
I. Introduction

Cadmium sulfide is traditionally used as yellow pigment

called `aurora yellow'. The search for cadmium for indus-

trial applications revealed that it only occurs as sulfide in

the greenockite mineral, a companion to sphalerite (ZnS).

The discovery of semiconductor properties in CdS in the

second half of the 20th century attracted the attention of

researchers to this compound and was followed by the

development of novel methods of synthesis using vacuum

technology. This made it possible to prepare CdS films of

thickness to 0.5 mm.

The next surge of interest in CdS originated from

elaboration of a thin-film preparation technology based on

the aqueous solution deposition. Professor G A Kitaev, a

founder of the Ural scientific school of thin-film synthesis,

wrote: `It is usually accepted that the chemical method of

preparation of metal chalcogenide films is more art than

science... The experience accumulated by the staff of the

Department of Physical and Colloid Chemistry, Ural Poly-

technic Institute named after Kirov, entitles us to speak of

the need to reclassify chemical methods from art to science

because chemical methods can be scientifically based. This

enables formulation of clear recommendations concerned

with the synthesis'.1

Pioneering studies were carried out by chemists from the

Ural Region in the 1960s. The results obtained underlie

both fundamental understanding of deposition processes

and development of thin-film deposition technologies which

found wide industrial applications in the USSR.2 ± 5 Aque-

ous solution deposition still belongs to the most widely

employed methods for synthesis of metal chalcogenides

including CdS. Therefore, it is of importance to generalize

and systematize information on the structure and properties

of CdS nanoparticles and on the mechanisms of formation

of nanostructured forms of CdS produced by this method.
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To evaluate the interest of researchers in this field, we

performed a bibliometric analysis of publications on CdS

reported between 1980 and 2013 using the Web of Science

scientific databases encompassed by the Thomson Reuters

Web of Knowledge suite.

Studies with `CdS' or `Cadmium Sulfide' in the titles

were analyzed. The distribution of publications over partic-

ular subfields was assessed by retrieving information using

keywords (and their combinations) from abstracts, e.g.,

`nano', `bio', `TiO2' and `solar cells' ignoring other key-

words. The results obtained are presented in Fig. 1.

In the last two decades, there has been renewal of

interest in the chemical bath deposition of CdS (see Fig. 1,

curve 5). Since the mid-1990s to nearly 2007, curve 5

behaves very similarly to curve 4. Interest in this method is

due to the advances achieved in the deposition of nano-

structured barrier layers based on CdS films for thin-film

CIGSSe (Cu ± In ±Ga ± S ± Se) heterojunction solar cells

with cascading effect.6 ± 10 Utilization of CdS thin films

from 10 to 100 nm thick as the first `window' or buffer

layer in the solar cells allowed one to increase their

efficiency to 19.9%.10

Since 2006, solution deposition studies of CdS went far

beyond the solar cell field. Increasing interest in the method

was due to the possibility to synthesize nanocrystalline

particles. As the particle size of most solids becomes smaller

than a threshold value, essential changes occur in the

physical properties and crystal structure.11 This feature is

of particular importance when considering heavy-metal

chalcogenides whose electronic and optical properties

depend on both the particle size and structural type. The

onset of quantum size effects upon reducing particle size led

to introduction of the term `quantum dots'. Unique optical

properties of quantum dots, such as blue (hypsochromic)

shift of the absorption edge and photoemission maximum

with decreasing the quantum dot size, very bright fluores-

cence and photostability underlie the variety of scientific

and technological applications of these systems.12

Colloidal semiconductor nanocrystals (colloidal quan-

tum dots) occupy a special position. Chemically, colloidal

quantum dots represent nanoparticles prepared by methods

involving nucleation and growth in supersaturated solu-

tions, e.g., aqueous solution deposition. Each quantum dot

is an individual mobile system stabilized by amphiphilic

molecules in a solvent. The ability of quantum dots to exist

in colloidal solutions allows them to be incorporated into

porous organic and inorganic matrices to form composite

and hybrid materials.13 ± 17

Optical properties of quantum dots based on cadmium

chalcogenides make them promising for ultra-sensitive mul-

ticolour detection of biological objects, medical diagnosis,

cytometry,12, 18 ± 27 as well as in optical and electron micro-

scopy studies and fluorescent analysis. To visualize bio-

logical objects or processes, it was proposed to embed

quantum dots into the systems under study either per se or

with `grafted' receptors (usually, antibodies or oligonucleo-

tides). Nanocrystals can penetrate into and distribute within

targets in accordance with their properties. For instance,

nanocrystals of different size penetrate biological mem-

branes in different manner; since the fluorescence colour

depends on the particle size, different regions of the target

become differently coloured.19, 23, 24

The number of publications concerning biomedical

applications of CdS quantum dots increased until 2012

and then began to decrease (curve 1 in Fig. 1). By that

time, the ability of quantum dots to impair physiological

functions of living cells was studied by toxicological,

genetic, epigenetic and visual (in vivo and in vitro) methods.

It was found that cadmium-containing quantum dots are

potential chronic toxicants due to their physicochemical

properties (particle size, surface structure, redox potential

and solubility).28 Owing to high toxicity of Cd2+ ions (see

Refs 29 and 30) cadmium-containing nanoparticles and

quantum dots cannot be treated as fully biocompatible 31

and can hardly be used in the in vivo studies.32 At the same

time, a study 33 in non-human primates revealed no adverse

effects of CdSe/CdS/ZnS quantum dots for at least a year

after administration. We believe that doubts in toxicity of

CdS nanoparticles gave an impetus to search for and

development of some other applications of CdS quantum

dots.

Studies concerning CdS ±TiO2 composites make the

major contribution to the overall increase in the number of

publications on applications of CdS quantum dots. Until

mid-2000s, main interest in this system was due to the strive

for improving the properties of photocatalysts (see Fig. 1,

curve 2). The TiO2 matrix coated with CdS quantum dots

exhibits high efficiency in the visible region owing to the

shift of the lower edge of the sensitivity region from 360 nm

(this value is typical of TiO2) to 510 nm.34 The red (bath-

ochromic) shift of the absorption edge enables photocata-

lytic decomposition of organics and water to produce

hydrogen gas without UV irradiation.

Recent attention of researchers to CdS ±TiO2 composite

is due to the possibility of utilizing it as a layer of quantum-

dot-sensitized solar cells (see curve 3 in Fig. 1). There are

convincing proofs 35 that solar-cell applications of colloidal

quantum dots belong to promising and rapidly progressing

investigation line in modern nanophotonics. Solar cells

based on quantum dots represent third-generation photo-

electric transducers that can be both more efficient and

cheaper than the first- and second-generation devices based

on crystalline silicon and on amorphous and polycrystalline

silicon, respectively. An example of the third-generation

solar cells is provided by GraÈ tzel photoelectrochemical cells
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Figure 1. Distribution of publications concerning CdS over a
period of 33 years (1980±2013).
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based on a nanostructured TiO2 or ZnO layer coated with a

sensitizer (dye).36 A particular goal in the studies of this

type of solar cells is to replace 35 organic sensitizers (dyes)

by semiconductor quantum dots, in particular, CdS

ones.37, 38 Chalcogenide quantum dots are basic to a novel

class of solar cells, namely, quantum-dot-sensitized solar

cells (QDSSCs),37 ± 40 because they are characterized by

higher photostability and absorption coefficient compared

to organic sensitizers, their band gap depends on the

particle size and they are suitable for multi-exciton gener-

ation using a single photon.

In the last decade, the overall contribution of the studies

on CdS quantum dots for the applications described above

increased from 12% to 68% of the total number of studies

on the nanostructured forms of CdS. Problems in utilizing

CdS nanoparticles as quantum dots originate from some

features that will be considered below. A correct description

of specific structure of CdS nanoparticles (see Section II)

makes it possible to clarify a complicated correlation

between the properties and the particle size (see Section III).

Eventually, Section IV is devoted to the preparation of CdS

nanoparticles in the form of films, colloidal solutions and

hybrid forms by aqueous solution deposition. In Conclusion

we will outline specific features of the synthesis of various

nanostructured forms of CdS and discuss the prospects for

application of nanoparticles as quantum dots.

II. The structure of CdS nanoparticles: between the
crystalline and amorphous states

Reducing the particle size down to the nanoscale level is

accompanied by the onset of some effects that are not

observed in bulk matter. First, the surface of particles now

plays a significant role. At a CdS particle size of about

5 nm, the number of surface atoms is of the order of 30% of

the total number of atoms in the particle. A great propor-

tion of dangling atom ± atom bonds influences the structure

of the particle. As a consequence, non-crystalline structures

atypical of bulk materials may appear to be more stable.

For instance, close-packed metals form icosahedral clusters

(periodic structures having no translational symmetry) in

the nano state.41 The structure of CdS also depends strongly

on the particle size.

The a- and b-polymorphs of bulk CdS were reported for

the first time by Klobukow 42 and identified as the wurtzite

(B4 type) and sphalerite (B3 type) structures, respectively.43

The notations and crystallographic parameters of the two

bulk phases according to the Joint Committee on Powder

Diffraction Standards (JCPDS) data are listed in Table 1.

Both crystal structures are built of alternating close-packed

layers, each of them being comprised of sublayers of differ-

ent-type ions (Fig. 2).

The sphalerite structure is a cubic close packing with

layers arranged normal to four polar directions h111i of the
face-centred cubic (fcc) lattice. Ions within the double layer

are linked by three bonds per ion, while the double layers

are connected by a bond per ion. Each anion is surrounded

by six same-type anions in two dimensions and by twelve

same-type anions in the three-dimensional space. Cations

occupy 50% of tetrahedral voids, being equidistant from

four anions. Close packing of cations can be considered in a

similar way.

The wurtzite structure is characterized by hexagonal

close packing (hcp) with layers arranged normal to one

polar direction, h001i. The polymorphs described above are

typical of bulk CdS under normal conditions; both struc-

tures are close-packed and only differ in the sequence of

alternation of the packing layers on stacking. Namely, the

structures can be obtained by periodically repeating the

ABC or AB sequence: ...ABCABC... (sphalerite, see Fig. 2 a)

or ...ABABAB... (wurtzite, see Fig. 2 b). Periodicity in the

sequence of layers is a necessary condition for translational

symmetry of the crystal structure.

X-Ray powder diffraction analysis is most widely used

for structure identification and nanoparticle size determi-

nation. Experimental X-ray diffraction patterns of films 6

to 70 nm thick synthesized by different methods,44 ± 52 as

well as those of nanoparticles 53 ± 55 and various complex

forms of CdS 56 ± 58 obtained using Cu Ka1,2 radiation

indicate that the structures of these systems differ from

those of the polymorphs of bulk CdS (wurtzite or

sphalerite).

Almost all diffraction patterns of the nanostructured

forms of CdS exhibit the following features: the maximum

X-ray scattering intensity falls in the range 2 y& 26.5 ± 278,
two much weaker peaks being observed at y* 448 and

*528 (Fig. 3). In some cases, the main peak is accompanied

on both sides by `shoulders' close to the [100] and [101]

reflections in the wurtzite structure. Five basic interpreta-

tions of the diffraction patterns characteristic of the nano

state of CdS are as follows:

Ð one deals with a textured CdS film, viz., there is a

strong orientation along the c axis directed normal to the

substrate surface; in this case, the phase is identified as

hexagonal; 47, 48 for powders, the structure is either

cubic 54, 56 or hexagonal; 52

Ð a nanostructured CdS film or CdS nanopowder is a

mixture of crystallites or domains of the cubic and hexag-

onal phases; in this case, the diffraction pattern observed is

a superposition of the diffraction patterns of two phases

taking into account their partial content; 44, 45, 53

Ð one deals with a polytypic structure of CdS thin

films; 49, 50

Ð one deals with a random close packed structure of

CdS nanoparticles because the sequence of layers is disor-

dered,59 ± 61 the diffraction pattern corresponds to an aver-

age crystal lattice (see Table 1); and

Ð one deals with an amorphous nanoparticle 62 and

thus with a halo in the diffraction patterns.
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Figure 2. Crystal structure of CdS: sphalerite (a) and wurtzite (b)
polymorphs.43
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Table 1. Crystallographic parameters of bulk CdS phases and nanostructured forms of CdS.

Nano- Structural PDF card Structure Space group Unit cell para- Atomic coordi- Filling CdS forms Diffraction peaks of
particles type, mineral number and its meters /nm nates of Cd and S factor Cu Ka1,2 radiation

number in the unit cell
a c 2 y /deg. hkl

a-CdS wurtzite B4, [JCPDS-041-1049] hcp P63mc 0.414 0.672 Cd

�
1

3

2

3
0

�
1 powders, films, 24.83 100

grinockite No. 186 particles size49 nm 26.53 002

S

�
1

3

2

3

3�����
24
p

�
28.21 101

36.65 102

43.72 21�0

47.88 103

50.93 200

51.87 21�2

52.84 201

58.33 202

b-CdS sphalerite B3, [JCPDS-042-1411] fcc F�43m 0.582 Cd (0 0 0) 1 microstructured films 26.54 111

hawleyite No. 216 and powders 30.74 200

S

�
1

4

1

4

1

4

�
44.02 220

52.14 311

CdS rcp,a `average' P6 0.236 0.334 Cd (0 0 0) 1/3 all forms of nano-CdS *26.7 001

3 ± 9 nm lattice No. 168 with particles 3 ± 9 nm 44.2 100

(see b) S

�
0 0

1�����
24
p

�
in size 52.4 101

CdS amorphous 7 7 7 7 7 5 3 nm halo

5 3 nm *27

(see c) *44

aRandom close packing; b data taken from Refs 59 ± 61; c data taken from Ref. 62.



The major drawback of the first two interpretations of

the experimental diffraction patterns of CdS consists in the

absence of some reflections typical of the wurtzite (e.g.,

[102] and [103]) and sphalerite (e.g., [200]) structures (see

Table 1). Usually, this fact remains unexplained. The first

interpretation requires substantiation of a particular (often,

fixed) content of the crystalline phases, B3 and B4. As a

rule, a correct description of the diffraction pattern by a

superposition of two diffraction patterns under all synthesis

conditions requires that the content of the hexagonal phase

be higher (4 60%). In spite of the drawbacks highlighted,

the first two interpretations of the structure of CdS are most

widely used.

The third interpretation considers polytypism and thus

assumes various types of alternation of the sequence of

layers (similarly to SiC polytypes). However, this is atypical

of bulk CdS. Also, nanostructured cadmium sulfide does

not exhibit new sequences of and periodicity in layer

alternation; therefore, this interpretation seems to be incor-

rect to describe the structure of CdS nanoparticles.

The fourth interpretation takes into account the fact

that the first three interpretations of the structure of CdS

(either the crystal structure belonging to the B3 or B4 types

or the polytypic structure) are based on a common property

of atomic ordering, namely, the close packing, which is

made the corner-stone. In this case, one deals with some

long-range order that is responsible for strong reflections in

the diffraction patterns. Contrary to this, the fifth interpre-

tation assumes a short-range atomic order and no long-

range order at all. We will consider the last two interpreta-

tions in more detail.

Specific features of the diffraction patterns of nano-

structured CdS are due to disordering in the sequence of

packing layers.59 ± 62 In this case, the probability for a layer

to occupy a particular position (A, B or C) cannot be

determined with certainty. We thus deal with a random

close-packed (rcp) structure. Since the three close-packed

structures of CdS, viz., rcp, hcp and fcc, are characterized

by identical short-range order and atomic environment and

by the same number of nearest neighbours, they are rather

stable from the standpoint of energy.

Structural disordering in CdS nanopowder, namely, the

absence of some lines from the crystal structure in the

Debye powder patterns of CdS was reported for the first

time by Andrushko.63 The structure was characterized by

random superposition of anion layers and identified as

intermediate between amorphous and crystal structures.

The vast majority of data point that, irrespective of the

method of synthesis of CdS nanoparticles, there is a

correlation between their structure and size. For instance,

nanocrystalline CdS powders with an average nanoparticle

size of about 5 nm have the rcp structure.54, 64, 65 Dendritic

samples 56 obtained from CdS nanopowder also consist of

nanoparticles with the rcp structure characterized by a

Gaussian-like particle size distribution in the range from 2

to 20 nm with a peak at 10 nm. However, large nano-

particles mainly have the wurtzite structure. In particular,

spherical nanoparticles and nanofilaments 20 ± 60 nm in size

have well-defined hexagonal wurtzite structure.66 Nanofila-

ments 100 nm in diameter have both hexagonal and, prob-

ably, cubic structure (nonequilibrium under normal

conditions).67

The dependence of the structure on the particle size is

also observed for CdS thin films. Based on the diffraction

patterns,49, 50, 68 the structure of a film with nanoscale

domains can be identified as rcp. As the domain size in the

film increases to 60 nm (see Ref. 69) and more (see Refs 70

and 71), the domain structure can be identified as wurtzite.

Structural studies of isolated particles are most labour-

consuming because they require a thorough analysis of

high-resolution transmission electron microscopy

(HRTEM) images. For instance, HRTEM images of the

rcp structure of CdS and its `average' crystal lattice in the

direct space are available.61 Photomicrographs reported in

another study 72 clearly demonstrate multiple distortions in

the sequence of layers. Nevertheless, the ABA and ABC

fragments were identified as wurtzite and sphalerite struc-

tures, respectively, and the overall structure was interpreted

as a mixture of two phases. One or two packing defects in a

nanoparticle consisting of ten close packed layers lead to the

loss of translational symmetry.

Although disordered, nanostructured forms of CdS with

the rcp structure remain stable at rather high temperatures.

Heating of thin film samples to 720 K leads to an increase in

the domain size and to a structural transition.73 This effect

was for the first time reported by Andrushko,63 namely, it

was found that the structure becomes gradually ordered

above 620 K and always undergoes transition to the wurt-

zite structure above 820 K. In a diffraction pattern from

another study 74 a clearly seen [200] wurtzite peak from bulk

CdS overlaps with the peak from the major component of

the film (CdS nanoparticles of unidentified structure). The

maximum temperature for the synthesis of CdS with the rcp

structure is 350 K. If the synthesis (or heating) is carried out

at temperatures above 500 K, the CdS structure is identified

as wurtzite structure which seems to be more equilibrium

under these conditions. For instance, crystalline CdS nano-

particles were synthesized in a reverse micelle solution at

a

b

c 300 nm

100 nm

100 nm

25 45 2 y /deg.

Figure 3. Different forms of nanostructured CdS:
nanoparticles (a),55 thin films (b),51 and dendritic structures (c).56

In all cases, the diffraction patterns exhibit peaks characteristic of
nanostructured CdS.
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high temperature.75 Micelles limit the nanoparticle size and

slow down the nanoparticle growth rate, while high temper-

ature favours atomic ordering. Nevertheless, the HRTEM

image demonstrates an amorphous structure of the particle

in the near-surface region. Under normal conditions, nano-

particles usually tend to form the rcp structure; here,

minimization of the surface energy is due to the entropy

contribution of disordering and to partial loss of transla-

tional symmetry.

The stability of structures with no translational symme-

try can be assessed only using molecular dynamics (MD)

calculations. For instance, ab initio MD calculations were

used to simulate CdS nanoparticles with the wurtzite and

a b c

S Cd

Figure 4. Cd132S132 particles of radius 1.164 nm with the sphaler-
ite structure (a) after relaxation (b) and `annealing' at 300K (c).62
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columns is shown in the lower left corner. The packing layers are arranged at an angle of 458 to the horizontal line. The layers intersecting
with lines 1, 2 and 3 are marked as A, B, and C, respectively. Displacements of the close-packed layers are marked by arrows. The dotted
regions at the centre and in the lower right corner of the HRTEM image constitute a lattice with a rectangular unit cell H62 d describing
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sphalerite structures and to relax them at 300 K.62 Using

the pair distribution function of atoms in the calculated

particles, it was found that the relaxed 2-nm nanoparticles

lost their crystal structure and became amorphous (Fig. 4).

This structure with essentially short-range order is charac-

teristic of particles smaller than 6 nm in size.62

According to published data, the structure of particles 3

to 9 nm in size is characterized by an `average' long-range

order,59 ± 61 which manifests itself as well-defined peaks in

the diffraction patterns (Fig. 5). Namely, scattering by

randomly alternating packing layers leads to the loss of

information on periodicity in the sequence of layers. Only

information that atoms belong to layers that can occupy

any of the three positions (A, B or C) remains valuable; this

is equivalent to the statement that the packing layer equi-

probably occupies all three positions (occupation probabil-

ity is 1/3). Therefore, the rcp structure was associated with a

hexagonal lattice, space group P6 (C1
6) and the unit cell

parameters a=0.236 and c=0.334 nm, where a is the

distance between the projections of all atoms on the packing

plane and c is the distance between the nearest close-packed

layers of same-type atoms (Cd or S).60, 61 In the unit cell of

the `average' lattice, Cd and S atoms occupy single positions

1(a), the atomic coordinates and the filling factors are listed

in Table 1.76

The `average' lattice is primarily needed to explain the

results of the X-ray diffraction study and characterizes a

statistical probability of a position rather than actual

atomic arrangement in the particle. Actual atomic positions

in the amorphous structure can be seen in the HRTEM

image of a CdS particle (Fig. 6), in particular, atomic

columns and close-packed layers; atomic columns consist

of Cd atoms characterized by high electron scattering

factor. The complete sequence of packing layers in the

HRTEM image is aperiodic and can be written as

ACABCBABABCACBACA. A thorough analysis of the

HRTEM image makes it possible to identify features in

the dashed area as image of the `average' crystal lattice

(space group P6) of the rcp structure of CdS. Visualization

of this lattice in Fig. 6 is due to the superposition of one-

dimensional projections of the layers A, B and C. The

interatomic distance determined from the HRTEM image

is 0.41� 0.01 nm.

Summing up, the structure of nanostructured forms of

CdS depends strongly on the particle size. There are two

critical sizes. If a particle consists of a few thousands of

atoms, tetrahedral environment of Cd and S atoms leads to

formation of packing layers and to `average' long-range

order. This structure is characteristic of CdS particles whose

size is between 3 and 9 nm. Particles comprised of a few

hundreds of atoms have a size of about 2 nm and amor-

phous structure. Unambiguous determination of the par-

ticle size corresponding to the boundary between

amorphous particles and particles with the rcp structure is

impossible; therefore, we will use a value of 3 nm as the

upper bound of the size for the particles with amorphous

structure.

III. Properties of CdS nanoparticles: the size and
surface effects

As the size of a semiconductor crystal decreases to nano-

scale level in one, two or three dimensions, the electronic

structure and properties of the material change essentially.77

Discrete structure of the electronic energy levels in semi-

conductor nanoparticles allows them to be considered as

`artificial atoms'. Early in the 1980s, researchers from the

USSR predicted and then discovered the blue shift of the

absorption edge upon size reduction of CdS nanopar-

ticles.78, 79 This also implies the possibility of controlling

other properties, in particular, luminescence. However,

changes in the electronic, magnetic, optical and other

properties with decreasing particle size are due to the

influence of two factors including the size confinement

effect and an increase in the surface-area-to-volume ratio.

In this Section, we will consider how these factors affect the

properties of nanoparticles in order to demonstrate the

possibility of synthesis of quantum dots based on CdS

nanoparticles.

III.1. Optical absorption
For CdS nanoparticles (1.5 to 40 nm in size) dispersed in a

dielectric glassy matrix, the blue shift increased with

decreasing particle size and reached a value of 0.8 eV at

the minimum size.78 According to the first theoretical

model,79 the band gap increases due to quantization of

states of an exciton in the potential well with infinitely high

walls (the potential well boundaries are specified by the

surface of the spherical semiconductor particle). Quantiza-

tion due to spatial confinement manifests itself for particles

whose size is comparable or smaller than the diameter of an

exciton (5.8 nm for CdS). In this case, the absorption edge is

given by

E � Eg �
0:71p2�h2

2mr2

where Eg is the band gap in the bulk crystal;

m � ��m�e�ÿ1 � �m�h�ÿ1�ÿ1

is the reduced mass of exciton (for CdS, one has m�e � 0:2me

for the effective mass of electron, m�h � 0:81me for the

effective mass of hole and me= 9.1610731 kg or the rest

mas of electron) and r is the radius of the particle. A more

detailed expression for the dependence of the exciton energy

on the nanoparticle size has the form

E � Eg ÿ 0:248ERy �
n2p2�h2

2 mr2
ÿ 1:786 e2

er
(1)

where

ERy �
me4

2 n2�h2

is the effective Rydberg energy (electron ± hole binding

energy), n is a non-negative integer, e is the charge of an

electron and e is the dielectric constant of the particle.80 The
sum of the first three terms equals the exciton energy in a

macroscopic crystal, while the fourth term includes the

Coulomb interaction between electron and hole. Having

experimentally determined the band gap, one can estimate

the average particle radius:

r � 2p�h�8mDEg�ÿ1=2
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This expression is suitable for calculation of the particle

diameter (D/nm) from the experimentally determined blue

shift (in eV),

D � 3:062���������
DEg

p
Since the blue shift of absorption edge belongs to the

quantum size effects, CdS nanoparticles can rightly be

called quantum dots.

Linearized muffin-tin orbital (LMTO) calculations 81, 82

of the density of electronic states in CdS nanoclusters

showed that the band gap in CdS nanoparticles increases

owing to the shift of the bottom of the conduction band

(BCB) towards higher energies and shift of the top of the

valence band (TVB) towards lower energies. Experimental

confirmation of the shift of the TVB and BCB in thiol-

stabilized CdS nanoparticles with decreasing particle size

was obtained in a soft X-ray spectroscopy (SXS) study.83 It

was shown that two effects contribute to the increase in the

band gap. These are narrowing of the valence band from 4.7

to 3.5 eV and separation in the conduction band of con-

tributions from the size confinement effect of excitons and

from quantization of the density of states in the conduction

band.

The best fit of the dependence of the band gap on the

particle size is given by 81, 82

DEg=2.83 e7D/8.22+1.96 e7D/18.07 (2)

or

DEg �
36:9

D1:2
� 269:7

D2:2
(3)

where D is the nanoparticle diameter in AÊ and DEg is in eV.

Both expressions describe the decrease in the shift of the

absorption edge with increasing crystal size (Fig. 7).79 ± 85

The best correlation with experimental data was obtained in

calculations within the framework of the effective mass

approximation for an exciton in a potential well of finite

depth.84

III.2. Phonon spectra
Similarly to electrons and holes, phonons also experience

the size confinement effect in nanocrystals. In bulk crystals,

the proper state of a phonon is a plane wave, and the

selection rules of the wave vector q for the first-order

Raman scattering require that q& 0. This rule violates in

the case of finite spatial function of the phonon (its confine-

ment to the size of the nanoparticle). Localization of optical

phonons leads to a red shift of the Raman scattering

frequencies of longitudinal optical (LO) phonons 86 ± 88

from 304.5 to 297 ± 302 cm71. Assuming a spherical shape

of small quantum dots, the wave vector is

q � pm
D

where m is the quantum number of the localized mode and

D is the diameter of the quantum dot. Dispersion o(q) of
LO phonons in CdS is negative; therefore, the frequency of

the first localized mode (LO1) appears to be lower than the

corresponding bulk value. The scattering frequency of LO

phonons is plotted vs. nanoparticle size in Fig. 8.

In the frequency range between the bulk longitudinal

optical (oLO) and transverse (oTO) phonons the dielectric

constant of the crystal e(o) is negative and, correspond-

ingly, the wave vector values

k � o
c

���������
e�o�

p
(o is the phonon frequency and c is the speed of light) are

imaginary. Because of this, waves in bulk crystals cannot

exist in this frequency range; only the surface modes (oSO)

are allowed.89 The experimental and calculated frequencies

of SO-modes obtained taking into account localization of

optical phonons are 245,86 272,87 280 (see Ref. 89) and

290 cm71.90 The scatter of the experimental and theoret-

ically determined values is due to strong influence of

electron ± phonon coupling.87 No dependence of the SO-

modes on the size and shape of CdS nanoparticles was

reported.90
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By and large, the phonon properties of CdS illustrate the

importance of the quantum size effects and surface effects.

The former leads to the size confinement effect of optical

phonons, while the latter is responsible for the formation of

the surface modes. Although these effects are in fact

mutually independent, it is clear that the proportion of

surface atoms depends on the particle size; however, this

can be better understood by analyzing the dependence of

the magnetic susceptibility on the particle size.

III.3. Magnetic susceptibility
The magnetic susceptibility belongs to a small group of the

properties of matter that are determined by the electronic

subsystem only, being independent of the energy spectrum

of phonons. By analyzing the behaviour of the magnetic

susceptibility of nanoparticles one can more correctly sep-

arate the influence of the particle size and particle surface

on the electronic properties. An increase in the magnetic

susceptibility of CdS upon reduction of the particle size to

100 nm was for the first time reported Aresti et al.,91 who

attributed this effect to the increase in the proportion of

surface atoms with dangling bonds. The magnetic suscept-

ibility (w) of undoped semiconductor is determined by the

Langevin diamagnetism of electrons in the closed shells of

ion cores (wc), by diamagnetism of valence electrons (wv); in
the case of AIIBVI semiconductors, one should take into

account the van Vleck paramagnetism (wp) of distorted

electron clouds of the sp3 orbitals.92 All these things being

considered, the magnetic susceptibility is given by

w= wc+ wv+ wp

For CdS, the magnetic susceptibility can be determined

from the expression

w=(70.426+0.249 d)61076 cm3 g71

where d is the bond covalency or the shape asphericity of the

sp3-electron cloud.

Estimation of the van Vleck paramagnetism contribu-

tion 93 showed that a decrease in the size of wurtzite CdS

nanoparticles causes the bond covalency to increase and

reach the limiting value for extended wurtzite particles with

an average size of 9 nm (Fig. 9). Particles smaller than 9 nm

in size have the rcp structure and the shape asphericity of

the sp3 orbitals abruptly decreases to a value typical of bulk

CdS. The sp3 orbitals of 2-nm amorphous particles have

almost undistorted shape and the atom ± atom bonds can be

treated as ionic. The reason for such a behaviour of the

magnetic susceptibility consists in that for the hexagonal or

cubic packing, the surface-area-to-volume ratio sharply

increases as the particle size decreases (59 nm). To reduce

the number of dangling bonds, one should change the

environment of the surface atoms, which can be done if

the sequence of alternation of the close-packed layers is

violated and the rcp structure is formed.

High shape asphericity of the sp3 orbitals in crystalline

particles is confirmed by the temperature induced mag-

netic susceptibility drop followed by changes in the shape

of nanoparticles owing to surface changes. Thermally

induced excitation of the surface causes its structure to

break down; it can be changed via growth of the particle

or redistribution of the surface atoms. The temperature of

the magnetic susceptibility drop for 49-nm wurtzite

particles was 250 8C (cf. 310 8C for smaller particles with

the rcp structure). The effect was confirmed 94 by differ-

ential scanning calorimetry (DSC) data for 8-nm nano-

particles. The DSC traces of both freshly synthesized and

aged samples exhibit an exothermic peak in the region

281 8C, the rcp structure and the shape of nanoparticles

remain unchanged to 300 8C, thus indicating that thermal

effects only influence the surface of particles. At higher

temperatures, the particle size increases owing to lateral

growth of packing layers rather than formation of new

close-packed layers. Quantum chemical calculations 95 of

the stability of 2-nm CdS clusters predict an increase in

the proportion of surface atoms and a decrease in the

proportion of bulk atoms on heating above 130 8C and

irreversible structural changes above 300 8C.
Summing up, the phonon spectra and magnetic suscept-

ibility depend not only on the particle size, but first of all on

the proportion of surface atoms, which increases as the

particle size decreases. The state of the surface governs the

internal structure of nanoparticles, namely, if the particle

size is smaller than 9 nm, the rcp structure appears to be

more stable than the hcp structure.
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III.4. Photoluminescence
The blue shift of the optical absorption edge with decreasing

nanoparticle size implies a corresponding blue shift of the

luminescence band. The latter effect is of importance for

practical applications of quantum dots as luminophores or

biomarkers. Seemingly, calculations predict a band gap of

3.5 eV for 2-nm CdS nanoparticles (see Fig. 7 b); corre-

spondingly, luminescence should occur in the UV region at

350 nm. However, in most studies the blue shift of lumines-

cence is not observed, or does not reach the characteristic

values, or one deals with a red shift relative to the peak at

510 nm characteristic of bulk cadmium sulfide.

Probably, disagreement between the absorption and

luminescence bands is due to structural disorder. However,

a large shift of luminescence maximum to 725 nm was

observed in the case of highly crystalline particles 3 ± 6 nm

in size synthesized in reverse micelles.96 Correspondingly,

the red shift cannot be attributed to low degree of crystal-

linity of particles. On the contrary, such a large red shift

indicates that perfect crystal structure of CdS nanoparticles

leads to numerous defect surface states. Amorphization of

the surface of particles synthesized in reverse micelles was

also reported in another study.73

Theoretically, the red shift of luminescence maximum

relative to the absorption edge was described for solid

solutions of cadmium chalcogenides in which quantum

dots are formed by the vacancy clusters.97 According to

calculations, the influence of different types of elec-

tron ± phonon coupling causes additional, oppositely

directed Stokes shifts of the absorption and lumines-

cence bands.

As mentioned above, disordering in the sequence of

layers is accompanied by a decrease in the number of

dangling bonds and the red shift should thus decrease.

Particles whose structure is characterized by twinning 88

(this allows the structure to be identified as rcp) luminesce

at 550 nm. Glutathione-passivated cadmium sulfide nano-

clusters Cd1S0.47GS0.53 . 2.5H2O with the CdS core 1.3 nm

in diameter and a shell 0.5 nm thick exhibit a blue shift of

the absorption band and a shift of the luminescence band at

550 nm.98 Similar changes in the photoluminescence and

optical absorption are also characteristic of thin films

prepared by aqueous solution deposition.99 The band gap

in the films annealed at 450 8C decreased from 3.50 to

3.46 eV, while the particle size increased from 2.60 to

2.64 nm. Annealing was followed by a red shift of the

luminescence maximum from 520 to 544 nm, which was

associated with an increase in the number of surface defect

states in the sulfur sublattice.

Theoretical calculations 100 of the behaviour of the sur-

face sulfur atoms at the cleavage of a CdS crystal revealed

small atomic displacements relative to the upper layer of

cadmium atoms and showed that the smaller the number of

bonds between the atom and the surface the larger the

displacement. These displacements of sulfur atoms on the

surface of crystals lead to formation of clearly seen surface

states at the top of the valence band. Calculations 81

revealed strong influence of dangling bonds on the energy

band structure. Numerous unoccupied orbitals may give

rise to electronic states in the band gap on the particle

surface. In the case of photoluminescence, these states can

act a electron traps and, consequently, induce a red shift.

After improvement of the models, namely, elimination of

unoccupied surface orbitals in the model particles (this is

analogous to passivation of the surface), the states within

the band gap disappeared.

The influence of passivation of the surface layer on the

luminescence of CdS nanoparticles was confirmed experi-

mentally.101 The surface sulfur layer was removed by etch-

ing the surface of particles with hydrochloric acid and the

Cd : S ratio became as high as 3 : 1. In the presence of excess

cadmium the proportion of defect surface states increased

and a red shift of the luminescence peak was observed. If the

surface of nanoparticles was passivated with a sulfur shell

3 nm thick, a blue shift of the luminescence peak was

observed (the smaller the particle size the larger the shift,

see Fig. 10). If no passivation of the surface of CdS nano-

particles occurred, a chemical analysis revealed the presence

of excess cadmium, namely, a Cd : S ratio of 1.1 : 1 (see

Ref. 65) or 1.0 : 0.72 (see Ref. 69).

Thus, the red shift or, more exactly, the absence of the

expected blue shift, is due to the formation of surface trap

states in the band gap and to electron ± phonon coupling.

To induce a blue shift, one should suppress the formation of

surface trap states in the band gap of CdS quantum dots.

The most widely used and efficient method for elimina-

tion of surface states is to passivate the nanoparticle surface

with an organic or inorganic shell surrounding the CdS

core. At the same time, coating a nanoparticle with an

organic shell may give rise to luminescence maxima in the

red and infrared regions. For instance, luminescence of CdS

nanoparticles surrounded by oleic acid molecules is charac-

terized by three broad peaks in the region from 515 to

1030 nm. A maximum at 704 nm (1.76 eV) is produced by

the surface defect states characteristic of crystalline nano-

particles. Two maxima at 576 nm (2.15 eV) and 905 nm

(1.72 eV) are a result of the influence of the bonds between

the surface atoms of the nanoparticle with the organic

shell.102

Yet another successful method for suppression of sur-

face states in the synthesis of nanoparticles from aqueous

solutions is to combine irradiation and an increase in the
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pH value of the solution.103 An increase in the pH value

stimulates desorption of thiol molecules and the formation

of Cd7OH bond (at pH 11), which leads to elimination of

the surface defect trap states and, as a consequence, ensures

an increase in the photoluminescence intensity. Irradiation

with visible light can be utilized for the etching of nano-

particles to induce a blue shift of the luminescence band; the

shorter the wavelength the larger the blue shift. By varying

the illumination conditions and the concentration of H+

ions near the surface of the particle one can control the

particle growth.104

The blue shift of the luminescence peak from 515 to

420 nm in the synthesis of 1.5-nm nanoparticles in a matrix

is accompanied by substantial broadening of the peak

owing to the influence of defect states at the quantum dot/

matrix interface.105 The intensity of luminescence of 5-nm

nanoparticles characterized by the peak at 420 nm (2.95 eV)

appreciably increases upon passivation of their surface in

various solutions.64 For the 8-nm nanoparticles synthesized

in reverse micelles, the blue shift and narrowing of the

luminescence peak from 550 to 410 nm originate from 10-

min reflux (removal of water from micelles).57 Nanopar-

ticles 1.5 ± 1.8-nm in size deposited from DMSO solution

and having the rcp structure are characterized by a lumi-

nescence peak at 460 nm (2.7 eV).106

The photoluminescence intensity maximum in the region

of 420 nm (2.95 eV) can be interpreted in different manner.

On the one hand, one deals with the blue shift relative to the

luminescence peak at 510 nm (2.42 eV) of bulk CdS. On the

other hand, such a behaviour of the luminescence of nano-

particles 5 4 nm in size can be treated as red shift compared

to the absorption edge shift and to an increase in the band

gap by more than 0.5 eV. By and large, the photoemission

wavelength depends slightly on the particle size, being to a

greater extent influenced by the surface passivation techni-

que.

Weak blue shift of photoluminescence is usually

explained by nonradiative recombination of excitons from

the remaining surface trap states. The exciton energy is

3 ± 5 eV depending on the quantum dot size. However,

recombination of an exciton involves energy consumption

in nonradiative processes and through emission from the

surface trap states. This is possible if charged excitons

(trions, biexcitons and multi-excitons) are formed. A trion

is formed from an exciton and a charge carrier and can be

charged either positively (T+) or negatively (T7). The T+

trion is composed of two holes and an electron, while the

T7 trion comprises two electrons and a hole; the like

charges in the trion have oppositely directed spins. Di-

excitons and multi-excitons are composed of bound elec-

tron ± hole pairs. Recombination of a single exciton can

produce only a photon with the corresponding energy,

whereas recombination of a trion state involves energy

transfer to the remnant charge carrier and subsequent

redistribution of this energy through different channels.

For instance, decomposition of the T7 trion may be

followed by transition of the remnant electron to higher-

energy states in the conduction band, or decomposition of

the T+ trion may be followed by trapping the remnant hole

or by the remnant hole transition to deeper-lying states in

the valence band. The remaining energy can be consumed

through emission of a photon, including photon emission

on transitions of the charge carrier between traps in the

band gap. Analogously, recombination of an exciton within

diexcitons and multi-excitons may be followed by energy

redistribution through different channels.

Thus, the synthesis of quantum dots with specified

luminescent properties should be carried out taking into

account both the influence of the surface trap states and

nonradiative Auger processes. Efros, one of the authors of a

pioneering study 79 in which blue shift in CdS nanoparticles

was predicted, wrote in 2009: `In the early sixties, the one-

dimensional carrier confinement achieved in semiconductor

quantum wells and superlattices brought about a revolution

in solid-state device technology... However, the application

of nanostructures to real-world devices has been strongly

curtailed by the enhancement of dissipative Auger processes

that undergird all aspects of carrier relaxation and recombi-

nation. In particular, Auger processes have been attributed

to the decrease of the photoluminescence quantum effi-

ciency, photoluminescence degradation and photolumines-

cence blinking in nanocrystal quantum dots'.107

Auger processes in nanoparticles were ignored for long

because the probability for such processes to occur in bulk

crystals is negligible. Permanent irradiation of nanoparticles

is accompanied by random charge ± discharge processes.

Absorption of a photon or creation of an electron ± hole

pair followed by emission of a photon do not influence

electrical neutrality of nanoparticles. But if a nanoparticle

bears an excess charge, a trion state is formed and non-

radiative Auger recombination occurs. The rate of Auger

recombination is a few orders of magnitude higher than that

of radiative exciton recombination; correspondingly, this

process is much more probable. Also, Auger processes

involving surface trap states can occur.108

It was predicted theoretically 107 that high efficiency of

Auger processes is due to abrupt termination of the electron

potential at the particle boundaries or heterointerfaces.

Electron and hole tend to localize at the quantum dot

boundaries; in the case of a charged nanoparticle and

formation of a trion state, this provokes the remnant charge

carrier to delocalize from the core and to form a surface

state.109 Methods to avoid this process are different for

different trion states (T7 and T+).

If the T7 trion is formed, it is necessary that both

electrons be on the same energy level. At T 5 200 K, a

100% quantum yield of luminescence in CdSe@CdS core ±

shell quantum dots can be attained.109, 110 At the same time,

experiments showed that the rate of Auger recombination

of the T7 trion in CdS nanoparticles increases by three

orders of magnitude (from 2.2 ns to 57 ps) as the particle

size decreases from 3.2 to 1.4 nm.111

The decomposition rate of T+ trion is a few orders of

magnitude lower, but the probability of formation of this

state is also much lower. According to calculations,107

Auger processes accompanying recombination of T+ trions

can be suppressed in a soft potential. In Fig. 11 the rate

(1/tA) of Auger processes accompanying the decomposition

of T+ trion in nanoparticles is plotted vs. particle size.

These results were obtained from calculations with differ-

ent-shape potentials. As can be seen, in the soft potential

the larger the particle size the slower Auger processes. In

this case, the quantum yield of luminescence in 10-nm

CdSe/CdS chalcogenide particles can be as high as 90% at

room temperature.110

Uncoated CdS nanoparticles are characterized by

abruptly terminating potential boundaries. In this case, the

Auger processes can be suppressed for so-called magic-size
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particles. For instance, the decomposition rate of T+ trion

in *1.9-nm particles can be decreased by a few orders of

magnitude using different-shape potentials characterized by

the parameter v. Probably, this effect was confirmed in a

study 112 where 1.9-nm CdS nanoparticles synthesized via

one-pot noninjection approach demonstrated a well-defined

blue shift of the absorption edge and photoluminescence

peak to 378 nm (3.28 eV). Ligands formed strong bonds

with the nanoparticle surface. According to NMR spectro-

scopy data, the surface cadmium atoms were bonded to

both COO groups and sulfur atoms, whereas bulk Cd atoms

were only bonded to sulfur atoms. The quantum yield was

about 10%. One can assume that luminescence in these

particles is induced by exciton recombination that is due to

suppression of Auger processes (recombination of T+

trions) in the magic-size nanoparticles rather than elimina-

tion of surface traps.

Summing up, the properties of CdS nanoparticles

depend strongly on their size and on the proportion of

surface bonds. A correct theoretical description of the blue

shift of absorption edge, the red shift in the spectra of

longitudinal optical phonons and the formation of surface

modes with decreasing particle size is available. The results

of calculations agree with experimental data. The lumines-

cent properties of CdS nanoparticles depend on the particle

size, structure and surface in a complex manner.

IV. Aqueous solution deposition of nanostructured
forms of CdS: from thin films to colloidal systems

Chemical bath deposition (CBD), or chemical solution

deposition (CSD), or simply chemical deposition (CD) is a

well-known method. For instance, back in 1835 Liebig 113

used it to deposit silver on the rear surface of a piece of

glass. The first publication on the chemical deposition of

semiconductor films was appeared in 1869;114 it concerned

preparation of coloured PbS, CuxS and SbxSy films from

aqueous thiosulfate solutions of lead acetate, copper sulfate

and antimony tartrate. Since then, the method has been

used to prepare thin-film semiconductor materials. Chem-

ical bath deposition is the simplest method for the synthesis

of such materials. Carrying out a CBD study requires a

reaction vessel (usually, a glass vessel), the starting reactants

are cheap and readily available, mixers and thermostats are

only useful options; in other words, there is no need for

complex expensive equipment, heating to high temperatures

or toxic and explosive reactants.

The first classification of physical and chemical deposi-

tion methods was reported by Chopra and Das,115 who

showed that chemical bath deposition can be considered as

an ultimately formed and promising method. This publica-

tion was followed by Lokhande's review 116 of the compo-

sitions of the reaction mixtures for the synthesis of

chalcogenides developed before 1991. Lincot and co-work-

ers were the first who generalized the available information

on the homogeneous and heterogeneous nucleation, on the

mechanism and kinetics of formation of binary and ternary

sulfide, selenide and telluride films by chemical bath depo-

sition.117 Particular data on the mechanisms of CdS and

ZnS film deposition and on the use of thermodynamic

constants to describe the initial composition of the reaction

mixture were reported 118 a year before Lincot. Tradition to

use the principles of chemical thermodynamics and chem-

ical kinetics in order to choose the composition of the

reaction mixture and to describe the mechanisms of reac-

tions occurring in the course of chemical bath deposition

(for more detail, see below) was rooted in the 1960s and

consolidated in the 1990s.2 ± 5, 115 ± 118 The next group of

reviews concerned the results obtained in a research group

from India,119 in studies of chemical bath deposition of
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semiconductors for thin-film solar cells.120 The potential of

the title method was studied in connection with the syn-

thesis of not only metal chalcogenides,121 but also

oxides 122 ± 125 and ceramic materials.126 In 2007, the first

review concerning applications of CBD to preparation of

nanocrystalline semiconductor films was reported.127 Cad-

mium sulfide films were for the first time prepared from

solutions by Mokrushin and Tkachev in 1961.2 These films

as well as other sulfide films are deposited using various

sources of sulfide ions (see Section III.2).

In spite of experimental simplicity, in-depth investiga-

tion of the mechanisms of deposition of solids, which is

necessary to extend the possibilities of controlling the

composition and various properties of compounds formed,

is a stubborn problem. In this connection, we believe that

the method of chemical bath deposition is still not of

common use.

Chemical bath deposition as simple, cheap and industri-

ally convenient method for preparation of just thin films on

metallic, semiconductor and insulating substrates has been

a subject of numerous reviews.115 ± 127 As important advant-

age of the method consists in low rate of chemical reactions,

which makes it possible to synthesize well-crystallized

particles for deposition of films with specified texture.

Interestingly, each research group has its own ideas of the

mechanisms of thin film formation on substrates.

In this review, we for the first time consider chemical

bath deposition as promising method for preparation of not

only bulk thin-film structures, but also nanostructured

semiconductor particles of different structure taking CdS

as an example. Among the physical and chemical deposition

methods, only chemical bath deposition yields various bulk

and nanocrystalline hybrid forms of semiconductor com-

pounds including CdS not only as continuous or island-type

films on surfaces of any size and configuration, but also as

core ± shell structures, agglomerated polycrystals of regular

shape and isolated particles in colloidal solutions.

IV.1. Aqueous solution deposition: theoretical aspects
Traditionally, a reaction mixture for CBD represents a

solution of one or more salts of the metal Mn+, a source

of chalcogen X (X=S, Se, Te) and a complex-forming

agent. Metal chalcogenide deposition involves the following

four steps:125

1) formation of equilibrium homogeneous system com-

plex-forming agent ± water;

2) formation and dissociation of a complex metal com-

pound [MLi]n+ik, where L denotes one or more ligands, n is

the oxidation state of the metal M, i is the number of ligands

and k is the charge of the ligand;

3) hydrolysis of the source of chalcogen; and

4) formation of solid metal chalcogenide.

A feature (often, a drawback) of the synthesis in

aqueous solutions is the possibility for side reactions result-

ing in almost water-insoluble oxygen-containing metal com-

pounds to accompany the main reaction affording inorganic

chalcogenide (stage 4). The formation probability of side

products is rather high because most metal ions are hydro-

lyzed in aqueous solutions. Hydrolysis significantly compli-

cates the synthesis of pure compounds containing no basic

salts and hydroxides. In this connection, a particular com-

plex-forming agent for each metal ion should be used in

stage 2 in order to suppress hydrolysis and to control the

feed rate of metal ions to the reaction zone in stage 4.

Stage 3 is accompanied by a decrease in the concen-

tration of metal cations due to the appearance of chalcogen

ions Xm7 in the solution and formation of solid chalcoge-

nide MmXn. Stage 4 is an almost irreversible reaction.

Aqueous solution deposition is carried out in a closed

system at constant temperature (T ) and pressure (p). In

this case, irreversible changes are always accompanied by a

decrease in the Gibbs free energy (DG).58 For processes

conducted at constant temperature and pressure, the Gibbs

free energy is an indicator of irreversibility. However, the

system where a metal chalcogenide is formed, is in partial

equilibrium. According to Prigogine, the system is in partial

equilibrium if it is in mechanical and thermal equilibrium,

but there is no equilibrium with respect to the distribution

of matter between the components that can interact chemi-

cally, with respect to the distribution of matter between

different phases of the system and, generally, with respect to

any changes that can be characterized by the reaction

coordinate x.128 Consider a system where the x value

changes by dx in time dt. If the chemical reaction is the

only irreversible process in the system, the increase in

entropy should be governed by only dx value. Then,

according to the second law of thermodynamics, one has

dQ=Adx5 0.

The inequality corresponds to spontaneous occurrence

of the reaction, while the equality corresponds to an

equilibrium state. This inequality formulated by De

Donde 129 introduces the function of state A, which was

called the chemical affinity of reaction. For a spontaneous

reaction proceeding from the left to the right (for instance,

stage 4) at constant pressure and temperature,58 one has

Ap;T � ÿDGp;T � RT ln
K�T; p�

�c2g2�v2 :::�cngn�vn
>0 (4)

where K(T, p) is the equilibrium constant for the process

under study, ci is an arbitrary (e.g., initial) molar concen-

tration of the component i and gi is the activity coefficient of

the component i. In the case of chemical bath deposition,

the initial molar concentrations of components are

1072 ± 1073 mol litre71. Since all solutions can be treated

nearly ideal when appropriately diluted, one has gi? 1 and

one can use concentrations instead of activity in the chem-

ical affinity calculations. A spontaneous process corre-

sponds to the inequality A>0. Admitting an indubitable

hypothesis that the formation of chalcogenide (X) of a

divalent metal (M) is described by the equation

M2++X27 MX;

expression (4) takes the form

A � RT ln
K�T; p�

�M2��ÿ10 �X2ÿ�ÿ10

>0 (5)

where K (T, p) is the equilibrium constant for the formation

of solid sulfide MS. Since the solubility product Ksp is the

equilibrium constant for dissolution of MX precipitate, the

equilibrium constant for sulfide formation is 1/Ksp. Using

the expressions for the solubility product

Ksp= [M2+]eq[X27]eq
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and the ionic product

IP= [M2+]0[X27]0 ,

one gets the equation for the chemical affinity:

A � RT ln
IP

Ksp

In other words, spontaneous formation of metal chalco-

genide is possible at supersaturations

P � IP

Ksp

>1 (6)

where [M2+]0, [X27]0, [M2+]eq, [X27]eq are the initial and

equilibrium concentrations of the M2+ and X27 ions,

respectively.

Thus, in order to discuss the possibility for metal

chalcogenide formation to occur, one should determine the

initial compositions of the reaction mixture in stages 2 and

3, i.e., the concentrations of the chalcogen and metal ions.

This is a nontrivial task because the concentration of

chalcogen ions depends on the mechanism of decomposition

of the source of chalcogen in stage 3. Kitaev and co-work-

ers 1, 3 ± 5 were the first who experimentally showed that

decomposition of the main sources of chalcogen (stage 3)

is a reversible hydrolysis reaction, determined the equili-

brium constants for these reactions and proposed a quanti-

tative thermodynamic substantiation of deposition

conditions for many metal chalcogenides. This substantia-

tion appeared to be equally appropriate for the description

of systems characterized by the formation of stable complex

compounds of metals with the source of chalcogen (with

metal ± chalcogen coordination) and for systems where no

such compounds are formed. Thermodynamic approach is

often used for quantitative description of stages 2 and 3.130

It is the four stages (see above) taken altogether that are

responsible for the mechanism of growth in solution and on

substrate, for the chemical composition, structure, micro-

structure and type of the hybrid form (core ± shell, agglom-

erated nanopowder, isolated particles in colloidal solutions)

of solid chalcogenides formed in the reaction.

IV.2. Main sources of sulfide ions
Sulfidizers are compounds which can act as sources of S27

ions in aqueous solutions, e.g., soluble sulfides and hydro-

sulfides or hydrogen sulfide. However, a necessary condi-

tion for preparation of thin-film metal sulfides is low feed

rate of S27 ions to the reaction zone. This condition is met

using thiocarbonic acid diamide (thiourea) SC(NH2)2, the

best known source of sulfide ions which is widely used for

the synthesis of metal sulfide films. The chemical properties

and decomposition mechanisms of SC(NH2)2 are well

documented.130, 131 In aqueous alkaline solutions, thiourea

undergoes reversible hydrolytic decomposition 1, 5, 130

SC(NH2)2 H2S+CN2H2 (7)

In turn, cyanamide CN2H2 is hydrolyzed to urea and

ammonium carbonate

CN2H2+H2O OC(NH2)2

OC(NH2)2+2H2O (NH4)2CO3

Cyanamide can react with ammonia to give a strong base,

guanidine 132

CN2H2+NH3 (NH2)2C=NH

Products of these reactions can act as impurities in

chemically deposited films. In acid solutions, SC(NH2)2
decomposes to ammonium ion and thiocyanate ion 133

SC(NH2)2 NH�4 +SCN7 (8)

When reactions are carried out in alkaline media,

thiourea derivatives, namely, N,N 0-dimethylthiourea and

N-allylthiourea,134 are also used as sources of sulfide ions

MeNHC(S)NHMe+H2O

MeNHC(O)NHMe+H2S

AllNHC(S)NH2 + H2O AllNHC(O)NH2 + H2S

Quite recently, metal sulfides are synthesized in acid

media at pH<4 from sodium thiosulfate Na2S2O3. Stability

of thiosulfuric acid in aqueous solutions has been a subject

of numerous studies reviewed in a monograph.135 Among

various schemes and hypotheses of the mechanism of the

process, two primary reactions are usually considered, that

is, decomposition of thiosulfuric acid to elemental sulfur

and sulfurous acid under the action of strong acids and

hydrolysis to hydrogen sulfide and sulfuric acid 136, 137

H2S2O3 S+H2SO3 (9)

H2SO3+H2O H2S+H2SO4 (10)

Both reactions do not contradict experimental facts and

are therefore considered by many researchers with certainty

to be true.

One more worthy source of sulfide ions is thioacetamide

MeC(S)NH2, a reagent for deposition of metal sulfides. It is

widely used in analytical practice. Unlike the sources of

sulfide ions mentioned above, this compound can be hydro-

lyzed in the whole range of pH values. However, opinions

are different as to the mechanism of MeC(S)NH2 hydrol-

ysis.138 One mechanism is described by the classical reac-

tion 139, 140

MeC(S)NH2+2H2O MeC(O)OH+H2S+NH3 (11)

involving two intermediate stages, viz., the formation of

acetamide

MeC(S)NH2+H2O MeC(O)NH2+H2S

followed by the formation of thioacetic acid

MeC(S)NH2 + H2O MeC(O)SH+NH3

which is then hydrolyzed to H2S and MeC(O)OH.

The other mechanism 141 responsible for the appearance

of S27 ions in solutions of thioacetamide is described by the

reaction

MeC(S)NH2 MeCN+H2S (12)
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IV.3. Mechanisms of CdS film formation on substrates
In order not to duplicate information from the available

reviews on the thin-film formation mechanisms, we will

restrict ourselves to the data reported in the last 15 years

and will briefly outline our own views concepts. It is

commonly accepted 117, 118, 127, 142 ± 145 that chemical bath

deposition of films may follow the ion exchange, cluster

(hydroxide, colloidal) and ion-cluster mechanisms.

The ion exchange mechanism is schematically shown in

Fig. 12. The formation of CdS film in alkaline solution

SC(NH2)2 is described by the reactions

Cd2++ iLk (CdLi)2+ik (13)

SC(NH2)2+2HO7 S27+CN2H2+2H2O (14)

Cd2++S27 CdS (15)

Clearly, reaction (15) requires that IP > Ksp for CdS [see

Eqn (6)]. Once this condition is met, CdS particles are

formed directly on the substrate (Fig. 12) and adhesion of

solid CdS to the substrate is, generally, due to van der

Waals forces. In some cases, chemical and electrostatic

interactions between ions and substrate are possible; for

instance, using a gold plate as substrate, one can expect the

formation of Au7S bonds on the surface.

The cluster (colloid) mechanism assumes nucleation of a

solid phase, formation of solid-phase clusters immediately

in the homogeneous solution and subsequent growth, coag-

ulation and adsorption of clusters on the substrate sur-

face.80, 130 The chemical composition of the clusters is

governed by the synthesis conditions. Namely, chemical

bath deposition using MeC(S)NH2 and thiosulfate ion

(S2O
2ÿ
3 ) as sources of sulfide ions at pH<5 leads to

formation of sulfide clusters and metal hydroxide in alka-

line solutions. The formation of metal hydroxide is hard to

avoid under experimental conditions despite the presence of

complex-forming agents;6, 146 therefore, this mechanism is

sometimes called hydroxide mechanism (Fig. 13).142 In this

case, complexation (13) and hydrolysis of SC(NH2)2 (14)

are accompanied by the reaction

Cd2++2OH7 Cd(OH)2 (16)

and the formation of metal sulfide is not described by

Eqn (15). Here, one gets:

Cd(OH)2+S27 CdS+2OH7 (17)

Transformation of metal hydroxide to metal sulfide is

only possible if Ksp(metal hydroxide)>Ksp(metal sulfide)

because the solubility product of CdS (pKsp= 26.10) much

exceeds that of freshly deposited Cd(OH)2 (pKsp= 13.66).

Kitaev et al.1, 3, 4 established that the formation of CdS films

using SC(NH2)2 as source of sulfide ions proceeds via the

metal hydroxide route. On the one hand, the hydroxide

layer has undesired effect on the functionality of semi-

conductor devices, in particular, CIGSSe solar cells where

CdS thin films are used as the `window layer'.6 On the other

hand, with no hydroxide layer the CdS film loses its

adhesive properties.

The ionic and colloid mechanisms assume homogeneous

nucleation. However, studies on the kinetics of deposition

under spontaneous solid phase formation showed that
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Figure 12. Ionic mechanism of CdS film formation on substrate.142

Diffusion of Cd2+ and S27 ions towards substrate (1); reaction
between Cd2+ and S27 ions with the formation of a nucleus of solid
CdS (2); growth of CdS nucleus by adsorption of Cd2+ and S27

ions (3); and coagulation of CdS particles due to van der Waals
forces (4).
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Figure 13. Cluster (hydroxide, colloidal) mechanism of CdS film formation on substrate.142

Diffusion of Cd(OH)2 colloidal particles induced by Brownian motion towards the substrate; adsorption of particles (2); and interaction of
particles with S27 ions (3). The S27 ions are formed either upon homogeneous hydrolysis of the source of sulfide ions or in heterogeneous
reaction where Cd(OH)2 particles can act as catalyst of hydrolysis of the source of sulfide ions. As a result, exchange of hydroxide ions for
sulfide ions proceeds on the substrate surface and in bulk solution (4) and CdS film is formed (5).
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formation of metal sulfides is a heterogeneous autocatalytic

process.147 ± 149 This is an indication of more complicated,

mixed mechanisms of film formation. It should be noted

that the fundamental difference between the mixed mecha-

nism and the simple cluster (hydroxide, colloidal) mecha-

nism consists in that metal sulfide is formed not only due to

consumption of free S27 ions [see reaction (14)]. The mixed

mechanism assumes the possibility for the source of sulfide

ions, in particular, SC(NH2)2, to adsorb on the surface of

solid Cd(OH)2 particles {or on [(CdOH)2(NH3)2] par-

ticles},144 thus forming metastable surface complex com-

pounds which then decompose with the formation of

CdS.150 Based on the available experimental data, the

`hydroxide mechanism' of CdS film deposition proposed

earlier 1, 3, 4 can be written as follows:150

Cd(NH3)
2�
4 +2OH7+site Cd(OH)2,ads+4NH3

Cd(OH)2,ads+SC(NH2)2 [Cd(OH)2SC(NH2)2]ads

[Cd(OH)2SC(NH2)2]ads (18)

CdS+H2CN2+2H2O+site

or in the following way:78

Cd2++site+2OH7 Cd(OH)2,ads

Cd(OH)2,ads+SC(NH2)2 C* CdS+site (19)

where ads are compounds adsorbed on the substrate; C* is

the intermediate; site is the surface of a silicon or glass

substrate onto which the CdS film is deposited.

It should be noted that Eqn (19) describing the mixed

mechanism of film formation includes two undefined 143

`parameters', viz., Cd(OH)2,ads and C*. Experiments 151

showed that gradual adsorption of atomic layers of the

Cd(OH)2 film on the surface of the oxygen-containing

substrate results in the formation of a common layer of

composition Cd(OH)2/SiO2. Taking into account the

fact 152 that direct interaction of SiO2 with the cadmium

salt in aqueous alkaline solutions mainly results in cadmium

silicate Cd(SiO2)n with a SiO2 : Cd mole ratio of about 1 : 1,

the Cd(OH)2,ads phase in Eqn (19) corresponds to

Cd(OH)2/Cd(SiO2)n/SiO2 provided that deposition occurs

onto a silicon or glass substrate. Subsequent sulfidizing of

the surface of this cadmium-containing layer on the sub-

strate produces a precursor layer (denoted by C*) represent-

ing a CdS/Cd(OH)2/Cd(SiO2)n/SiO2 intermediate layer

(Fig. 14). Initial adhesion of the bottom atomic layers of

Cd(OH)2 to the oxygen-containing substrate film and par-

tial sulfidizing of the top layers of Cd(OH)2 ensure growth

of the CdS film and strong adhesion to the substrate.

Further sulfidizing of this layer and a complete conversion

of the hydroxide to sulfide causes the adhesive force to

vanish and the CdS film can be removed from the substrate

with ease.

We believe that chemical deposition of CdS thin films

from aqueous alkaline solutions onto silicon or glass sub-

strates necessarily involves the formation of compound

Cd(OH)2 as the intermediate layer provided that the sub-

strate was not pretreated.118, 153 Then, it is the mixed

mechanism of film formation described by Eqn (19) that

seems to be the most plausible. In revised form, it can be

written as follows:

Cd2++S27+ Cd(OH)2/Cd(SiO2)n/SiO2 (20)

CdS+Cd(SiO2)n/SiO2+site

IV.4. Mechanisms of formation of CdS nanoparticles
Chemical bath deposition belongs to `bottom ± up' methods

of fabrication of nanostructured materials.155 Here, nano-

particles are formed from atoms and molecules, i.e., by

growth of seeds to nanoparticles. Cadmium sulfide nano-

particles, as well as other metal sulfide nanoparticles, can be

synthesized by aqueous solution deposition using reactions

of soluble metal compounds with sulfidizing agents (see

Section VI.2). Various groups of sulfidizers only differ in

that the precipitating agent (S27 ion) is either added to the

solution containing ions being deposited ([CdLi]2+ik or

Cd2+) or is gradually formed in the course of hydrolysis

proceeding in the bulk solution. It is hydrolyzable sources

of sulfide ions that are used for film synthesis. However,

solid particles that are formed in the reaction not only form

the film on the substrate surface or on reactor walls, but

also coagulate with the formation of powder-like precipitate

in bulk solution. In this case, typical kinetic curves have an

S-shape characteristic of autocatalytic processes in which

the role of catalyst is played by the surface of the solid phase
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Figure 14. Growth mechanism of CdS film on the Cd(OH)2/
Cd(SiO2)n/SiO2 precursor layer deposited on glass substrate.
(a) Grazing incidence X-ray diffraction patterns from a series of
thin films prepared at different temperatures;151, 153 all X-ray
diffraction patterns were measured from the bottom side of the
substrate; top: positions of the peaks from the average lattice of the
rcp structure of nano-CdS (space group P6) and from the hexago-
nal structure of cadmium hydroxide (space group P3�m1); (b) model
of a film on substrate.154
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(CdS).147 The rate of sulfide formation in the system is

proportional to the surface area of the solid phase nucleat-

ing in bulk reaction mixture and to the concentrations of the

main reactants, that is, the complex salt [CdLi]2+ik and

SC(NH2)2. Therefore, the reaction rate can be described by

the model second-order equation written using the concen-

trations of metal and SC(NH2)2 in the solution 147, 148

o � d�cM;0 ÿ cM�
dt

� Kex�cM;0 ÿ cM�2=3cMcThio (21)

where o is the rate of metal sulfide formation in the

solution, Kex is the experimental rate constant for the

reaction, cM,0 and cM (mol litre71) are the concentrations

of metal ions in the solution at t=0 and at an arbitrary

instant (t4 0), respectively; cThio,0 and cThio (mol litre71)

are the concentrations of SC(NH2)2 at t=0 and at t4 0,

respectively; (cM,07 cM)= (cThio,07 cThio)= x is the

amount of metal sulfide formed during the time interval t
since the beginning of the reaction, in mol litre71; and

(cM,07 cM)2/3= x2/3 is the quantity proportional to the

surface area of the metal sulfide particles seeded in the

homogeneous solution.

Assuming a spherical shape of the particles of the

nucleating solid phase, their number remains constant,

while the mass and surface area of each particle increase

due to precipitation of metal sulfide formed in the reaction.

The kinetic equation for the synthesis of CdS in alkaline

solutions of SC(NH2)2 has the form 147

dx

dt
� 1:276 1017 exp

�
ÿ 78000

8:314T

�
x2=3cÿ3NH3

cOHÿ�cCd;0 ÿ x�6 (22)

6�cThio;0 ÿ x�

where cNH3
, cOHÿ are respectively the concentrations of NH3

and OH7 ions at t=0, mol litre71.

If only one (sulfide) crystalline phase is formed, CdS in

solutions of SC(NH2)2 forms much more slowly than in the

solution of Na2S containing the `available' ions (S27 and

HS7). For instance, the formation of CdS using Na2S at

room temperature is observed a few seconds after the

beginning of the reaction (cf. a few minutes for solutions

of SC(NH2)2 and mixing of reactants). The use of SC(NH2)2
leads to low initial supersaturation, small amount of crystal

nuclei, while subsequent hydrolysis of SC(NH2)2 causes

growth of the available particles rather than nucleation of

CdS.

The use of SC(NH2)2 leads to low initial supersatura-

tion, small amount of crystal nuclei, while subsequent

hydrolysis of SC(NH2)2 causes growth of the available

particles rather than nucleation of CdS. This suggests the

existence of a limiting stage of hydrolysis of SC(NH2)2. The

growth rate of CdS particles is described by the second-

order equation with respect to the main components

involved in the reaction [see Eqn (21)]. Also, it is propor-

tional to the initial concentrations of reactants, i.e., to the

chemical affinity of reaction, A. Thus, in solutions of

SC(NH2)2, nuclei of the solid phase grow much faster than

nucleation occurs and the particle size increases with

increasing A. This leads to formation of larger particles

compared to those produced by deposition using Na2S.155 If

initially the starting solution contains S27 ions produced by

dissociation of Na2S in the preparation step, the formation

of sulfide nanoparticles obeys the classical theory of precip-

itation and the Weymarn ±Haber precipitation rule,

according to which the nanoparticle size decreases with

increasing A.156

The kinetic equation (22) and insights into the influence

of the affinity A on the nanoparticle size are valid if only

one crystalline phase, e.g., CdS is formed in the solution.

However, the first solid phase formed in alkaline solutions

is often Cd(OH)2 (Fig. 15). Since it is formed in bulk

solution, it is clear that not only the film, but also powder-

like precipitate will contain cadmium hydroxide. The

Cd(OH)2 phase can influence the morphology of CdS single

crystals and polycrystalline CdS particles,157 which in turn

may govern the electronic, optical and magnetic properties

of materials 158 and thus the laws of chemical, physical and

biological processes.

In Fig. 15, the concentration region between the surfaces

I and II corresponds to formation of a single phase, namely,

CdS. Chemical bath deposition using SC(NH2)2 produced

only wurtzite CdS powders in this concentration region; no

CdS films visible to a naked eye were formed. The average

size of the CdS particles formed in this concentration region

was determined using X-ray diffraction data and averaged

over all hkl directions. It appeared to be larger than 9 nm.

This is to some extent erroneous estimate of the particle

size. Indeed, as the particle size decreases to a few nano-

metres, the proportion of surface atoms abruptly increases,

which causes the shape of particles to change.160, 161 Cad-

mium sulfide nanoparticles have a complex shape, viz., they

are extended along the [001] axis, which leads to a large

proportion of the (100) and (110) lateral faces.94 The

concentration region of H+ ions (cH+) and complex-form-

ing agent (ammonia) ions (cNH3) below surface I corre-

sponds to co-deposition of CdS and Cd(OH)2 with the

formation of CdS powders and films with the rcp structure

and particles smaller than 5 9 nm in size (see Fig. 15). The

shape of CdS particles with the rcp structure was simulated

by random superposition of hexagonally packed atomic

layers, which led to hexagonal prismatic shape of the

model particles.94

Thus, aqueous solution deposition using SC(NH2)2
under conditions where no Cd(OH)2 is formed produces

wurtzite CdS powders with particles larger than 9 nm in

size. If the formation of Cd(OH)2 is thermodynamically

allowed, both CdS powders and thin films can form. Here,

CdS particles have the rcp structure, being smaller than

9 nm in size. Cadmium sulfide particles synthesized using

Na2S as the source of sulfide ions are also smaller than 9 nm

and have the rcp structure. It should be noted that CdS

particles with the rcp structure are formed due to the

decrease in the average particle size 94 rather than the

presence of Cd(OH)2.

Cadmium sulfide particles produced by chemical bath

deposition can form polycrystals of regular shape (see, e.g.,

hexagonal prisms with an edge length of 2 mm shown in

Fig. 16 a,c).53 The presence of so large agglomerates was

explained 53 by self-organization of 6-nm CdS nanopar-

ticles; however, we believe that it is an erroneous point of

view. The reasons are as follows.

A Cd(OH)2 particle deposited under the same conditions

as CdS particles,53 except introduction of sulfidizer into the

solution, had a hexagonal prismatic shape (see Fig. 16 b).

We believe this shape is inherited by agglomerates of CdS

nanoparticles formed in the course of sulfidizing of
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Cd(OH)2 in aqueous solution using SC(NH2)2. The forma-

tion of CdS particles of regular shape in the presence of

Cd(OH)2 (Fig. 16 d ) was also observed earlier (see Refs 141,

162, 163).

The mechanism of formation of regularly shaped mono-

disperse polycrystalline CdS particles in aqueous Cd(OH)2
sol using thioacetamide as source of sulfide ions and

ammonia and/or ethylenediaminetetraacetic acid (EDTA)

as complex-forming agents was for the first time studied by

Sugimoto et al.141 It was shown 141, 162, 163 that the addition

of MeC(S)NH2 to the Cd(OH)2 sol is followed by instanta-

neous formation of CdS nuclei that grow without coagu-

lation, i.e., the number of CdS nuclei remains the same and

can only be changed by adding a new portion of

MeC(S)NH2. Cadmium sulfide nuclei are formed in the

reaction between S27 and Cd2+ ions produced upon

hydrolysis of MeC(S)NH2 and dissolution of Cd(OH)2,

respectively. Cadmium hydroxide is dissolved through com-

plexation. These results clearly demonstrate that growth of

CdS nuclei in the presence of Cd(OH)2 involves three

elementary steps, viz., dissociation of complex cadmium

ions; diffusion of free Cd2+ cations and a surface reaction

of S27 with Cd2+ rather than proceeds by the Ostvald

ripening mechanism.

Nucleation and growth of nuclei can be described by the

overall reaction 141

MeC(S)NH2+Cd(OH)2 CdS+MeCN+2H2O (23)

Studies on the kinetics of Cd(OH)2 transformation to

CdS in aqueous thiourea solutions using NH3 as complex-

forming agent showed that the relative content of Cd(OH)2
in the precipitate decreases while that of CdS increases with

deposition time.159, 164 From the data shown in Fig. 17 it

follows that almost no cadmium sulfide is formed within 1

min since the start of deposition because in the presence of

Cd(OH)2, the process a limiting stage is dissociation of

complex cadmium ions rather than hydrolysis of the source

of sulfide ions.163 Then, CdS is synthesized in the reaction

between free cadmium ions and sulfide ions. The formation

of insoluble sulfide shell on Cd(OH)2 particles precludes

further dissolution of cadmium hydroxide, the concentra-

tion of cadmium ions decreases and the sulfidizing process

slows down. The CdS : Cd(OH)2 ratio in the Cd(OH)2/CdS

heterostructure depends on the deposition time, all things

considered, and can be fixed at any time by terminating the

reaction.

These data provide convincing proofs that the presence

of regularly shaped polycrystals in CdS powder (see

Fig. 16 a,c) is due to the transformation of single-crystalline

Cd(OH)2 particles to CdS in aqueous solutions of sulfid-

izers.

IV.5. Aqueous colloidal solutions of CdS: mechanisms of
formation
Methods for synthesis of isolated nanocrystals based on

Group II ± VI element chalcogenides (CdSe, CdTe, CdS and

ZnSe) in liquid media have long been known. In particular,

Bawendi and co-workers.165 for the first time reported a
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Insets: shape of CdS particles determined from X-ray diffraction data.94 CdS particles were prepared by chemical bath deposition using
SC(NH2)2.
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method for synthesis of high-quality colloidal chalcogenide

nanoparticles in organic solvents in the presence of trioctyl-

phosphine oxide (TOPO). This is the so-called high-temper-

ature organometallic synthesis. Owing to small size of

nanocrystals the synthesis is accompanied by intense

agglomeration and subsequent coagulation and coalescence

(multiple increase in size) of nanoparticles. The problem is

solved by coating nanoparticles with a TOPO layer but

nanocrystals thus become soluble solely in organic solvents

(chloroform, toluene, heptane, etc.). They can be used in

biological media only after surface modification by attach-

ment of hydrophilic groups. This underlies the development

of methods for stabilization and solubilization of such

particles.

Main methods for solubilization of nanocrystals make

use of the following three approaches:12

Ð utilization of bifunctional compounds capable of

replacing TOPO molecules and containing hydrophilic

groups that are exposed to solution after attachment to

nanocrystals and thus provide solubility in water;

Ð formation of a polymer shell surrounding the nano-

crystal by penetration of hydrophobic fragments of solubi-

lizing agents into the TOPO layer without removal of the

TOPO molecules from the surface of nanocrystals; and

Ð encapsulation of semiconductor nanocrystals into

polymer microparticles (microspheres or microcapsules).

Replacement of TOPO by bifunctional ligands is based

on the adsorption of ligands containing thiol or phosphine

groups (mercapto acids, cysteine, etc.) or SH groups (chemi-

cally modified ethylene glycol, DNA, proteins or peptides)

to form bonds with the surface metal or sulfur

atoms.12, 21, 22, 166 Solutions of these ligands are added to

TOPO-coated nanocrystals in chloroform. The formation of

bonds between sulfur atoms and the surface metal or sulfur

ions leads to replacement of TOPO molecules by the

solubilizing ligands. As a result, nanocrystals precipitate

from the organic solvent. The precipitate is water soluble

and the nanocrystal shell includes reactive groups for

conjugation with biomolecules (antibodies, DNA, RNA,

proteins, etc.) (Fig. 18). A method is available that com-

bines polyvalent bonding with subsequent formation of a

polymer shell around the nanocrystal.167 The surface of

nanocrystals is coated with a silica/siloxane layer and then

siloxane groups are polymerized to be covalently bound to

methoxy compounds (e.g., aminopropyltrimethoxysilane).

Polysiloxane-coated nanocrystals are very stable.

a c

10 mm1 mm

b

1 mm

d

0.5 mm

Figure 16. CdS particles (a, c) and Cd(OH)2 (b, d ).
(a) Scanning electron microscopy image of an agglomerate of CdS nanoparticles which
inherits the prismatic shape from Cd(OH)2 single crystal. The agglomerate has a shape of a
hexagonal prism with an edge length of 2 mm and consists of coagulates 200 ± 300 nm in size.
According to transmission electron microscopy and X-ray diffraction data, coagulates
comprise 6-nm crystalline CdS nanoparticles;158

(b) hexagonal prismatic single crystal of cadmium hydroxide Cd(OH)2; all edges have almost
the same length of 3 mm. Cd(OH)2 powder was prepared from aqueous solutions of complex
salt Cd(NH3)

2�
n and NaOH at pH 13 (original optical microscope image obtained by the

authors of this review; first publication);
(c) CdS agglomerates;158

(d ) photomicrograph of regularly shaped CdS polycrystals prepared under normal conditions
by sulfidizing of Cd(OH)2 with thioacetamide as source of sulfide ions and NH3 and EDTA
as complex-forming agents.163
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Figure 17. Growth of core ± shell heterostructure Cd(OH)2@CdS
as function of deposition time according to results of analysis of the
X-ray diffraction patterns of precipitates collected after 6, 20, 120
and 2880 min of deposition.164

Diffraction reflections from the rcp phase of CdS and hexagonal
cadmium hydroxide Cd(OH)2 are denoted by solid and dashed
lines, respectively. The scattering intensities and time are shown in
the logarithmic scale. CuKa1,2 radiation.
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The second approach (formation of `insulating' polymer

layer around nanocrystals) uses hydrophobic character of

the TOPO molecules present on the surface of nanoparticles

in order to bind hydrophobic fragments of bifunctional

solubilizing polymers, e.g., multiblock copolymers, poly-

ethylene glycol (PEG), etc. (Fig. 19). Hydrophilic fragments

of these molecules exposed to the surrounding aqueous

solution form a polar shell 169 containing reactive groups

for covalent attachment of biomolecules (antibodies, biotin,

streptavidin, peptides, DNA).

Encapsulation of nanocrystals into submicrometre and

micrometre polymer particles (third approach) not only

makes it possible to utilize conventional methods of organic

synthesis for covalent attachment to functional groups of

biomolecules, but also enables isolation of nanocrystals

from the environment and their stabilization in aqueous

solutions. By filling each microsphere with a specified

amount of nanocrystals with particular photoluminescence

colour one can practically implement multiple spectral

encoding. To embed semiconductor nanocrystals into poly-

mer matrices, it was proposed to use molecular encapsula-

tion (formation of micelles with encapsulated

nanocrystals).12, 22 The technique is based on the growth of

nanocrystals immediately in the polymer matrix. Cadmium

sulfide nanoparticles can be stabilized by chelating

groups 170 or by amino groups of block copolymers,171 as

well as by dendrimers based on amine macromolecules with

the amino groups acting as stabilizers (Fig. 20).

The major drawbacks of the solubilization of nano-

crystals include complexity and long duration of the proc-

ess, high loss of materials and a low yield of solubilized

nanocrystals. Semiconductor nanoparticles can be synthe-

sized by CBD involving preparation of aqueous colloidal

solutions of CdS with high aggregative and sedimentation

stability using the one-pot approach. Unlike organometallic

synthesis, chemical bath deposition is carried out at room

temperature with aqueous CdCl2 solution as the source of

cadmium instead of Cd(Me)2, which is toxic, pyrophoric

and unstable at room temperature. Coagulation of CdS

nanoparticles is prevented by introducing stabilizing agents

(ligands for Cd2+ ions) including phosphates, thiols, amino

acid derivatives and hydrophilic polymers into the solution

and using H2S, thiourea and Na2S as the sources of sulfide

ions.98, 173 ± 180 Among stabilizers, a particular position is

occupied by two biomolecules, cysteine and glutathione

(GSH), which simultaneously impart hydrophilic and bio-

compatible properties to CdS nanoparticles.98, 174, 178 Dur-
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ing the synthesis, GSH first of all plays the role of a

polydentate ligand 174, 178 with respect to Cd2+ ions.

Recently, it was proposed to use GSH as sulfidizing

agent.178 Chemical bath deposition of water-soluble CdS

nanoparticles in alkaline GSH solutions at different pH

values is schematically shown in Fig. 21.

The first step (see Fig. 21 a) involves the formation of a

CdII ±GSH coordination polymer using coordination inter-

action between Cd2+ and GSH ions. Here, Cd2+ binds to

thiol groups and can form a peptide bond between cycteine

amino group and glutamine carboxyl group. In the next

step, the addition of NaOH to the CdII ±GSH colloidal

solution is followed by cleavage of the peptide bond,

isolation of sulfur and formation of the CdS ±GSH quan-

tum dot.

Different types of coordination bond can be formed in

the first step depending on the pH value (see Fig. 21 b). As

the pH value increases, the size of spherical particles of the

CdII ±GSH polymer decreases while that of CdS nano-

crystals increases.178

The reasons for water solubility of hydrophobic quan-

tum dots prepared by chemical bath deposition are as

follows. Stabilizing agents on the surface of quantum dots

orient the surrounding polar water molecules, thus creating

an additional hydrophilic solvation (hydration) shell. Thus

one deals with the adsorption-solvation stability factor of

the colloidal solution.

However, the formation of strong complexes may also

cause more intense decomposition (dissolution) of the dis-

persed phase formed by nanoparticles. For instance, EDTA

as chelating agent 179, 180 can retard the formation and

growth of CdS nanoparticles in the synthesis of CdS

colloidal solutions. EDTA present in the solution is respon-

sible for the occurrence of two competing reactions, namely,

complexation between Cd2+ ions and EDTA and dissolu-

tion of CdS nanoparticles; the colloidal solution is charac-

terized by a dynamic equilibrium between dissolution and

formation of the dispersed CdS phase.

It is convenient to describe colloidal solutions using the

term `micelle' to show that the case in point is the structure

of hydrophobic particles of insoluble solid CdS present in

the aqueous solution and to distinguish them from powder

particles (`dry' particles) formed after removal of the

dispersed medium. Taking into account the experimentally

measured negative value of the z-potential, it was pro-

posed 180 to denote the micelle of CdS colloidal solution

prepared in the presence of EDTA as follows:

{[CdS]m . 2 nCd(EDTA)27 . (2 n7 x)Na�aq . (2n7 x)H�aq}2x7 .

. xNa�aq . xH�aq

where m5 1.

The Cd(EDTA)27 chelates adsorbing on the surface of

CdS nanoparticles and imparting a negative charge to the
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micelle cores preclude the approach of S27anions to the

micelle cores, thus precluding aggregation of nanoparticles

and growth of the CdS crystal. Cadmium sulfide nano-

particles with anions adsorbed on them become aggrega-

tively stable. From the micelle formula given above it

follows that the species comprises a CdS aggregate consist-

ing of CdS nanoparticles, a layer of potential-determining

ions (organic shell), as well as the adsorption and diffuse

layers of hydrated counterions (solvation shell) (Fig. 22).

Summing up, chemical bath deposition makes it possible

to prepare water-soluble CdS particles in colloidal solu-

tions. The diffraction patterns of the dispersed CdS phase of

these solutions 104,178,180 exhibit clearly seen halo indicating

a large proportion of 3-nm particles with amorphous

structure similar to that reported by Junkermeier et al.62

V. Conclusion

Interest in nanostructured cadmium sulfide aroused in the

early 1990s is due to potential solar-cell applications of the

optical properties of thin films. At that time, the best

methods for preparation of thick photo-active CdS films

were based on the method of CBD developed by researchers

from the Ural Region (USSR) in the 1970s. To the early

2000s, the focus in possible applications of quantum dots

shifted to the design of biosensors and biomarkers and the

luminescent properties of quantum dots appeared to be of

crucial importance. To optimize the optical properties,

various procedures for the synthesis of CdS quantum dots

were elaborated. Preparation of nanostructured forms of

CdS went far beyond the field of chemical bath deposition.

The late 2000s were marked by pioneering efforts in devel-

oping novel applications of quantum dots, namely, photo-

catalysis and sensitization of solar cells. Intensification of

research in these fields was accompanied by renewal of

interest in aqueous solution deposition of CdS as promising

method for synthesis of quantum dots for these applica-

tions.

Among the bottom ± up technologies used for prepara-

tion of nanostructured materials from atoms and molecules,

the CBD method is simple, cheap and allows one to

synthesize various bulk and nanostructured hybrid forms

of semiconductor compounds including CdS. These can be

continuous and island-type films on surfaces of any size and

configuration, core ± shell structures, agglomerated poly-

crystals of regular shape, as well as isolated particles in

colloidal solutions. Depending on the type of the source of

sulfide ions, the chemical affinity and the possibility of

competing formation of other solid phases, one can synthe-

size CdS particles of different size and different structure

(Fig. 23).

Fundamentally, different groups of the sources of sul-

fide ions only differ in that the precipitating agent (S27 ion)

is either added to the solution containing complex cadmium

ions being deposited or it is slowly and gradually formed in

bulk solution due to hydrolysis of sulfidizers. It is hydro-

lyzable sources of sulfide ions that are used for the synthesis

of CdS films.

An important role in the chemical bath deposition is

played by cadmium hydroxide Cd(OH)2. If the formation of

Cd(OH)2 is thermodynamically impossible, wurtzite CdS

powders with particles 4 9 nm in size are formed. The

critical minimum size, 9 nm, is due to high degree of

distortion of sp3 orbitals, which is characteristic of just

wurtzite structure.

If the formation of Cd(OH)2 is thermodynamically

allowed, both CdS powders and thin films can form. Here,

CdS particles are from 3 to 9 nm in size and have the rcp

structure characterized by random sequence of packing

layers. The short-range order and tetrahedral environment

of cadmium and sulfur atoms play the decisive role for the

particle structure and the atomic arrangement can be

interpreted as the `average' long-range order. In the case

of film formation, cadmium hydroxide forms a necessary

intermediate layer between the CdS film and substrate. The

presence of Cd(OH)2 in solution during the deposition of

crystalline phase and gradual sulfidizing of this phase leads

to formation of nanostructured CdS microparticles of a

regular shape. The formation of CdS occurs on the surface

of Cd(OH)2 crystals in the presence of complex-forming

agents.

Particles *2 ± 3 nm in size can form stable colloidal

solutions. They have almost amorphous structure owing to

a large proportion of surface atoms. The scheme in Fig. 23

illustrates the possibility of controlling the size of CdS

particles with specified structure in the course of CBD

process. The methods described above can be used in the

design of experiments on the synthesis of CdS and other

heavy-metal sulfides in aqueous solutions.

The synthesis of CdS nanoparticles with specified size

and structure offers prospects for controlling their proper-

ties. The surface and size effects influence the properties of

CdS nanoparticles in different manner irrespective of the

method of synthesis. In particular, the optical absorption

edge and, correspondingly, the band gap in CdS nano-

particles are determined solely by the size factor. The

phonon properties depend on both the size effect (owing

to the confinement effect of longitudinal optical phonons)

and the surface state (owing to the formation of surface
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modes). The magnetic susceptibility of CdS nanoparticles

is determined by the dangling atom±atom bonds whose

proportion depends on the atomic structure of the particle

rather than the particle size. All these properties depend

rather strongly on the particle size (diameter) or on the

proportion of surface atoms in the particle. The internal

structure of particles is also governed by the increased

surface-to-volume ratio. In particular, disordering of

packing layers in the rcp structure of small particles

leads to a decrease in the proportion of surface bonds

and thus provides an explanation for the appearance of

random packing of layers in the nanostructured forms of

CdS.

The luminescent properties of CdS nanoparticles depend

on the size, structural and surface factors in the most

complicated manner. Surface traps, electron ± phonon cou-

pling and nonradiative Auger processes lead to degradation

of luminescence, blinking of luminescence and red shift of

luminescence maxima. Suppression of nonradiative Auger

processes and reduction of the effect of surface traps are

possible for magic-size particles 107 characterized by notice-

able blue shift and a rather high quantum yield.112

The first expectations of using CdS nanoparticles as

quantum dots with a blue shift of luminescence and high

quantum yield appeared to be overestimated. Long-term

research was required to clarify the nature of processes

accompanying luminescence. At present, one can state that

the desired luminescent properties of CdS quantum dots can

be achieved using ultrafine synthesis aimed at controlling

the particle size and surface passivation. Luminescence in

quantum dots is necessary for producing biolabels and

colouring DNA molecules. When quantum dots are used

in photocatalysis and for sensitization of solar cells, their

luminescent properties are of no concern. Critical to these

applications is the quantum yield of quantum dots which

can be increased taking into account the influence of Auger

processes and surface states. Among various methods for

the synthesis of CdS particles for the aforesaid applications,

CBD seems to be the best. As applied to the design of

biomarkers, this method excludes the influence of harsh

organic media on biological structures. Considering power

engineering applications, the cost of the method and prod-

ucts of possible side reactions are of great importance. In

this respect, CBD stands apart as cheap and safe method.
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