shells on them than does water. The strength of
the solvation shell depends on a number of factors,
including donor number DNg¢, of a solvent, the size
of a solvent molecule, and the concentration of an
organic solvent in a solution. Since DMSO has a high
donor number DNy, ¢,, the strongest solvation shell is
formed in an H,O—DMSO mixture, thus leading to
more efficient stabilization of CdS nanoparticles than
that upon synthesis in the aqueous solution and a
H,0—DMF mixture at the same ratio of the mixed
solvent components. Some increase in the size of CdS
nanoparticles obtained in the mixed solvent contain-
ing 50% DMF is probably due to the fact that this mix-
ture has a lower dielectric permittivity than do the
other studied mixtures and water (for H,O, DMSO,
and DME, it is equal to 81.0, 45.0, and 36.1, respec-
tively) [22]. This may well lead to the formation of
largest (CdS), clusters in this mixture. The data
obtained will be useful for the development of studies
in the field of chemistry of semiconductor nanoparti-
cles [34].

CONCLUSIONS

The structure and optical properties of CdS nano-
particles obtained in aqueous solutions of NHj,
CdCl,, and Thio and in mixed solvents, in which 20 or
50 vol % of water has been replaced by DMSO or
DME, and precipitated onto the surface of a silicon
substrate have been investigated by AFM, TEM, and
PL spectroscopy. It has been shown that CdS nano-
particles may form chains, the sizes of which depend
on solvent composition. Analysis of the PL spectra has
shown that, along with nanocrystals having average
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sizes of 1.8—3.8 nm, the obtained samples contain
larger nanoparticles with the optical transition energy
corresponding to the energy gap width of a bulk hex-
agonal CdS crystal. It has been assumed that the influ-
ence of DMSO and DMF on the formation of CdS
nanoparticles and chainlike structures is determined
by the solvation properties of solvent molecules, as
well as the value of the diclectric permittivity of a
mixed water—organic solvent.
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