
1. Introduction

The modern scientific and technological progress is based

on electronics, computer and biomedical technologies and

nanotechnologies. In the last decade, nanomaterials and

nanotechnologies based on semiconductor sulfides have

been investigated especially actively. The efforts of

researchers in these fields are concentrated on the develop-

ment of synthetic routes towards nanostructured materials

with controlled dimensional and morphological character-

istics and electronic and optical properties.

Zinc sulfide (ZnS) is among the first discovered semi-

conductors. The luminescence of zinc sulfide, which was

detected experimentally back in 1866,1 was initially used for

scientific research and later for practical purposes. In

particular, in experiments on the scattering of charged

particles by the nuclei of various elements carried out in

1907 ± 1911, E.Rutherford used a zinc sulfide-coated screen

as a scintillation detector. Studies of the semiconductor

properties of zinc sulfide started in the 1920s ± 1930s and

were actively developed in the mid-20th century, being

related to ZnS polymorphism.2 Currently, this research is

still in progress.3 Difficulties involved in the studies of ZnS

luminescence and dependence of luminescence on doping

have been considered.4

Like lead,5, 6 silver,7 ± 12 copper,13 cadmium 14 and mer-

cury 15 sulfides, zinc sulfide is a highly demanded com-

pound:16, 17 it is used in ultrasound amplifiers and detectors,

infrared sensors, and near- and middle-IR lasers.18 Coarse-

crystalline zinc sulfide is employed most widely as a lumi-

nophore for the design of low- and high-voltage cathodolu-

minophores, photoluminophores and other luminescent

devices,19 light emitting diodes and liquid-crystal displays.20

Currently, the energy demand of the mankind is largely

provided by combustion of fossil energy sources Ð oil, gas

and coal. A promising trend that should reduce the con-

sumption of these natural resourses is the conversion of

solar energy to electricity. The engineering devices that

accomplish this conversion are solar batteries, the fabrica-

tion of which requires ZnS.

Zinc sulfide has a broad transmission band, ranging

from visible light with a 0.4 mm wavelength to IR light with

a 16 mm wavelength;21 therefore, it is used to manufacture

parts of optical instruments and devices.

Zinc sulfide nanostructures emit in the UV and visible

regions. The functional emission properties of ZnS nano-

structures and their use as emitters are directly related to the

morphology of these nanostructures, as follows from the

basic relationships describing the emission.

Field (or autoelectronic) emission is the emission of

electrons by a solid under the action of a rather strong

external electric field. According to the Fowler ±Nordheim

law, the emission current (I ) is described by the equation
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where A and B are constants, S is the surface area of the

emitter, f is the work function potential of the emitter

material, b& h/r is the enhancement factor, which depends

on the emitter geometry (h and r are the length and the

curvature radius of the emitter tip), E=V/d is the local

electric field strength, V is the applied potential and d is the

distance between the emitter and the anode.

The key factors determining the emission current

include the work function F=ef of the emitting material

(e is the electron charge), the local electric field strength, the

distance between the emitter and the anode and the emitter

geometry. The work function for the coarse-crystalline zinc

sulfide is 7 eV. Once the electric field strength E is set, a

material with lower potential f, or lower work function F
can generate a higher emission current. The enhancement

factor and, hence, the emission current can be increased by

increasing the aspect ratio h/r or by decorating the nano-

structure surface by metal nanoparticles with a low work

function (e.g., platinum or silver nanoparticles).22, 23 From

relation (1), it follows that enhanced emission character-

istics and luminescent properties among ZnS nanostructures

should be inherent in nanobelts, nanowires and nanotubes

and also nanocombs and nanoribbon and nanowire

arrays.24

The large number of scientific publications addressing

metal sulfides attests to enhanced researchers' attention to

such compounds. More than one and a half thousand

original papers published after the year of 2000 deal with

the synthesis and properties of nanocrystalline ZnS alone.

Some reviews consider the studies of lead, cadmium and

silver sulfides.5 ± 7, 14 However, survey publications on nano-

structured ZnS are scarce; a brief mention of ZnS nano-

particles is present only in one review 25 devoted to semi-

conductor nanoparticles with spatial charge separation; one

more review 16 addresses the properties and applications of

zinc sulfide nanostructures for solar cells, and a brief

review 17 deals with doped ZnS thin films.

However, no survey publications on nanostructured zinc

sulfide are still present in the Russian literature. This review

was intended to fill this gap.

The following designations are used:

aB Ð Bohr radius,

A, B Ð constants,

b Ð enhancement factor,

d Ð distance between the emitter and the anode,

E Ð local electric field strength,

Eg Ð band gap,

e11, e33 Ð dielectric constants,

f Ð work function potential,

FCC Ð face-centred cubic,

h Ð emitter tip length,

�h Ð Planck's constant,

hkl Ð Miller indices,

HRTEM Ð high resolution transmission electron

microscopy,

I Ð emission current,

IP Ð ionic product,

Ksp Ð solubility product,

mex Ð exciton mass,

me Ð effective electron mass,

mh Ð effective hole mass,

m0 Ð free electron rest mass,

mex Ð reduced exciton mass,

PEG Ð polyethylene glycol,

QD Ð quantum dot,

r Ð emitter radius of curvature,

Rex Ð characteristic exciton size,

S Ð emitter surface area,

Ss Ð solution supersaturation,

SEM Ð scanning electron microscopy,

SILAR Ðsuccessive ionic layer adsorption and reaction,

TEM Ð transmission electron microscopy,

TNT Ð 2,4,6-trinitotoluene,

TOPO Ð trioctylphosphine oxide.

2. Structure and semiconductor characteristics of
zinc sulfide

Zinc sulfide is the only compound formed in the Zn ± S

system; it contains *50 at.% of sulfur and has a melting

point of 1991 K.26

The low-temperature cubic polymorph a-ZnS (space

group F4�3m) possessing semiconductor properties has a

zinc blende or sphalerite structure (B3 type) and is stable

at T5 1290 K; at T=1293 K, it transforms into the high-

temperature hexagonal polymorph b-ZnS (space group

P63mc) with the wurtzite structure (B4 type), which retains

the semiconductor properties.26

At 300 K, cubic a-ZnS has the lattice constant

a=0.54109 nm.27 According to X-ray diffraction data, the

unit cell of b-ZnS has a=0.38230 and c=0.62565 nm;28

according to neutron diffraction data,29 a=0.38227 and

c=0.62607 nm. The zinc and sulfur atomic coordinates in

the unit cells of zinc sulfide polymorphs are summarized in

Table 1.

The crystal structures of a- and b-ZnS are composed of

successively alternating close-packed atoms (ions) of differ-

ent sorts shifted relative to one another (Fig. 1).

The structure of a-ZnS represents a cubic close packing

(Fig. 1 a). In this structure, the Zn and S atoms occupy the

same points as in the diamond structure, but in an ordered

fashion; therefore, the lattice is split into two non-equiv-

alent face-centred cubic (FCC) sublattices with four points

in each. The FCC sublattices are shifted relative to each

other in the [1/4 1/4 1/4]B3 direction.

The structure of b-ZnS is a hexagonal close packing in

which layers are arranged perpendicular to the [001]B4
direction (Fig. 1 b). In the ideal wurtzite structure, the

basis of the lattice contains two metal atoms in 2(b) sites

with the coordinates (1/3 2/3 0) and (2/3 1/3 1/2) and two

non-metal atoms in 2(b) sites with the coordinates (1/3 2/

3 3/8) and (2/3 1/3 7/8). In the real b-ZnS structure, the

sulfur atoms are somewhat shifted along the z coordinate

(see Table 1).

The structures of a and b polymorphs of coarse-crystal-

line zinc sulfide differ in the sequence of layer alternation. If

the lower layer is designated by A, then the ABC sequence

of layers occurs in a cubic sphalerite type structure (see

Fig. 1 a) and the AB sequence is present in the hexagonal

wurtzite structure (see Fig. 1 b). The two structures have the

same atomic densities.

In the coarse-crystalline sphalerite and wurtzite struc-

tures, each atom is located in the tetrahedral environment of

four atoms of another sort. According to Wright et al.,30 in

the cubic sphalerite, the lowest surface energy of 0.65 J m72
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is inherent in the electrically neutral (110) plane containing

equal numbers of zinc and sulfur atoms (ions). For compar-

ison, the energies of the (001) planes formed by only zinc or

only sulfur atoms are two times higher, being 1.31 and

1.25 J m72, respectively. The energies of the (111) planes

also formed by either zinc atoms or sulfur atoms alone are

somewhat lower, being 1.03 and 1.12 J m72. It was

shown 31 that the distribution of atoms on the (110) surface

of sphalerite is distorted: the sulfur atoms occur in the

prismatic environment, while the zinc atoms retain the

tetrahedral environment formed by sulfur atoms.

The (1010) and (1120) surface energies of b-ZnS were

found 32 to be 0.51 and 0.32 J m72, respectively, which is

noticeably lower than these values for crystallographic

planes of a-ZnS. An important feature of b-ZnS is the

presence of polar surfaces.33 The (0001) plane is the most

frequently encountered polar surface.{ Positively charged

zinc ions give rise to positively charged (0001) surfaces,

while sulfur atoms generate negatively charged (00071)

surfaces. The opposite charges of the polar surfaces result

in spontaneous polarization along the c axis. The aniso-

tropic growth of the wurtzite type ZnS is driven by different

surface energies of crystallographic planes and their polar-

ity; furthermore, the surfaces formed by zinc atoms are

chemically reactive, with nanostructures readily growing on

them, while the surface formed by sulfur atoms is relatively

inert.

For wurtzite, it was found 34 that the (001) surface has

the maximum energy (0.91 ± 1.52 J m72), the (110) surface

has the minimum energy (0.28 ± 0.49 J m72), and the (100)

surface has an intermediate energy (0.52 ± 1.0 J m72). In

sphalerite, the highest energies are inherent in the (111) and

(100) faces; the surface energies of other faces are

5 1.0 J m72 (Ref. 34), which is in line with the results of

Wright et al.30 The average surface energy of three-dimen-

sional spherical sphalerite nanoparticles (0.79 J m72)

exceeds the average surface energy of analogous wurtzite

particles (0.57 J m72).

The surface energy of ZnS nanoparticles depends on the

number of broken bonds and slowly declines as this number

decreases.35 Khalkhali et al.36 found that ZnS nanoparticles

of 4 3 nm size with the initial wurtzite or sphalerite crystal

structure are composed of a crystalline core surrounded by

a distorted network of tetrahedrally coordinated atoms,

which form four- and six-membered rings, and of a surface

mainly formed by three-coordinate atoms. As the nano-

Table 1. Crystal structure parameters of the low- and high-temperature zinc sulfide polymorphs at 298 K.27, 29

Crystal system, structural Unit cell Atom Site and Atomic coordinates a Point
type, space group parameters /nm multiplicity occupancy

x/a y/b z/c

Low-temperature polymorph a-ZnS

Cubic, B3 type, a=0.54109 Zn 4(a) 0 0 0 1

F4�3m (T 2
d) S 4(b) 0.25 0.25 0.25 1

High-temperature polymorph b-ZnS

Hexagonal, B4 type, a=0.38227, c=0.62607 Zn 2(b) 1/3 2/3 0 1

P63mc (C 4
6n) S 2(b) 1/3 2/3 0.3748 1

a x, y, z are coordinates; a, b, c are unit cell parameters.

C

B

B

a

A

A

C

Zn S

B

B

B

b

A

A

A

Figure 1. Crystal structures of cubic sphalerite (a) and hexagonal
wurtzite (b) type ZnS.

{The four-digit hexagonal indices hkil are equivalent to three-digit indices

hkl, as i=7h7 l; therefore, for example, the [0001] and [001] directions

used by different authors to describe hexagonal structures imply one and

the same direction along the c axis.
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particle size decreases to 2 nm, the crystalline core disap-

pears and all atoms become three-coordinate.

Under normal conditions, the coarse-crystalline zinc

sulfide is a direct-gap semiconductor. The band gap (Eg)

of cubic a-ZnS at 300 K is *3.54 ± 3.76 eV,37, 38 while that

of hexagonal b-ZnS is *3.74 ± 3.91 eV.17, 37 ± 39 The Eg value

for ZnS depends on temperature: for cubic and hexagonal

zinc sulfide, the dEg/dT derivatives are 74.761074 and

73.061074 eV K71, respectively.38

For coarse-crystalline hexagonal ZnS at 300 K, the

effective masses of an electron and a hole are me= 0.28m0

and mh=0.49m0,38 where m0= 9.1610731 kg is the rest

mass of a free electron. Therefore, the reduced mass of the

exciton

mex �
me mh

me �mh

(2)

is *0.18m0= 1.62610731 kg for hexagonal ZnS.

The characteristic size of the Wannier ±Mott exciton in

the macroscopic semiconductor crystal is

Rex &
n2�h2e
mexe2

� n2em0

mex
aB (3)

where n is the exciton state, aB= �h2/m0e2=0.0529 nm is the

Bohr radius. The dielectric constant values found for

hexagonal zinc sulfide at 300 K were e11= e33= 8.7,38 ± 40

e11= 8.1 and e33= 8.5 (Ref. 41) or e11= 8.31 and

e33= 8.76.42 According to a reference book,38 the dielectric

constants of cubic and hexagonal zinc sulfide are 8.9 and

8.75, respectively. If the exciton reduced mass mex= 0.18m0

and the dielectric constant for ZnS is in the range from 8.1

to 8.76, then for coarse-crystalline zinc sulfide, the size of

the first exciton state with n=1 is Rex* 2.4 ± 2.6 nm.

3.Methods for the synthesis of nanostructured zinc
sulfide

Zinc sulfide, which is highly chemically stable and has low

solubility, wide band gap, wide transmission range (from

visible to IR region) and unique luminescent and optical

properties, is utilized for the synthesis of nanocrystals,

quantum dots, nanostructured films, core/shell structures,

isolated nanoparticles and other nanostructures.

The key types of nanomaterials, as regards the dimen-

sionality and morphology, are zero- (0D), one- (1D), two-

(2D) and three-dimensional (3D) ones.43 ± 45 Zero-dimen-

sional nanomaterials are quantum dots (QD) and isolated

nanoparticles; one-dimensional nanomaterials include

nanofibrous and nanotubular materials such as quantum

wires (the length of fibres, rods or tubes with a diameter of

5 ± 40 nm varies from 100 nm to tens of mm); two-dimen-

sional materials are nanometre-thick films and semiconduc-

tor nanoheterostructures such as quantum wells (nanopar-

ticles of different dimensionality may occur in a liquid or

solid matrix or on a substrate); three-dimensional materials

are powders and fibrous, multilayer and polycrystalline

materials in which 0D, 1D or 2D particles tightly adjoin

one another, giving rise to interfaces.

Zinc sulfide nanostructures such as ZnS-based nano-

powders, quantum dots and other nanostructures are pre-

pared by various methods: chemical bath deposition from

aqueous and alcohol solutions; sol ±gel methods; micro-

emulsion synthesis; thermolysis; template, sonochemical,

and hydro- and solvothermal syntheses; electrochemical,

microwave and other methods. Each method has its own

benefits and drawbacks. Among the drawbacks, note, first,

the fact that many methods are not universal and may give

nanostructured zinc sulfide only in one form (e.g., as

quantum dots, nanopowders or films), second, insufficient

control of the nanoparticle size during the synthesis (result-

ing in broad particle size distribution of the nanomaterials),

and also the use of multistep (3 ± 4 steps) processes, complex

equipment and special protection means, elevated temper-

atures and rare, expensive and hazardous reagents.

Nano-sized particles are unstable, as high surface energy

promotes their aggregation. The generation of a shell of

organic ligands on the nanoparticles prevents particle

aggregation and growth as well as their oxidation, thus

providing the formation of stable isolated nanoparticles.

Using a protective shell, it is possible to control the sizes of

isolated nanoparticles.

Most of nanomaterials are thermodynamically non-

equilibrium. The diverse morphology of nanoparticles

reflects the metastability, i.e., the occurrence of the system

in a particular local free energy minimum.42, 45

3.1. Quantum dots and nanospheres
Stable ZnS quantum dots were first synthesized by Rosetti

et al.46 The reaction of Zn(ClO4)2 and Na2S was conducted

in methanol solutions. Joo et al.47 obtained cubic ZnS

nanocrystals with *11 nm size by reacting ZnCl2 with

sulfur in oleylamine at elevated temperature in the presence

of trioctylphosphine oxide (TOPO). Zhao et al.48 synthe-

sized hexagonal ZnS nanocrystals with an average size of

*4 nm (Fig. 2); the starting reactants, ZnCl2 and thiourea,

were allowed to react in ethylene glycol at *420 K.

Cubic ZnS nanoparticles with the size of *15 to

*30 nm were obtained by the hydrothermal process in

aqueous solutions of zinc sulfate and sodium sulfide with-

out coating agents.49 The synthesis was carried out in an

autoclave at 490 K for 12 h.47 Bodo and Singh 50 prepared

6 ± 10 nm ZnS quantum dots with a cubic structure in an

alkaline medium with pH 9 ± 11; the reaction mixture con-

tained zinc sulfate, thiourea and ammonium hydroxide; a

10 nm

Figure 2. Transmission electron microscopic (TEM) image of ZnS
quantum dots with an average size of *4 nm synthesized in
ethylene glycol at *420 K.48
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3% solution of polyvinyl alcohol served as the coating

agent.

The attention of researchers is attracted by hollow

nanospheres, which have a very low density and high

specific surface area. Owing to these features, ZnS hollow

nanospheres are used in catalysis and nanoelectronics, for

the development of lightweight structural materials and

drug delivery systems.51 ± 54 For the preparation of ZnS

hollow nanospheres, SiO2 or polystyrene microspheres are

usually employed as templates;55, 56 however, the size of the

resulting nanospheres is 4100 nm. A simple process for the

fabrication of ZnS hollow nanospheres without using tem-

plates has been reported.57 The synthesis was carried out by

a hydrothermal method in an autoclave at 410 K for 5 h

using an aqueous thiourea and zinc acetate mixture.

According to X-ray diffraction data, ZnS hollow nano-

spheres had a hexagonal wurtzite structure. An image of

ZnS nanospheres pretreated with a dilute HCl solution to

decrease the shell thickness is shown in Fig 3 a. The size of

the hollow nanospheres varied in the range from 200 to

300 nm, with the average shell thickness being *20 nm.

One more process for the synthesis of ZnS hollow

nanospheres with a diameter of 5100 nm has been pro-

posed (Fig. 3 b).58 The synthesis was carried out in an

aqueous solution containing the P123 triblock copolymer,

zinc acetate and thioacetamide at 300 K for 10 h. The

diameter of the ZnS hollow nanospheres thus formed was

50 ± 70 nm, while the shell thickness was *15 nm. The ZnS

nanocrystals forming these nanospheres were cubic.

Gu et al.59 obtained ZnS hollow microspheres in aque-

ous solutions of Zn(NO3)2 and thioacetamide without sur-

face modification. A hydrothertmal process involving

Zn(NO3)2, thioacetamide and polyethylene glycol (PEG)

was reported.60 The size of ZnS hollow microspheres

appreciably depended on the PEG chain length. Micro-

spheres with a *0.2 mm size were formed without PEG; in

the presence of PEG-800, PEG-2000 and PEG-6000, micro-

spheres with an average size of *2, *4 and *5 mm,

respectively, were obtained.

Solid ZnS nanospheres assembled from cubic ZnS nano-

sheets were synthesized by the hydrothermal process at

470 K in an aqueous solution of Zn(NO3)2 and L-cysteine

as the source of sulfur.61 The solvothermal synthesis of ZnS

nanospheres was accomplished at 470 K using solutions of

Zn(NO3)2 and L-cysteine containing ethanolamine or ethyl-

enediamine. When ethanolamine was added, the nano-

spheres were assembled from ZnS nanorods, while the

addition of ethylenediamine resulted in nanosphere forma-

tion from cubic and hexagonal ZnS nanocrystals of differ-

ent morphology.61 This is exemplified in Fig. 4, which

shows a TEM image of a ZnS nanosphere consisting of

hexagonal zinc sulfide nanorods.

Core/shell type quantum dots are synthesized in order to

enhance their quantum efficiency. In this type of quantum

dots, ZnS usually serves as the shell material. Talapin et

al.62 were the first to report the fabrication of CdSe/ZnS

nanoparticles with a high photoluminescence quantum

yield, reaching 50%± 60%. These nanoparticles were syn-

thesized in several stages. First, monodispersed CdSe nano-

crystals with a photoluminescence quantum yield of

10%± 25%, which decreased with increasing particle size,

were prepared in a hexadecylamine ± trioctylphosphine oxi-

de ± trioctylphosphine three-component system. Then the

ZnS shell was grown on the surface of CdSe nanocrystals.

The maximum photoluminescence quantum yield, equal to

66%, was observed when the core was 1.6 monolayers thick.

Xie et al. 63 gradually changed the shell composition in the

radial direction (from CdS to ZnS) using the successive

ionic layer adsorption and reaction (SILAR) method. The

quantum dots with a multilayer shell of variable composi-

b

a

100 nm

200 nm

Figure 3. TEM images of ZnS hollow nanospheres.
(a) Hydrothertmal synthesis from a mixture of thiourea and zinc
acetate in an autoclave at 410 K for 5 h;57

(b) synthesis in an aqueous reaction mixture containing the P123
triblock copolymer, zinc acetate and thioacetamide at 300 K for
10 h.58

50 nm

Figure 4. TEM image of a ZnS nanosphere assembled from zinc
sulfide nanorods.61
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tion showed an even higher photoluminescence quantum

yield.

The benefits of the multilayer-shell quantum dots were

utilized 64 to fabricate a CdTe/CdSe/ZnS heteronanostruc-

ture with an average core diameter of 2.6 nm, which showed

a high photoluminescence quantum yield (84% in aqueous

media). The average diameters of CdTe/CdSe core/shell

type quantum dots were 3.2, 4.0, 4.8 and 5.5 nm for one-,

two-, three- and four-layer CdSe shells, respectively. The

size of the CdTe/CdSe/ZnS quantum dots in which the six-

layer shell was composed of four CdSe layers and two ZnS

layers reached 6.7 nm. The additional ZnS shell efficiently

restricted the electron and hole migration in the CdTe/CdSe

structure and substantially improved their indirect recombi-

nation on the CdTe core and the CdSe shell inner surface. In

the opinion of some researchers (e.g., Ref. 16), the fabrica-

tion of highly luminescent CdTe/CdSe/ZnS heteronano-

structure with an emission wavelength from 540 to 826 nm

is among the best achievements in the development of

luminescent semiconductor nanocrystals.

Most of the above methods for the synthesis of ZnS

nanocrystals, quantum dots and nanospheres are based on

hydro- and solvothermal processes at a temperature of

400 ± 500 K and employ TOPO and L-cysteine as stabilizing

and coating agents, with L-cysteine being also able to act as

a source of sulfur. Nanocrystals with a hexagonal structure

are synthesized in solutions with a low TOPO concentra-

tion; a higher TOPO content and alkaline medium stabilize

the cubic structure of ZnS nanocrystals.

3.2. ZnS nanostructures with various morphology
One-dimensional nanostructures such as nanowires, nano-

fibres, nanothreads, nanotubes, nanorods, nanobelts, nano-

ribbons, nanocombs, as well as nanostructures of higher

dimensionality composed of one-dimensional components

attract attention for their potential engineering applica-

tions. Methods used to prepare one-, two- and three-dimen-

sional ZnS nanostructures are commonly high-temperature

chemical processes.

The best known one-dimensional nanostructures are

nanowires, nanotubes and nanorods. Among all of them,

nanowires have the highest aspect ratio and are fairly

flexible. Nanorods, which may have either a round or

hexagonal cross-section, are substantially shorter. Nano-

wires and nanorods are solid, whereas nanotubes are

hollow.

The ZnS nanowires, nanorods and other nanostructures

are mainly obtained by gas-phase and hydro- or solvother-

mal syntheses. The solvents commonly used in the solvo-

thermal synthesis include alcohols, benzene, polyamines or

hydrazine. The gas-phase synthesis may be implemented as

thermal evaporation, chemical vapour deposition, molecu-

lar beam epitaxy and laser ablation.

Zinc sulfide nanowires and their arrays with enhanced

emission properties were obtained by thermal evaporation

of a zinc foil and sulfur under argon at 670 ± 700 K with

deposition onto the same foil.65 Several tens of micrometres

long ZnS nanowires with a diameter of 30 ± 60 nm were

synthesized by thermal evaporation of a ZnS powder at

1170 K with a gold film as a catalyst.66 Electron micro-

scopic and diffraction studies demonstrated that these

nanowires are single crystals growing along the [110] crys-

tallographic direction. Barrelet et al.67 subjected the molec-

ular precursor, zinc diethyldithiocarbamate, to thermal

decomposition catalyzed by gold nanoclusters. The single

crystals of the resulting ZnS nanowires grew along the [100]

direction.

Nanorods and nanowires can be fabricated by orienta-

tional transformation of the shape of small nanocrystals.

For example, Pacholski et al.68 produced ZnO nanorods by

a repeated treatment of ZnO nanospheres in a methanol

solution. Anisotropic ZnS nanorods with an average size of

5621 nm and a cubic structure were also obtained by an

oriented transformation, using hydrothermal synthesis from

a solution containing diethylzinc, sulfur and hexadecyl-

amine at 400 K followed by ageing at 570 K and secondary

ageing of the resulting 5 nm ZnS nanospheres in a solution

in oleylamine at 230 K for 24 h.69 The ageing of ZnS

nanospheres in a hexadecylamine solution was accompanied

by isotropic growth of ZnS nanospheres from 5 to 10 nm.

Ordered arrays of single crystalline ZnS nanowires with

controlled orientation are required for nanoelectronics. A

typical scanning electron microscopy (SEM) image of a ZnS

nanowire array epitaxially grown on the Zn3P2 substrate is

shown in Fig. 5. All *500 nm-long nanowires are aligned

in the same crystallographic direction and have similar

diameters. A characteristic feature of most of the grown

nanowires is their smaller diameter at the bottom (near the

substrate) and a greater diameter at the top.

Li et al.71 obtained ZnS nanorods by thermolysis of zinc

ethyl xanthate dissolved in octylamine, with hexadecyl-

amine being used as a stabilizing ligand.

The synthesis of ZnS nanotubes by the reaction of H2S

with ZnO nanobelts as templates was reported by Wang et

al.72 Zinc sulfide nanotubes had a cubic structure and high

porosity and consisted of *7 nm ZnS nanocrystallites. Yin

et al.73 proposed a thermochemical process for the fabrica-

tion of well-faceted ZnS nanotubes with a hexagonal cross-

section by heating a ZnS powder in a graphite crucible in a

water vapour atmosphere. Several micrometres long nano-

tubes with a hexagonal cross-section grew along the [0001]

direction; their outer diameter was 100 ± 120 nm and the

nanotube walls were *10 nm thick.

The method for the preparation of a ZnS nanotube

array reported by Huang et al.74 was as follows. First, a

cubic zinc sulfide shell was deposited via thermal evapora-

tion on hexagonal ZnO nanorods with a wurtzite structure

to give coaxial ZnO/ZnS heterostructures. Then the inner

200 nm

Figure 5. SEM image of a ZnS nanowire array epitaxially grown
on the Zn3P2 substrate.70
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ZnO core of the heterostructure was etched away with an

acid to generate ZnS hollow nanotubes oriented along the

[002] direction (Fig. 6). The nanotube diameter was

*300 nm and their length reached 30 mm. Thus, the ZnS

nanotube array was fabricated by converting an array of

ZnO nanorods to an array of ZnO/ZnS nanocables followed

by removal of the ZnO core (Fig. 7).

Worthy of note are ZnS nanoribbons and nanobelts,

which have a rectangular cross-section, as opposed to

nanotubes, nanowires or nanorods. Fang et al.75 synthe-

sized ZnS nanobelts by chemical vapour deposition. A ZnS

powder used for the synthesis was evaporated in high-purity

argon at 1370 K.

Jiang et al.76 prepared ZnS nanoribbons by thermal

evaporation of sphalerite in a quartz tubular furnace at

1370 K in a mixture of high-purity argon with 5% hydro-

gen. The nanoribbons had a hexagonal structure, a typical

length from several tens to several hundred micrometres, a

200 to 400 nm width and a thickness ranging from 1/15 to 1/

20 of the width (*10 to *30 nm). The nanoribbon width

and length depended on the reaction temperature and time,

while the thickness was insensitive to the growth conditions.

According to the views of Jiang et al.,76 the evaporation of

cubic (c) ZnS and formation of hexagonal (h) ZnS can be

represented as follows: the cubic ZnS powder reacts with

hydrogen at a high temperature to give gaseous zinc and

hydrogen sulfide, which are carried to the less heated area of

the furnace where they react with each other thus giving

hexagonal wurtzite type ZnS.

The products of reaction (4) migrate along the axis of

the quartz tube owing to the temperature gradient, which

provides the driving force for the growth of ZnS nano-

ribbons.

The deposition of a vapourized mixture of ZnS and

carbon powders onto a gold film under argon at 1170 K

gave rise to single-crystalline several millimetre long ZnS

nanobelts (Fig. 8).77 Thin ZnS nanobelts of *20 nm thick-

ness were prepared 78 by chemical vapour deposition carried

out under argon for 1 h at 1370 K, with ZnS and sulfur

powders and carbon nanopowder being used as the reac-

tants.

Aligned arrays of ZnS nanobelts with enhanced field

emission were synthesized by thermal evaporation of

pressed zinc sulfide nanopowder in an argon atmosphere

at a temperature of 1370 ± 1420 K without using a template

or a catalyst.79 Lu et al.80 obtained arrays composed of

30 nm thick and *200 nm wide ZnS nanobelts with a

hexagonal structure, which had identical length of up to

4 mm, by the solvothermal reaction of zinc acetate, thiourea

ZnS(c)+H2 Zn:+H2S (4)
1270K

Zn:+H2S ZnS(h)+H2 (5)
1170K

a

b

c

10 mm

10 mm

10 mm

Figure 6. SEM images of a ZnS nanotube array: top view (a) and
side view (b, c).74

a

10 mm

b

500 nm

Figure 7. SEM images (side view) of a ZnO/ZnS nanocable array
at a low (a) and high (b) magnification.74
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and ethylenediamine in an autoclave at 430 K. The deposi-

tion was performed on a zinc foil, and after that, the foil

with the deposited ZnS was subjected to vacuum annealing

at 520 K for 30 min. The use of zinc foil as the substrate is

the critical factor for the synthesis of the nanobelt array.80

One-dimensional ZnS nanostructures, including nano-

rods and nanowires, and tetrapods as combinations of one-

dimensional ZnS nanostructures were synthesized 21 using

radiofrequency thermal plasma. The reactant feed and

cooling flow rates were the critical parameters of the syn-

thesis determining the morphology of the final products.

The synthesis was carried out in a 30 kW radiofrequency

thermal plasma reactor. An argon plasma was generated by

a water-cooled induction coil with a power supply system

operating at 4 MHz frequency; the argon flow rate was

1 m3 h71. The reactant mixture of zinc and sulfur powders

was continuously injected into the plasma with a carrier gas

(nitrogen). The pressure in the reactor chamber was equal to

atmospheric. Zinc and sulfur were evaporated, ionized and

reacted to give the final product, which was collected on the

bottom of the chamber.

In order to study the influence of experimental param-

eters on the morphology of the final products, the synthesis

was carried out at different reactant flow rates and cooling

regimes. Depending on the zinc and sulfur feed rate and on

whether or not a cooling gas was used, different ZnS

nanostructures were formed. When the zinc and sulfur

feed rate was 12 g min71, tetrapods were obtained. The

tetrapod legs were up to 200 nm long and up to 80 nm in

diameter. When the feed rate was increased to 24 g min71,

nanorods with a length of several micrometres and a

diameter of *80 nm were formed. Further increase in the

zinc and sulfur feed rate did not provide the synthesis of

uniform tetrapods or nanorods. Nanobelts with *50 nm

width and different lengths (ranging from several tens to a

hundred of micrometres) were generated when the zinc and

sulfur feed rate was 21 g min71 and nitrogen (3 m3 h71)

was used as the cooling gas. All the synthesized ZnS nano-

forms had the hexagonal wurtzite structure. During the

synthesis, the residence time of the particles in the plasma,

i.e., duration of the reaction, was several seconds; therefore,

the growth of nanostructures rapidly ceased.

In the cited experiments,21 ZnS hollow nanotubes and

tetrapods were detected near the reactor wall (Fig. 9); they

resulted from partial oxidation of zinc sulfide with atomic

oxygen, which was present in nitrogen as an impurity.

a

500 mm

b

c

2 mm

2 mm

Figure 8. Electron micrograph of *1 mm long ZnS nanobelts (a)
and SEM images of 560 nm thick ZnS nanobelts (b, c).77

100 nm

b

a

200 nm

Figure 9. TEM images of ZnS hollow nanostructures: tetrapods
(a) and nanotubes (b).21
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Three-dimensional ZnS systems composed of one-

dimensional nanostructures feature a complex morphology

and combine properties of all the involved nano-sized

building blocks. The self-assembly of nano-sized blocks

into complex three-dimensional nanostructures is the sub-

ject of quite a few studies. Among three-dimensional nano-

structures, attention is attracted by unique sea urchin-like

architectures. A solvothermal process has been proposed

1 mm

d

ba c

0.5 mm

1 mm

2 mm

Figure 10. SEM images of sea urchin-like three-dimensional ZnS nanostructures.
(a, b) manganese-doped ZnS nanostructures;81 (c, d ) ZnS nanostructures at
different magnifications.82

d

ba c

50 nm 50 nm

5 nm

200 nm

Figure 11. TEM images of tetrapod-like ZnS nanostructures.84

(a) Group of ZnS tetrapods;
(b) single typical ZnS tetrapod;
(c) view of a single ZnS tetrapod along the [0001] crystallographic direction; the
inset shows the focused image of the defects detected in the left top corner of
image d;
(d) central part of the HRTEM image c, the inset shows the electron diffraction
pattern (selected area electron diffraction) corresponding to cubic ZnS.
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for the fabrication of sea urchin-like manganese-doped ZnS

nanostructures 81 (Fig. 10 a,b). Along with zinc and manga-

nese acetates and thiourea, which served as sources of zinc,

manganese and sulfur ions, the reaction mixture contained

ethylenediamine and ethanolamine. The synthesis was car-

ried out at a temperature of 430 K for 24 h. The diameter of

the resulting sea urchin-like ZnS nanostructures composed

of tightly assembled nanorods was 0.5 ± 1.5 mm. Xiong et

al.82 also prepared three-dimensional ZnS nanostructures

resembling the sea urchin body by the solvothermal method

at 410 K (Fig. 10 c,d ). The reaction mixture contained zinc

acetate, ethanolamine and L-cysteine (as a source of sulfur

atoms).

Three-dimensional ZnS nanostructures were reported 16

to exhibit a very high photocatalytic activity: upon IR

irradiation, nanostructures are more efficient than ZnS

nanopowders, while upon UV irradiation, they are more

efficient than TiO2 nanopowders.

Flower-shaped polycrystalline ZnS nanostructures with

a diameter of 800 ± 1000 nm have been prepared.83 Owing to

a large specific surface area, these three-dimensional nano-

structures are used in gas sensors and for photocatalysis.

Gong et al.84 obtained tetrapodal ZnS nanostructures by

the direct reaction of zinc and sulfur vapours at 1370 K in a

flow of high-purity nitrogen followed by deposition of the

product on a stainless steel mesh at 770 K. The ZnS

tetrapods were approximately equal in size and shape

(Fig. 11 a) and had four branches (legs) of equal length of

*150 nm protruding from the centre (Fig. 11 b). The angle

between any two legs (*1098) was close to the angle

between straight lines drawn from the centre of a regular

tetrahedron towards the vertices (109.48). According to

electron microscopy and diffraction data, each leg had a

triangular cross-section with a *30 ± 50 nm side. The tetra-

pod legs had a wurtzite type hexagonal structure, while the

central core was a cubic type sphalerite structure, as shown

by electron diffraction and by fast Fourier transform of a

high resolution transmission electron microscopy

(HRTEM) image (Fig. 11 d ).

Zhai et al.85 prepared ZnS tetrapodal nanostructures by

thermal decomposition of Zn(S2CNEt2)2 powder at a tem-

perature of 670 K with the subsequent vapour deposition of

zinc sulfide and epitaxial growth of ZnS using CdSe nano-

crystals as seeds. The resulting tetrapods had a nanocrystal-

line CdSe core and four ZnS legs with the wurtzite structure

protruding from the core along the [0001] crystallographic

directions.

Tetrapodal dendrite heteronanostructures of ZnS with

an enhanced emission power were also obtained by thermal

evaporation of a ZnS powder in an NH3 atmosphere at

1470 K for two hours.86

3.3. Zinc sulfide thin films
Thin films represent a key type of semiconductor optical

materials. Sulfide thin films, including ZnS films, are

obtained by various methods such as chemical and physical

vacuum deposition, successive ionic layer adsorption and

reaction,87 ± 89 metal organic chemical vapour deposition,90

molecular beam epitaxy,91 aerosol pyrolysis, chemical bath

deposition,92 ± 95 pulsed laser deposition,96 atomic layer

epitaxy,97 magnetron sputtering,98, 99 ultrasonic spray

pyrolysis,100 sol ± gel method, chemical vapour deposi-

tion 101 and electrochemical deposition.102, 103

It is noteworthy that ZnS films are regarded as buffer

layers, alternative to CdS, for the fabrication of polycrystal-

line Cu(In,Ga)Se2 films of multilayer solar cells.

DonÄ a and Herrero 92 synthesized ZnS films with a cubic

structure and high transmittance (>75%) by deposition

from aqueous solutions of zinc sulfate, thiourea and ammo-

nium hydroxide, with hydrazine being used as the complex-

ing agent. Zhou et al.93 deposited a ZnS film on a glass

substrate from an aqueous solution also containing ZnSO4,

N2H4CS and NH4OH. The resulting films are characterized

by a stable transmittance of 480% in the 600 ± 850 nm

wavelength range. Hexagonal ZnS thin films were prepared

by laser-assisted photochemical vapour deposition using

gas-phase decomposition of zinc isopropyl xanthate.101

The film consisted of small granular particles *1 mm in

diameter formed by nano-sized ZnS grains.

Chemical bath deposition of zinc sulfide films with a

cubic structure from aqueous solutions of ZnSO4, N2H4CS,

NH4OH and N2H4 has been described.104 For the deposi-

tion, the glass substrate was kept for two hours in a reaction

mixture heated to 340 K. The grain size of the deposited

film was *5 nm.

Glass-supported thin films of cubic ZnS with a thickness

from 100 to *230 nm were prepared 105 by chemical bath

deposition from aqueous solutions of zinc acetate and

thioacetamide without any complexing agents at a temper-

ature of *340 K. The deposition time according to the

reaction

Zn(OAc)2+MeC(S)NH2 (6)

ZnS;+MeCN+2AcOH

was 120 min. The band gap of the unannealed ZnS film was

3.64 eV; vacuum annealing at a temperature of up to 670 K

led to a decrease in Eg to 3.28 eV.

The deposition of ZnS film on a glass substrate from a

ZnCl2 and Na2S in a polyvinyl alcohol matrix has been

reported.106

The ZnS and ZnS:Mn thin films with a thickness of

*200 nm and a B3 type cubic structure were obtained by

immersion of a glass substrate into a solution of pre-

synthesized ZnS powder in 2-methoxyethanol (ethylene

glycol monomethyl ether) followed by vacuum annealing.107

A TEM image of an unannealed ZnS film formed by

spherical crystallites with an average size of *3.6 nm is

shown in Fig. 12. The band gaps of the unannealed film and

40 nm

Figure 12. TEM image of unannealed ZnS film with a *4 nm
particle size.107

580 S.I.Sadovnikov Russ. Chem. Rev., 2019, 88 (6) 571 ± 593



the films annealed at 370, 470 and 570 K were 4.00, 3.87,

3.80 and 3.75 eV, respectively.

The high radiofrequency magnetron sputtering for the

growth of high-quality ZnS films utilized for the manufac-

ture of electroluminescent displays allows one to control the

film stoichiometry and uniformity. This sputtering techni-

que was used 99 to deposit a ZnS film on a glass substrate.

The distance between the target and the substrate was

*50 mm; the deposition was carried out in a chamber

evacuated down to 6.661073 Pa (561075 mm Hg). A

ZnS target with a diameter of 50 mm was used. For film

deposition, the chamber was filled with argon at a pressure

of 4 Pa (361072 mm Hg); the sputtering power was 120 W.

All films grown at different substrate temperatures had a

cubic structure and were arranged in the (111) plane.

Figure 13 shows a SEM image of a cross-section of a ZnS

film deposited on a substrate heated to 370 K. The average

size of crystallites varied from *20 to *60 nm as the

substrate temperature during deposition changed from 370

to 670 K.

By doping semiconductor nanostructures and thin films,

it is possible to change their physical properties. Zinc sulfide

nanostructures are doped by Mn, Cu, Fe, Ni or Co. Kang et

al.108 prepared doped ZnS:Mn and ZnS:Fe nanostructures

by gas-phase chemical transport using powdered zinc oxide,

zinc sulfide and a doping metal chloride. Doped nanowires

were deposited on a silicon substrate coated by a gold layer.

The deposition of Zn17xMxS nanowires follows the scheme

presented below

ZnO(powder)+MS(powder)+MCl2 (7)

Zn17xMxS;+Cl2:+M3O4

where M=Mn or Fe.

3.4. Chemical bath deposition of nanostructured zinc sulfide
from aqueous solutions
The nano-sized sulfide materials obtained by chemical syn-

thesis in aqueous media considerably differ from the ZnS-

based film materials.91, 97, 109, 110 The CdS nanocrystals were

the first nano-sized sulfides.46, 111 ± 116 The knowledge and

experience accumulated in the experimental and theoretical

studies of CdS nanocrystals 46, 117 ± 122 made it possible to

establish their electronic structure and to comprehend and

predict the size dependences of their optical properties.

The chemical bath deposition from aqueous solutions,

which is also called chemical condensation, one-pot syn-

thesis in aqueous solutions or, more briefly, hydrochemical

deposition, is one of the most popular methods for the

synthesis of various forms of nanostructured sulfides.123

From the chemical standpoint, the aqueous synthesis of

semiconductor nanoparticles is as simple as the substrate

deposition, except for the fact that control of the initial

deposition stage requires a stabilizing agent, which restricts

the growth of nano-sized particles. An appropriate stabiliz-

ing agent for the synthesis of sulfide nanoparticles can be

selected considering any chemical reaction, resulting in the

formation of insoluble compounds. This approach can be

used to prepare nanoparticles and quantum dots of not only

ZnS,46, 124 but also CdS,46, 125 PbS 126 or other metal chal-

cogenides.127

In the synthesis of nanostructured zinc sulfide, water-

soluble salts, ZnSO4, Zn(NO3)2, ZnCl2 and Zn(OAc)2, are

used as sources of Zn2+ ions, while sources of sulfur ions

include various soluble sulfides (such as Na2S) and hydro-

sulfides, hydrogen sulfide, thiocarbamide (thiourea),

sodium thiosulfate, thioacetamide and so on. Solutions of

sodium citrate, ethylenediamine, disodium ethylenediami-

netetraacetate (Trilon B), which form complex salts with

zinc ions, are applied as complexing agents and stabilizers.

As a rule, deposition is carried out in an alkaline medium at

pH from 9 to 13 ± 14, which is adjusted by addition of

aqueous ammonia to the reaction mixture.

Most of water-based synthetic routes to nanostructured

sulfides involve the use of water-soluble thiols (the sulfur

analogues of alcohols with the general formula RSH, where

R is a hydrocarbon moiety, e.g., MeSH, EtSH, etc.) as the

surface ligands.128 The pH-induced reaction of the thiol

with the metal ions of nanoparticles and pH-dependent

properties make the aqueous synthesis of semiconductor

sulfide nanoparticles more versatile as regards surface

functionalization compared with other methods of synthe-

sis.

The key parameters of the aqueous synthesis of semi-

conductor nanoparticles are as follows:

Ð ionic product (IP) of the semiconductor compound in

water;

Ð affinity of the metal ions located on the nanoparticle

surface for the coating ligands;

Ð pH of the aqueous medium.

Thiourea is used, most often, for sulfidization during the

chemical deposition from aqueous solutions of zinc sulfide

and some other sulfides, which is due to its hydrolytic

decomposition. In alkaline solutions, thiourea is hydrolyzed

to give weak hydrosulfuric acid and cyanamide 129

N2H4CS H2S+H2CN2 (8)

If metal ions are present in the solution, they form the

corresponding sulfides with the S27 ions. For example,

ZnSO4, N2H4CS and ammonium hydroxide react as fol-

lows:

ZnSO4+N2H4CS+2NH4OH (9)

ZnS;+H2CN2+(NH4)2SO4+2H2O

In the presence of complexing agents, intermediate

metal complexes can be formed, which then dissociate with

500 nm

Figure 13. SEM image of the cross-section of a ZnS film magnetron
sputtered on a substrate preheated to 370 K.99
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sulfide precipitation. For example, the precipitation of zinc

sulfide with thiourea in an alkaline medium in the presence

of ethylenediamine as a complexing agent proceeds accord-

ing to the reaction

Zn[C2H8N2]
2�
n +N2H4CS+2HO7 (10)

ZnS;+ nC2H8N2+H2CN2+2H2O

Spontaneous formation of a metal sulfide is possible if

the ionic product

IP= [M2+]0 [S27]0 (11)

is higher than the solubility product of this sulfide (Ksp); in

this case, the solution is supersaturated, with the super-

saturation

SS �
IP

Ksp

(12)

being greater than unity. The solubility product of zinc

sulfide ZnS is low: at a temperature of 298 K,

Ksp& 1.6610724 for a-ZnS and Ksp& 2.5610722 for

b-ZnS.130, 131 The low Ksp value of zinc sulfide induces its

precipitation even from dilute aqueous solutions.

Hedayati et al.132 prepared ZnS nanoparticles by chem-

ical precipitation at a temperature of 350 K from a mixture

of aqueous solutions of zinc acetate, thiourea or sodium

sulfide, as a source of sulfur, and thioglycolic acid. Addi-

tionally, the alkalis NaOH and KOH were used as precip-

itating agents. The nanoparticle morphology depended on

the reactants used. The ZnS nanoparticles precipitated by

NaOH or KOH were star-like and had an average size of

*100 and *200 nm, respectively. The agglomerated ZnS

nanoparticles obtained with the use of thioglycolic acid had

an average size of *150 nm. The ZnS nanoparticles synthe-

sized using thiourea were triangular and had an average size

of up to 100 nm. Zinc sulfide nanoparticles synthesized with

the simultaneous use of thiourea and sodium sulfide also

had an average size of up to 100 nm.

The influence of the pH of the aqueous medium on the

deposition of nanostructured zinc sulfide and nanoparticle

interaction with the complexing agent was demonstrated 133

in relation to the structural evolution of the Zn2+ complex

with glutathione. The ZnSe/ZnS core/shell nanoparticles

were prepared in an aqueous reaction mixture containing

glutathione, sodium borohydride, zinc acetate, quinine

sulfate dihydrate, L-cysteine, selenium powder and 3-mer-

captopropionic acid. When pH is from 6.5 to 8.3, the thiol

group SH is the main glutathione coordination site for

Zn2+ (structure 1). For the pH range from 8.3 to 10.3, the

deprotonated amino group NH2 additionally promotes the

coordination (structure 2). When pH is from 10.3 to 11.5,

the negatively charged nitrogen atom of the CONH group is

also involved in Zn2+ coordination (structure 3). The Zn2+

coordination to the amide bond nitrogen not only influen-

ces the zinc acetate activity as a source of Zn2+ ions, but

also facilitates the release of sulfur from glutathione, which

gives rise to ZnSe/ZnS core/shell nanocrystals.

3.5. Characteristic features of zinc sulfide formation from
solutions and vapours
The principal and evident difference between the syntheses

of zinc sulfide nanoparticles from solutions and vapours is

the different physical state of the reaction medium. In the

former case, the reaction medium is liquid, while in the

latter case, nanoparticles are formed in the gas phase (most

often, in an inert gas) at a reduced pressure.

The above examples demonstrate that ZnS nanopar-

ticles and nanostructures are prepared using liquid- and gas-

phase synthesis techniques. The liquid-phase methods

include chemical bath deposition from aqueous or alcohol

solutions, sol ± gel technique and microemulsion, sono-

chemical and hydro- and solvothermal syntheses. Chemical

bath deposition from solutions is the simplest and the most

popular method. Liquid-phase methods are widely used

both in laboratory and in industry owing to the possibility

of precise control over the reactant composition and con-

centrations, rather simple equipment and wide diversity and

low cost of the obtained products. The chemical bath

deposition of ZnS nanoparticles in the presence of stabiliz-

ing agents adsorbed on the nanoparticle surface allows the

most precise control over the size of isolated nanoparticles

and fabrication of a protective shell of organic ligands. The

protective shell minimizes the agglomeration, prevents the

particle growth and oxidation and increases the size and

composition stability of the particles.

The possibility of using stabilizing agents to control the

size of the resulting nanoparticles is an important advantage

of liquid-phase synthesis in comparison with the gas-phase

methods.

The stabilizing agents that ensure the preparation of

isolated stable ZnS nanoparticles include TOPO,47 L-cys-

teine,61, 133 3-mercaptopropionic acid,133 hexadecylamine,71

polyethylene glycol,60 glutathione,133 sodium citrate and

disodium ethylenediaminetetraacetate, which are electro-

static stabilizers and surfactants. The above stabilizing

agents are used for the synthesis of both zinc sulfide and

isolated nanoparticles of other sulfides Ð PbS,5, 6, 123, 127

CdS,14, 123, 127 Ag2S 9 ± 12, 123, 127 and Cu2S.13, 45

Nanoparticles in colloid solutions are stabilized by

introducing agents that modify and coordinate the surface

atoms of nanoparticles.123 For example, when L-cysteine

(water-soluble amino acid) is used, the zinc atoms of the

sulfide nanoparticle are complexed with cysteine coating the

ZnS surface via amino groups.61

Nanoparticles in nonaqueous solutions are often stabi-

lized by TOPO.47 However, these stabilized nanoparticles

are soluble only in organic solvents; hence, for applications

in biological media, i.e., for endowing the nanoparticles
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with water solubility, hydrophilic groups are additionally

attached to their surface. For example, the hydrophobic

TOPO molecules located on the nanoparticle surface bind

to the hydrophobic parts of polyethylene glycol, while the

hydrophilic PEG groups, which point to the surrounding

aqueous solution, form the isolating polar shell.

Polyethylene glycol was used as the stabilizer in the hydro-

thermal synthesis of ZnS microspheres.69

3-Mercaptopropionic acid and glutathione were

employed together 133 as stabilizing agents for the deposi-

tion of isolated ZnSe/ZnS core/shell nanoparticles of

*5 nm size from aqueous solutions. Stabilization was

accomplished by SH and NH2 coordination to the zinc

atoms.

The manganese-doped water-soluble ZnS :Mn quantum

dots were synthesized 134 using 3-mercaptopropionic acid as

the stabilizing agent.

The key features of the preparation of nanoparticles by

evaporation and condensation are as follows:

Ð nanoparticle formation upon cooling of the vapour

in the condensation zone;

Ð considerable effect of convective gas flows on the

condensation;

Ð fast increase in the average nanoparticle size with

increasing gas pressure.

Chemical vapour deposition is accomplished via high-

temperature decomposition reactions and/or reactions of

gaseous reagents in the reactor or on a substrate. The

deposition of ZnS nanoparticles from the gas phase is

performed using starting compounds characterized by high

vapour pressure at relatively low temperatures and com-

pounds that readily decompose at elevated temperature

such as organometallic compounds, e.g., Zn(S2CNEt2)2.67

For the physical deposition of nanostructured ZnS from the

gas phase, in particular, by thermal evaporation, zinc

sulfide powder is often used.66, 75 ± 79

The vapour deposition of ZnS nanoparticles features

high productivity and is able to produce nanostructures

(including nanofilms for luminophores) with a Zn : S ratio

varying from *0.95 to *1.20.99 Meanwhile, vapour depo-

sition, unlike bath deposition, requires more complicated

equipment and higher temperatures, which leads to higher

cost of the final products. Due to metastability of gas-phase

deposition processes, it is difficult to control the size and

shape of nanostructures.

4. Control of morphology of zinc sulfide
nanostructures

The morphology of ZnS nanostructures appreciably

depends on the preparation method and their composition

and crystal structure. In the general case, the particle

morphology is dictated by their growth kinetics and mini-

mization of their surface energy. As a rule, nanoparticles are

thermodynamically non-equilibrium,45 their diverse mor-

phology being a consequence of metastability, i.e., occur-

rence of the system in one or another local minimum of free

energy.

According to Akiyama et al.,135 in the case of the

smallest ZnS nanoparticles, the particle size predetermines

the crystal structure: for 5 4 nm ZnS nanoparticles, the

hexagonal wurtzite (B4 type) structure is more stable than

the cubic sphalerite structure. The change in the morphol-

ogy with increasing particle size from nano- to micrometre

range has been analyzed.136

The shape of nanocrystalline particles can be controlled

by varying the kinetic parameters of the synthesis such as

temperature, pressure, reactant concentration, synthesis

duration, solution supersaturation and pH, heating and

cooling rates and the presence of surfactants or other

additives.

The primary cause of anisotropic shape of the nano-

particles being formed is anisotropy of the liquid or gaseous

medium in which different reactant fluxes are supplied to

different faces of the growing nucleus. For example, nano-

crystals that precipitate from solutions on the bottom of a

vessel acquire an anisotropic shape, whereas the nanopar-

ticles that are suspended in the reaction solution are

normally spherical. During the deposition of nanocrystals

from the gas phase onto a substrate, the surface diffusion of

reactant gas fluxes is usually anisotropic; this results in the

formation of nanocrystals with anisotropic morphology

(nanorods, nanoribbons, nanotubes, star-like nanoparticles

and so on). Other sources of anisotropic morphology can

also exist (e.g., the presence of defects, coalescence). Indeed,

the presence of screw dislocations increases the nanocrystal

growth rate in one direction. The presence of dislocations in

two mutually perpendicular directions induces growth of

plate nanoparticles. The shape of the resulting nanoparticles

is also affected by impurities.137, 138

A key mechanism of control over the crystal morphol-

ogy is the targeted action on the growth of particular faces.

According to Tong et al.,61 a higher growth rate along

the normal direction is inherent in crystal planes with a

higher surface energy. Although this statement is supported

by some experimental and theoretical data, it cannot be

taken as being completely true. According to molecular

dynamics data for the surface energies of ZnS crystals,139

the predominant direction of the kinetic growth for hexag-

onal ZnS crystals is [001], i.e., they mainly grow along the c

axis.

For example, according to experiments,80 ZnS nanobelts

with the wurtzite structure, prepared by solvothermal dep-

osition on a zinc substrate, grew in the [0001] direction (that

is, along the hexagonal c axis), namely, at right angle to the

substrate, which also had a hexagonal structure. The

authors noted that zinc foil used as the substrate ensured

the predominant growth of nanobelts along the [0001]

direction.

The arrays of hexagonal ZnS nanobelts were grown 79 by

thermal evaporation of a pressed zinc sulfide nanopowder,

which served as not only the source of ZnS clusters, which

evaporate at high temperature, but also as the substrate

with numerous nucleation sites. Owing to the hexagonal

structure of the substrate, the epitaxial growth of ZnS

nanobelts occurred along the [001] direction.

The growth of uniform ZnS nanorods was accom-

plished 21 with identical feeding rates of the zinc and sulfur

powders to be evaporated. The resulting 5 4 nm ZnS nuclei

had a hexagonal structure, which is consistent with other

reported data.135 These nuclei grew to form hexagonal

nanorods.

Sphalerite type ZnS nanowires were grown 65 using

thermal evaporation of zinc and sulfur and subsequent

autocatalytic homoepitaxial growth of a one-dimensional

cubic ZnS structure along the [111] direction. In other
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words, the predominant growth of cubic ZnS nanowires

occurred in the planes with the highest reticular density.

The nanoparticle growth and morphology are markedly

affected by the process conditions. The effect of heating rate

of the reaction mixture on the crystal structure and mor-

phology of the resulting ZnS nanoparticles has been

studied.140 The nanoparticles were prepared using a mixture

of solutions of ZnI2 in oleylamine and sulfur in octadec-1-

ene. The reaction mixtures were heated to 470 K at different

rates and kept at this temperature for an hour. When

heating was slow (0.01 K s71) and the temperature was

*400 K, hexagonal ZnS nanorods were formed in the

reaction mixture; during the subsequent heating to 470 K,

they reached the length of *10 nm and a diameter of

*4 nm and gradually acquired a cubic structure. When

heating was fast (500 K s71), cubic ZnS nanoparticles

3 ± 4 nm in diameter were directly formed in the reaction

mixture. The variation of the heating temperature, espe-

cially in the initial stage, determined both the crystal

structure and the morphology of resulting ZnS nanopar-

ticles.

A publication of Wang et al.141 addresses the effect of

surfactant concentration on the morphology of ZnS nano-

particles obtained by the solvothermal method. Zinc sulfide

was synthesized in an autoclave at 430 K for 12 h from a

mixture of zinc acetate and thiourea solutions in water or

ethylenediamine with addition of the C12H25SO3Na surfac-

tant. In the absence of the surfactant, ZnS particles with

plate morphology were formed; when the surfactant con-

centration was 0.035 mol litre71, flow-shaped ZnS micro-

spheres were obtained, while for the surfactant concentra-

tion of 0.105 mol litre71, large microcrystals were gener-

ated.

The effect of solvents (ethanolamine and ethylenedi-

amine) on the morphology of ZnS micro- and nanospheres

precipitated from solutions at 470 K was studied in detail.61

Microspheres obtained from solutions with different con-

centrations of ethanolamine and ethylenediamine were

composed of ZnS blocks with different crystal structures

and shapes. For example, at the ethylenediamine : water

volume ratio of 1 : 50, cubic nanospheres were assembled

from ZnS quantum dots, while the 1 : 10 ratio resulted in

nanospheres assembled from a mixture of quantum dots,

nanosheets and nanorods with cubic and hexagonal struc-

tures. The replacement of ethylenediamine by ethanolamine

with an ethanolamine : water volume ratio of 1 : 50 resulted

in nanospheres composed of hexagonal ZnS nanorods,

while the ethanolamine : water ratio of 1 : 10 gave rise to

single hexagonal ZnS nanorods. Thus, increasing the con-

centration of ethylenediamine or ethanolamine was accom-

panied by the predominant formation of hexagonal nano-

rods growing along the [001] direction.

In the bath deposition of ZnS nanostructures, the nano-

particle morphology is affected by the pH value. The ZnS

nanoparticles produced by hydrothermal precipitation from

aqueous solutions of zinc acetate, thiourea and thioglycolic

acid 132 were roundish agglomerates of 150 ± 200 nm size.

Increasing the solution pH by adding NaOH afforded star-

like ZnS particles of *100 nm size.

The key processes used to prepare ZnS nanostructures

with different morphology are characterized in Table 2.

The performed analysis shows that several qualitative

trends can be distinguished in the control of the morphol-

ogy of ZnS nanostructures; however, this problem has not

been generally solved as yet. This is true for nanostructures

of not only zinc sulfide, but also other sulfides with diverse

morphology, e.g., lead sulfide.6, 123, 127, 142, 143

Table 2. Methods for the synthesis of ZnS nanostructures with different morphology.

Main reactants ZnS nanostructure Scope of Advantages of Disadvantages Ref.
morphology application the method of the method

Solvothermal synthesis

ZnCl2, S, C18H37N, Nanocrystals Optical devices Manifestation of Low product yield 47, 48

C24H51OP, N2H4CS, (quantum dots) the quantum size effect

C2H6O2

Hydrothertmal synthesis

ZnSO4, Na2S Nanopowder of Biological Blue shift in High temperature 49

spherical particles sensors the UV spectrum of the synthesis

Zn(OAc)2, Hollow nanospheres Biological Template-free synthesis Large diameter of 57

N2H4CS sensors the nanospheres

(up to 300 nm)

Hydro- and solvothermal syntheses

Zn(NO3)2, L-cysteine, Nanospheres assembled Optical devices Simplicity of the synthesis Large size and broad 61

C2H7NO, C2H8N2 from cubic and hexagonal size distribution

nanorods of the nanostructures

Hydrothertmal synthesis and ageing in the reaction mixture

ZnEt2, S, hexa- Nanospheres and Optical devices Manifestation of the Broad size distribution 69

decylamine nanorods exciton size effect of the nanostructures
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5. Properties and application of nanostructured
zinc sulfide

Photo- and electroluminescence are important properties of

zinc sulfide; ZnS is considered to be one of the best

fluorescent semiconductor materials for luminescent devi-

ces. Luminescence is light emission not associated with

heating, but caused by conversion of the energy absorbed

by a substance into optical emission energy. Depending on

the excitation mechanism, luminescence is classified into

several types, among which electro- and photoluminescence

are most common in semiconductor photonics. Photolumi-

nescence is excited by visible light with different wave-

lengths, electroluminescence is excited as electricity is

passed through the material (this is one of the few examples

where electrical energy is directly converted into visible light

without heating or chemical reaction).

The electroluminescent properties of zinc sulfide were

initially studied using single crystals and coarse-crystalline

powders.144 ± 146 The electroluminescence of ZnS noticeably

depends on temperature and magnetic field strength. The

electroluminescence intensity increases with increasing tem-

perature. This is due to the temperature dependence of the

generation of primary electrons needed to excite the lumi-

nescence 145 under the action of a magnetic field.147

The results of studies of electroluminescent properties of

coarse-crystalline ZnS suggest that ZnS-based semiconduc-

tor nanocrystals would be promising luminophores for new-

generation electroluminescent devices. In particular, con-

siderable advances were made in the design of thin-film

nanocrystalline semiconductor light emitting diodes

(LEDs). Thin-film electroluminescent devices consist of a

luminophore layer (manganese-doped zinc sulfide

ZnS :Mn) and a Si3N4 insulating layer, which are located

between an aluminium metal electrode and a transparent

ZnO : Al electrode supported on a glass substrate (Fig. 14).

The Si3N4 and ZnO : Al layers of 30 and 130 nm thick-

ness were deposited on the glass substrate by magnetron

Table 2 (continued).

Main reactants ZnS nanostructure Scope of Advantages of the method Disadvantages Ref.
morphology application of the method

Thermal evaporation

ZnS powder, Nanowires and UV sensors Narrow size distribution High temperature 66

gold film nanorods of the nanostructures of the synthesis, high

cost of the product

Pressed ZnS Nanobelts and Field emitters Template-free synthesis, High temperature of 79

powder, Ar orientation-ordered high emission current the synthesis

nanobelt arrays density (14.6 mA cm72)

Zn foil, Nanowire array Field emitters High enhancement factor High temperature of 65

S powder, Ar (1530) the synthesis

ZnS powder Dendrite-like Field emitters Low turn-on voltage, High temperature of 86

tetrapods high enhancement factor the synthesis, ammonia

(2600) atmosphere

Chemical vapour deposition with thermal decomposition of the precursor

Zn(S2CNEt2)2, Nanowires UV sensors High product yield High product cost 67

Au nanoclusters

Thermal evaporation, chemical vapour deposition

ZnS, Ar, H2, C Nanobelts UV sensors High spectral sensitivity High temperature of 75 ± 77

the synthesis

Chemical vapour deposition

ZnS, C, S powders Nanobelts Field emitters Ultrathin nanobelts with Low product yield 78

high aspect ratio

Solvothermal synthesis followed by heat treatment

Zn(OAc)2, N2H4CS, Nanobelt array Field emitters Narrow length and Low emission current 80

C2H8N2, thickness distributions, density

Zn foil high aspect ratio

Chemical bath deposition from aqueous solutions

ZnSO4, N2H4CS, Film Optoelectronics >80% transmittance in ZnO contamination 93

NH4OH the IR range

Magnetron sputtering

ZnS, Ar Film Buffer layer for >80% transmittance Sophisticated equipment 99

solar cells in the visible range
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sputtering. Toyama et al.148 fabricated the nanocrystalline

ZnS :Mn luminophore by coprecipitation from a mixture of

solutions containing Zn2+, S27 and Mn2+ ions and the

lauryl phosphate n-C12H25PO4H2 as the coating agent. For

the preparation of printing ink, powdered ZnS :Mn nano-

particles were dispersed in a mixture of a resin and an

organic solvent. A layer of this ink supported on Si3N4 was

dried at a temperature of 400 K.

On application of a rather high voltage, the electrons

captured at the interface between the conducting layers

migrated to the luminophore and excited the luminescence

centres. In the electroluminescence spectrum of the

ZnS :Mn nanostructure, the luminescence peak was

observed at *595 nm, while the characteristic electrolumi-

nescence defined as the luminescence at a threshold voltage

of 45 V decreased with increasing nanoparticle size.148 The

passivation of the ZnS nanocrystal surface enhanced the

luminescence.149

The practical use of electroluminescent devices based on

nanostructured ZnS requires an increase in the lumines-

cence efficiency, which is still lower than that of organic

LEDs. The potential benefits of devices based on nano-

structured ZnS are high stability and strength and spectrally

pure emission colour.

An important trend of semiconductor photonics is

development of biocompatible photoluminescent nanoma-

terials, which would expand the scope of traditional optical

methods of biomedical visualization based on the use of

organic dyes and fluorescent proteins as markers of bio-

logical structures and processes in cells and tissues. Fluo-

rescence dye labelling is a specific application of probing in

biological systems. The use of fluorescent nanomaterials

based on ZnS and ZnO may improve the location of

examined tissues.

The exciton binding energy in zinc sulfide is 39 meV,150

which is higher than the thermal energy kT=26 meV at

room temperature. Therefore, exciton emission can arise at

low excitation energy. According to literature data, photo-

luminescence spectra of many one-dimensional ZnS nano-

structures with different morphology show two (or more)

characteristic emission peaks. For example, the photolumi-

nescence spectra of single-crystalline ZnS nanoparticles

were reported 151 to exhibit a stable intense green emission

band at *513 nm and a weak blue emission band at

*447 nm. In the photoluminescence spectra of hexagonal

ZnS nanobelts with a 40 ± 120 nm width, 20 nm thickness

and a length of several micrometres, two emission bands

(around 450 and 600 nm) were detected.152 In the authors'

opinion,152 the *450 nm band is associated with ZnS

defects, while the *600 nm band is due to the impurity

states of the Mn2+ ions. Zinc sulfide nanostructures such as

nanorods, nanowires, nanobelts and nanosheets were fab-

ricated by evaporation of ZnS nanopowders in an argon

atmosphere at 1370 K. The photoluminescence spectra of

the ZnS nanorods and nanowires are identical and show an

intense green emission band at 530 nm and a weak blue

emission band at 440 nm (Fig. 15 a). The ZnS nanobelts

and nanosheets also exhibit spectra with almost identical

positions of bands, 545 and 440 nm. According to Li et

al.,154 the spectrum of ZnS nanosheets contains an intense

Glass substrate

ZnO : Al

ZnS :Mn

Si3N4

Al

Figure 14. Diagram of an electroluminescent device with a printed
emission layer of ZnS :Mn nanoparticles dispersed in an organic
solvent.148
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Figure 15. Photoluminescence of ZnS nanostructures.
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emission band at 534 nm, while the spectrum of ZnS nano-

rods shows two emission bands at 520 and 578 nm.

The photoluminescences spectrum of 50 ± 150 nm

CdSe/ZnS microspheres showed an emission band at

625 nm.155 Generally, the photoluminescence spectrum of

water-soluble CdSe/ZnS microspheres resembles the spec-

trum of hydrophobic CdSe/ZnS quantum dots in an organic

solvent.

Considering the photoluminescence duration and high

quantum yield, the manganese-doped semiconductor nano-

crystals are potential emission sources for the application in

optoelectronic devices and biosensors. Zheng et al.156 inves-

tigated the effect of temperature and duration of annealing

on the photoluminescence of MnS/ZnS core/shell nano-

particles. An increase in the annealing temperature from

490 to 570 K and annealing duration from 40 to 80 min led

to decreasing photoluminescence intensity as a result of

diffusion of Mn2+ ions from the MnS core to the shell

surface. In view of this fact, the authors assumed that high-

performance MnS/ZnS luminescent nanostructures are to

be prepared by short-term annealing at a temperature not

exceeding 470 K.

The photoluminescence of nanostructured zinc sulfide

was observed not only in the visible, but also in the UV

region. The intense UV doublet at 329 ± 375 nm (corre-

sponding to the 3.68 ± 3.75 eV energy) and a finer structure

in the 410 ± 480 nm range (corresponding to the

2.44 ± 3.06 eV energy) were noted in the luminescence spec-

trum of ZnS nanowires several tens micrometres long, with

a *55 nm wide rectangular cross-section and a hexagonal

structure.157 An intense UV photoluminescence peak was

detected at 329 nm 158 in a study of ZnS nanowires with

periodically alternating twins (Fig. 15 b).

The luminescence of nanoparticles can be controlled by

varying their size and morphology; therefore, quantum dots

and other ZnS semiconductor nanostructures are used to

develop humidity sensors, gas and chemical sensors and

biosensors.

The applicability of ZnS nanowires for measuring the

relative air humidity at room temperature has been demon-

strated.159 The increase in the relative humidity from *30%

to *55% led to some decrease in the nanowire resistance,

while further humidity increase to 100% induced a decrease

in the resistance by a factor of almost 1000 (Fig. 16 a). High

sensitivity of porous ZnS nanowires to humidity is caused

by their large surface area, which adsorbs moisture from air.

The measurement of the relative air humidity by means of

aluminium-doped zinc sulfide nanowires ZnS : Al has been

investigated.160 The measurements were carried out at room

temperature and relative humidity varying from 30% to

90%. The increase in the humidity in the range from 50% to

90% was accompanied by a nearly proportional decrease in

the nanowire resistance caused by physical adsorption of

moisture.

A minor oxygen impurity in the inert gas induces surface

degradation of the semiconductor in the inert gas atmos-

phere as a result of oxidation; therefore, accurate in situ

measurements of an oxygen concentration in the inert gas

are required. Liu et al.161 determined the content of oxygen

using ZnS nanobelts obtained by evaporation of zinc

sulfide. The measurements carried out at an oxygen pres-

sure from 361073 to 105 Pa and on exposure to UV

radiation demonstrated that the conductance of ZnS nano-

belts is proportional to the logarithm of oxygen pressure.

Sensors for the detection of hydrogen and tetrachlorome-

thane impurities based on nanostructured ZnS have been

reported.162, 163

Due to the small size of semiconductor nanoparticles,

their optical properties can markedly change in the presence

of only several molecules of a particular compound. Hence,

semiconductor nanostructures can serve as chemical sen-

sors.

The nanocables consisting of zinc sulfide nanowires

coated by an insulating silica layer and chemically modified

by amines feature a linear dependence of conductance on

the solution pH. These nanostructures can serve as chemical

sensors.164 They have reproducible electronic characteris-

tics, while the SiO2 shell protects ZnS nanowires from

oxidation. The measurements of the conductance of the

ZnS/SiO2 nanocables performed for buffer solutions with

different pH demonstrated a linear pH dependence of the

conductance in the pH range from 4 to 10 (Fig. 16 b).

The L-cysteine-coated ZnS quantum dots were used as

fluorescent sensors for Cu2+ ions.165 The optimal fluores-

cence intensity was attained at pH 5 and at a nanoparticle

concentration of 2.5 mg litre71. The limit of detection of

Cu2+ ions by cysteine-coated ZnS quantum dots was higher

than that of CdSe/CdS quantum dots with the same cysteine

coating.

Devices based on CdSe/ZnS quantum dots are used as

fluorescent sensors for phenols in water 166 and for Pb2+

ions. It was shown 167 that the replacement of Zn2+ ions in

the quantum dot shell by Pb2+ induces quenching of
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quantum dot fluorescence, with fluorescence intensity being

linearly dependent on the Pb2+ concentration in the range

from 0.03 to 3.30 mmol litre71.

The manganese-doped zinc sulfide nanocrystals coated

by an amine layer were used 168 for the fluorescent detection

of traces of 2,4,6-trinitrotoluene (TNT) via quenching of the

intense orange photoluminescence of Mn2+ ions. The

amine-coated nanocrystals can bind TNT species located

in solution or in air via interaction of the amine ligands with

the TNT aromatic rings. The TNT anions thus generated,

which are linked to the amine monolayer, quench photo-

luminescence of Mn2+ ions as a result of electron transfer

from the ZnS conduction band to the lower unoccupied

molecular orbital of TNT anions. The amine-coated nano-

crystals are able to detect down to 1 nmol litre71 of TNT in

solution or several parts per billion of TNT in atmospheric

air. The chemical sensors based on ZnS :Mn are stable in

solutions and in air, show high quantum yield and are

effective for detection of traces of TNT and other aromatic

nitro compounds.

Biosensors as devices for detection of molecules of

particular substances comprise a biological component and

a physicochemical detector. The key requirements to a

biosensor include identification of the target molecule and

the presence of a biological recognition site. He et al.164

synthesized the ZnS/SiO2 nanocables and employed them to

quantify some biological products. The measurements

showed that the conductance of biotin-modified nanocables

in a phosphate buffer does not vary with time, but rapidly

drops almost tenfold as serum albumin is added to the

buffer. The authors 164 demonstrated the ability of ZnS-

based nano-sized biosensors to detect minor amounts of

proteins.

The CdSe/ZnS core/shell quantum dots can be synthe-

sized and conjugated with enzymes, for example, with

glucose oxidase.169 The conjugated CdSe/ZnS quantum

dots were used as probes for glucose determination, as

increasing the glucose concentration quenched the fluores-

cence of quantum dots. The quenching is based on electron

transfer from the quantum dots to enzyme molecules, which

catalyze glycose oxidation and reduction reactions. The

CdSe/ZnS quantum dots can replace fluorescent dyes such

as ruthenium complexes, which are used in the conventional

methods of glucose determination.

Medical diagnosis of kidney and liver diseases requires

determination of urea content in blood serum. For this

purpose, Huang et al.170 proposed using CdSe/ZnS quan-

tum dots stabilized with mercaptosuccinic acid mixed with

urease, a natural enzyme that hydrolyzes urea to give

ammonium carbonate. The detection was based on

enhancement of the photoluminescence of quantum dots

correlated with the enzymatic degradation of urea.

Manganese-doped water-soluble ZnS :Mn quantum

dots of *200 nm size stabilized by 3-mercaptopropionic

acid mixed with a bacterial enzyme, arginine deiminase,

were proposed for detection of arginine in fruits and fruit

juices.171 Arginine is one of the key amino acids present in

most simple proteins. It was ascertained that the fluores-

cence intensity of quantum dots linearly increases with

increasing concentration of arginine in a buffer solution in

the range from 1074 to 1.0 mol litre71.

Tarish et al.172 proposed high-performance sensors for

glucose based on ordered heterogeneous arrays of core/shell

ZnO/ZnS nanotubes. They found that electrodes modified

with zinc sulfide possess an excellent electrochemical

response to ferrocyanide/ferricyanide ions and to glucose.

The fabricated glucose biosensor showed good results in the

glucose concentration range from 2.3961075 to

2.6661074 mmol litre71. The biosensor sensitivity

[*188 mA cm72 (mmol litre71)71] exceeded that of the

biosensor based on a ZnO nanotube array. The lower limit

of detection of glucose, 24 mmol litre71, was approximately

the same as that of a standard electrode. Hence, the

fabrication of a nanostructured ZnS shell can increase the

compatibility of the ZnO surface with a biological medium.

Thus, the operation of most humidity sensors, gas and

chemical sensors and biosensors involving ZnS nanostruc-

tures is based on the recording of some signal (emission

intensity, resistance, conductance, etc.) and the change of

the signal in the presence of the analyte (compound,

molecule, ion or moisture). The changes in resistance (con-

ductance) of ZnS nanostructures are utilized to determine

minor amounts of oxygen, air humidity and pH of the

medium (see Fig. 16);159 ± 163 the optical detection of com-

pounds is based on changes in the fluorescence inten-

sity.165 ± 171

Zhao et al.173 fabricated electrodes on the basis of

nanostructured ZnS microspheres and sea urchin-like archi-

tectures for electrochemical and photoelectrochemical

determination of uric acid in aqueous solutions. The elec-

trochemical biosensor based on ZnS sea urchin-like

nanostructures showed the highest sensitivity of

*76 mA cm72 (mmol litre71)71. The broad range of deter-

mination of uric acid from 0.01 to 1.7 mmol . litre71 corre-

sponds to the requirements of clinical diagnosis. On expo-

sure to radiation at 300 nm, the sensitivity of uric acid

determination by this biosensor increased fivefold and

reached *414 mA cm72 (mmol litre71)71, which exceeded

the sensitivity of most of modern electrochemical biosen-

sors.

Zinc sulfide nanoparticles are highly chemically stable to

oxidation and hydrolysis; therefore, they are of interest as

catalysts for decomposition of organic water pollutants,

particularly, dyes (rhodamine, methylene blue), ethanol

and halo-substituted benzenes.174 Studies showed that ZnS

nanostructures are good photocatalysts; they are capable of

fast generation of electron±hole pairs and have negative

reduction potentials for excited electrons. Hu et al.174

studied the photocatalytic activity of common and nano-

porous ZnS nanoparticles. The nanoparticles with a diam-

eter of *60 nm had a nearly spherical shape and rather

large specific surface area (*156 m2 g71); they consisted of

aggregates of 3 ± 5 nm nanoparticles with hexagonal struc-

ture, with the pore size being 5 5 nm. Comparative studies

of the catalytic decomposition of eosin demonstrated that

nanoporous particles were more catalytically active than

usual ZnS nanoparticles.

Zinc sulfide nanoparticles featuring photocatalytic

activity towards ethanol decomposition can be used in fuel

cells. The enthalpy of ethanol oxidation is several times

higher than the zinc sulfide oxidation enthalpy; therefore, in

the presence of ethanol, ZnS is not oxidized and can

function as a stable catalyst for ethanol oxidation.175 It is

known that ethanol is formed upon fermentation of many

organic compounds; therefore, according to Bredol and

Kaczmarek,176 the use of nanostructured ZnS as an electro-

catalyst of ethanol oxidation is quite promising.
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Light emitting diodes Ð solid-state lighting devices Ð

attract attention due to low power consumption, high

performance and long service life. Among various lumino-

phores, semiconductor quantum dots are most promising as

emitters for displays and solid-state lighting devices.177 ± 179

High-performance LEDs with intense green emission were

developed 179 on the basis of CdSe/ZnS quantum dots.

Green LEDs with different electroluminescence wave-

lengths (515, 528 and 550 nm) were fabricated using quan-

tum dots that somewhat differed in the composition (cad-

mium selenide to zinc sulfide ratio). The bright green

emission of the LED is due to the unique structure of the

CdSe/ZnS quantum dots with a uniform high coverage of

the core.

Jang et al.180 fabricated the CdSe/ZnS/CdSZnS and

CdSe/CdS/ZnS/CdSZnS nanostructures, which emitted

green and red light, respectively.

Zinc sulfide nanostructures are considered to be promis-

ing for the design of various solar cells such as dye- or

quantum dot-sensitized Cu(In,Ga)Se2-based thin-film solar

cells and hybrid organic-inorganic solar cells.

In the last two decades, wide band-gap semiconductors,

TiO2, CdS and ZnO, have been used as anode materials for

dye- or quantum dot-sensitized solar cells. Nanostructured

ZnS can also be employed in solar cells as a photoanode.

Indeed, CdSe nanocrystals coated by a zinc sulfide shell

exhibit intense photoluminescence, which allows the use of

CdSe/ZnS nanostructures in solar cells.181 The efficiency of

dye-sensitized solar cells was increased by using nanostruc-

tures composed of ZnS-coated ZnO nanowires.182, 183 The

efficiency of a solar cell increases because the ZnS layer that

coats the ZnO nanowires suppresses the recombination of

injected electrons at the interface between zinc sulfide and

zinc oxide.

Solar cells sensitized by quantum dots are most promis-

ing. In particular, the use of multilayer (or composite)

sensitizers based on nanostructured CdSe or CdS with a

ZnS passivation layer enhanced the performance of solar

cells.184

Among thin-film solar cells with high efficiency, men-

tion should be made of the Cu(In,Ga)Se2-based cell. This is

a multilayer solar cell comprising metal (e.g., molybdenum

and aluminium) layers, which serve as electrodes and are

separated by an absorbing active semiconductor and buffer

layers. The buffer layer is usually made of cadmium sulfide.

However, cadmium is toxic; therefore, it was proposed to

replace CdS by zinc sulfide. A diagram of a thin-film

multilayer solar cell based on Cu(In,Ga)Se2 with the ZnS

buffer layer is depicted in Fig. 17.

The ZnS buffer layer retards the back transfer (or

recombination) of electrons between the active layer and

ZnO. The ZnS buffer layer can be fabricated by various

deposition procedures. When a nanostructured ZnS buffer

layer is used in thin-film solar cells, the efficiency of solar

energy conversion to electricity may reach *18%.175 The

increase in the solar cell efficiency is caused by appearance

of Zn2+ in the buffer layer.

The above results demonstrate that various types of

nanostructured zinc sulfide are used in devices for different

purposes. For optoelectronic devices, one-dimensional

nanostructures are most popular.185, 186 For example, arrays

of one-dimensional ZnS nanostructures (nanobelts, nano-

wires, nanocables, etc.) are used as parts of field emitters

and field effect transistors.78 ± 80, 137, 158 Nanostructured

films are applied in solar cells.99, 107, 181, 182 In gas and

chemical sensors and biosensors, quantum dot and spherical

nanoparticle arrays are used most commonly.168 ± 171, 187

Thus, the morphology of nanostructures is among the

factors determining their potential applications.

6. Conclusion

Zinc sulfide is a versatile semiconductor material 188 ± 191

used in many electronic and optoelectronic devices.192 ± 194

Coarse-crystalline samples are commonly employed electro-

luminophores, playing the same role in applied lumines-

cence as played by silicon in semiconductor electronics.

Owing to the unique combination of diverse morphology

and physical and chemical properties, ZnS nanostructures

have a broad range of practical applications.

The data presented in the review demonstrate that

nanostructured zinc sulfide is synthesized by diverse meth-

ods; however, the kinetics and growth mechanism of these

nanostructures are quite complex and are still not entirely

clear. The desired properties of nanostructured ZnS can be

achieved by means of synthesis providing controlled size

and morphology and surface protection of the nanopar-

ticles.

A specific feature of zinc sulfide is the small exciton

radius Rex& 2.4 ± 2.6 nm. Zinc sulfide nanoparticles with

Rex4 2.5 nm, which could demonstrate quantum size

effects such as a change in the band gap width, have been

prepared by only a few authors (see, for example, Refs 48,

64 and 107). Due to the difficulty of synthesis of these

nanoparticles, the properties of nanostructured zinc sulfide

are mainly controlled by doping and by fabrication of

multilayer composite nanostructures.

Analysis of published data indicates that composite

materials based on zinc sulfide nanowires and doped quan-

tum dots are most promising for many applications. Doped

ZnS : Cu, ZnS :Mn and ZnS : Al nanocrystals are effective

luminophores emitting in blue-green (*480 ± 510 nm),

orange (*590 ± 630 nm) and blue (*480 ± 500 nm) spectral

ranges.

One may expect that further development of methods

for the synthesis of ZnS nanoparticles of definite size and

Solar light

Substrate (glass, plastic)

Mo electrode

Al electrode

Cu(In, Ga)Se2
active layer

ZnS buffer layer

ZnO layer (n type

semiconductor)

+

7

Figure 17. Schematic diagram of a thin-film solar cell based on
Cu(In,Ga)Se2 with a ZnS buffer layer. The Figure was composed by
the author using the data of Ref. 17.
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specified shape would further expand the scope of their

applicability in optoelectronics, biology and medicine.

In recent years, a considerable progress in the synthesis

of nanostructured zinc sulfide has been made, but there are

still some bottlenecks.

Stable colloid solutions contain the finest (*2 ± 6 nm)

ZnS nanoparticles, but their concentration is quite low.

Therefore, a challenge is to obtain more concentrated

colloid solutions that would retain long-term stability and

small nanoparticle size.

Among the problems that have not been ultimately

solved in the synthesis of nanostructured zinc sulfide, note

the necessity to attain a narrow size distribution of the

resulting nanoparticles and nanostructures. The synthesis of

monodispersed nanoparticles and ZnS nanostructures is

rather important, because their properties depend appreci-

ably on their size and uniformity. Solving this problem is

necessary for commercial production of high-quality mate-

rials and devices based on nanostructured zinc sulfide.

A key problem of the application of ZnS quantum dots

in electronics is the necessity to fabricate large arrays of

quantum dots with identical size and shape. Indeed, the

synthesized quantum dots are usually arranged in a random

manner on the substrate surface. For electronic applica-

tions, the prepared ZnS quantum dot arrays should be

properly ordered, preferably via self-assembly, and should

be compatible with optical devices and detectors. One more

important problem arising in the use of ZnS quantum dot

arrays is the decrease in the electrical conductivity in the

presence of organic ligands.

Indeed, many authors noted that ZnS quantum dots and

nanocrystals obtained from solutions possess poor conduc-

tivity due to the presence of an organic coating layer needed

to control the quality and size distribution. Moreover, the

coating (stabilizing) agents can decompose with time. In

view of the above, an important challenge is to stabilize the

nanocrystals in solutions without coating agents.

This review was written with the financial support of the

Russian Science Foundation (Project No. 19-79-10101).
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