
I. Introduction

Lead sulfide is a representative of the abundant family of

semiconducting chalcogenides. It is one of the most

demanded narrow-band-gap (0.41 eV for coarse-grained

samples) semiconductors. It is used in a number of devices

such as photodetectors operating in a broad [from infrared

(IR) to ultraviolet (UV)] wavelength range, high efficiency

solar cells, thermoelectric transducers and optical switches.

Going from coarse-grained to nanostructured PbS has

considerably extended the scope of its application, espe-

cially in those cases where the particle size is comparable

with (or less than) the lead sulfide exciton radius, which is

18 nm.

Energy conversion and storage devices (fuel cells, photo-

electrochemical cells for hydrogen production from water,

direct solar to electrical energy conversion units, high-

capacity cells and energy storage systems) play an important

role in the sustainable technology development and in the

solution of energetic and environmental problems. The

design and the successful use of these devices is dependent

on the synthesis of new inexpensive nanomaterials with

enhanced performance characteristics. The studies of the

last 10 ± 15 years demonstrated that nanostructured metal

chalcogenides are the most promising materials for the

design of high-performance energy conversion and storage

devices, detection of radiation over a broad wavelength

range, detection of impurities in the gas and aqueous media

and for biomedical applications. The synthesis and proper-

ties of nanostructured chalcogenides were described in a

number of reviews;1 ± 3 however, too broad range of objects

inevitably made the discussion too brief.

Sulfur, selenium and tellurium are the three key elements

that form chalcogenide compounds. Chalcogenide nano-

crystals find wide use in technology. The promising outlook

for nanostructured chalcogenides is due to their simple

synthesis and unique functional physical and chemical

properties (semiconducting or ionic conductivity, mechan-

ical and thermal stability), which can be controlled by

changing the size of nanoparticles (grains, crystallites).

Moreover, the possibility to control the electrical and

optical properties of chalcogenide nanocrystals by changing

the size and shape of the nanoparticles obtained in the

solvo- or hydrochemical synthesis of colloidal solutions

provides for their potential advantages in various applica-
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tions, including photoelectric devices, light-emitting diodes,

field effect transistors, biological visualization and many

other. The latest achievements in the synthesis of colloidal

nanocrystals of lead chalcogenides (PbS and PbSe) and

nanocrystals for solar cells can be regarded as a claim for

the design of photoelectric and infrared devices based on

nanostructured lead chalcogenides. The research of the last

decade concerned with the synthesis of nanostructured

semiconductor chalcogenides was stimulated, first of all,

by the above-listed potential technological applications of

these compounds. Nanostructured chalcogenides are syn-

thesized, most often, by `bottom-up' methods; the most

efficient process resulting in the formation of nanocrystals

with well controllable size and low size dispersion is the

chemical synthesis of chalcogenide colloidal solutions.

Lead, silver, cadmium and zinc sulfides and solid sol-

utions involving them are of most interest among chalcoge-

nides. Out of these nanostructured sulfides, lead sulfide is

especially demanded owing to the extensive application.

Before passing to the discussion of the structure and

properties of nanostructured lead sulfide and nanomaterials

based on it, we will briefly consider the concept of nano-

materials.

Materials, the average particle (grain, crystallite) size of

which does not exceed 100 nm, are usually referred to as

nanocrystalline or nanostructured.4 ± 7 In recent decades, it

was proved that the decrease in the particle size of a solid

below some threshold value can induce a considerable

change in the properties, which is called size effect.5, 7 ± 12

The threshold size at which the properties of particles

change in a stepwise manner ranges from 1 to 100 nm for

most of the materials known to date. The size effects

become most pronounced when the particle size is

5 10 nm. Since these values are in the nanometre range,

the materials exhibiting size effects are called nanomateri-

als. The particle size of nanomaterials is a highly important

characteristic determining the details of properties and the

scope of applications.

Formally, any material in which the size of structure

elements is of the order of nanometre can be called nano-

materials. However, in this case, the essence of the term

`nanomaterial' narrows down to only defining the size of

structure elements; meanwhile, the nanomaterial concept

should include not only the size of structure elements but

also the stepwise change in the properties resulting from the

small size of the elements.9 ± 11

The nanostate is intermediate between a molecule and

the solid state. The distances at which the main interaction

forces in a substance act vary in the range from 1 to 100 nm;

therefore, the stepwise change in the properties occurs

particularly in the nanometre range.11 Different types of

interactions (electron ± electron, electron ± phonon, pho-

non ± phonon, magnon ±magnon, etc.) cover various dis-

tances in the same substance. Therefore, the size effects for

different properties may appear at different nanoparticle

sizes in the same substance.

Nanomaterials are often referred to as nanocrystalline

materials. This is not always justified. A material is consid-

ered to be nanocrystalline if its structure elements (building

blocks, i.e., particles or grains) are crystals. As a rule,

nanomaterials are thermodynamically non-equilibrium sys-

tems; therefore, their structure elements do not necessarily

possess a good crystal structure.11 Moreover, the building

blocks in nanomaterials have a highly defective structure,

often approaching an amorphous state. In other words, in

the structure elements of most nanomaterials, the long-

range order is markedly violated and the many-particle

correlations in the arrangement of atoms are provided by

the short-range order. Therefore, the term `nanomaterials'

should be understood more specifically as `nanostructured

materials'.

There are various approaches to nanomaterial classifi-

cation. The most appropriate classification is based on the

dimensionality of structure elements that constitute the

nanomaterials. The key types of nanostructured materials

are zero- (0D), one- (1D), two- (2D) and three-dimensional

(3D).9 By zero-dimensional nanomaterials are meant nano-

cluster material and nanodispersions, i.e., materials in

which the nanoparticles are isolated from one another, and

also nanoheterostructures, in particular, quantum dots

(QDs). Nanofibrous and nanotubular materials, including

quantum wires, are assigned to one-dimensional materials.

The length of fibres (rods) or tubes 5 ± 40 nm in diameter

can range from 100 nm to tens of micrometres. Nanometre-

thick films and semiconductor nanoheterostructures such as

quantum wells are classified as two-dimensional nanomate-

rials. The nanoparticles of 0D, 1D and 2D nanomaterials

can occur either in the matrix (liquid or solid) or on a

substrate. Three-dimensional nanomaterials are powders

and fibrous, multilayer and polycrystalline materials in

which 0D, 1D and 2D particles closely adjoin one another

and, hence, interfaces are formed between them. A typical

example of three-dimensional nanomaterial is a polycrystal

with nanometre-size grains. In this nanomaterial, the whole

bulk is filled by nanograins, which are virtually devoid of

free surface and have only interfaces between the grains.

The physicochemical properties of semiconducting

nanomaterials differ substantially from the properties of

coarse-grained analogues,13, 14 which is caused by three key

reasons:5, 10

Ð the nanoparticle size is comparable with the radius of

excitons in semiconductors, which affects electronic, opti-

cal, luminescent and other properties of nanomaterials;

Ð small size of grains determines a more extensive

surface of the particles; when the grain size is 100 to 1 nm,

the surface accommodates 1% to 50% of atoms of the solid,

and surface atoms make a considerable contribution to all

characteristics of the nanomaterial;

Ð the proper nanoparticle size approaches the size of a

molecule.

Semiconductor nanoheterostructures, especially double

ones, including quantum wells, quantum wires and quan-

tum dots, provide the possibility of controlling fundamental

characteristics of semiconductors such as the band gap (Eg)

and effective masses and mobilities of charge car-

riers.10, 14 ± 18

Thus, the `nanostructured material' concept covers a

broad range of objects Ð from colloidal solutions and

isolated nanoparticles to nanoheterostructures of differ-

ent dimensionality, nanofilms and nanopowders. In line

with this, we discuss in this review the preparation

methods, structures and properties of lead sulfide colloi-

dal solutions, single nanoparticles, nanofilms and nano-

powders. No survey publications devoted to nanostruc-

tured lead sulfide are available from Russian or foreign

literature. Mention only may be made of a small chapter

in a monograph 19 devoted to chemical deposition of PbS

films.
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The principal methods of synthesis described in the

review are general and applicable to the synthesis of any

chalcogenide, and the key properties of nanostructured lead

sulfide are also typical of other chalcogenides.

II. Methods for the preparation of nanostructured
lead sulfide

The most important factors that have to be taken into

account in the synthesis of nanoparticles are the following:

Ð non-equilibrium nature of systems; virtually all nano-

systems are thermodynamically unstable; they are prepared

under conditions far from equilibrium; this provides active

nucleation and, owing to the enormous number of nuclei

which accumulate the major part of material, the possible

growth of the formed nanoparticles can be appreciably

restricted;

Ð high chemical homogeneity; the nanomaterial homo-

geneity is achieved if no component separation, either

within a single nanoparticle or between the particles, takes

place during the synthesis;

Ð monodispersity; the properties of nanoparticles

strongly depend on the particle size; therefore, for the

manufacture of materials with good performance character-

istics, it is necessary to synthesize particles with rather

narrow size distribution.

The preparation processes of nanostructured materials

can be classified into two groups according to the way the

nanostructure is formed,11 namely, the bottom-up approach

implies the assembly of nanoparticles from atoms and

molecules, i.e., the initial species are enlarged to give nano-

particles; the top-down processes are based on disintegra-

tion of larger particles or powders to the nanosize.

II.1. Colloidal solutions of lead sulfide nanoparticles
The usual method for the preparation of colloidal solutions

of sulfides consists in the chemical reaction between sol-

ution components (water-soluble metal salt, sulfidizer and

complexing agent) and the termination of the reaction at a

definite time point. For certain conditions of synthesis, the

dispersion system thus formed can be preserved in the liquid

state, i.e., as a colloidal solution. By transferring the liquid

colloidal dispersion system to the solid dispersed state, it is

possible to precipitate nanosized (or larger) particles from

the solution. In the general case, the preparation of a

chalcogenide colloidal solution can be conventionally div-

ided into four stages: 20

Ð formation of an equilibrium homogeneous complex-

ing agent ± water system;

Ð formation and dissociation of the metal complex

[MLi]n+i k (L is ligand, n is the oxidation state of metal M,

i is the number of ligands, k is the ligand charge);

Ð hydrolysis of the chalcogenizing agent;

Ð formation of metal chalcogenide.

At the final stage, the dispersed chalcogenide solid phase

precipitates or is deposited on the substrate as a film.

A colloidal solution should be considered as stable if

during a long period of storage (more than 100 hours), no

nanopowder precipitation occurs and the size of nano-

particles present in the solution remains invariable or varies

within the error of measurements.

In the vast majority of publications devoted to the

synthesis of chalcogenide nanoparticles by chemical bath

deposition, the issue of stability of colloidal solutions is not

addressed, although only stable colloidal solutions can serve

as sources of the smallest-size nanoparticles. An exception is

a paper of Deng et al.,21 who consider solubilization, that is,

transformation of oil-soluble PbS quantum dots into water-

soluble quantum dots, and mention the stability of aqueous

colloidal solutions.

Currently, most of colloidal solutions of lead sulfide are

synthesized using organometallic compounds.22 ± 25 Soluble

metal complexes are sulfided with hydrogen sulfide gas or

hydrosulfuric acid, sodium thiosulfate, sodium sulfide,

amide (thioacetamide) or diamide of thiocarbonic acid and

their derivatives Ð thiocarbazide, acetylthiocarbamide and

so on. In some cases (usually in the case of solvothermal

synthesis), elemental sulfur is used for sulfiding.26 The

particle size is controlled by changing the number of sulfide

phase nuclei as they are formed. The use of toxic organo-

metallic lead compounds and organic ligands (thioglycerol,

heptane, trioctylphosphine) to prevent agglomeration and

growth of PbS particles results in toxicity of the obtained

colloidal solutions and restricts the scope of their applic-

ability by ruling out the biological and medical applications.

From the standpoint of a potential biomedical applica-

tion, hydrochemical synthesis using aqueous solutions of

reactants is more acceptable.27 ± 30 However, in most cases,

stability of aqueous colloidal solutions, including lead

sulfide solutions, is moderate, ranging from several minutes

to 1 ± 2 h.

The conditions of synthesis of stable non-toxic aqueous

PbS colloidal solutions were elucidated by Sadovnikov

et al.30 Lead acetate [Pb(OAc)2] and sodium sulfide served

as the sources of Pb2+ and S27 ions, while disodium

ethylenediaminetetraacetate Na2H2 ± EDTA (Trilon B) or

sodium citrate (Na3 Cit) functioned as the complexing

agents. The initial concentrations of Pb(OAc)2, Na2S,

sodium citrate and Trilon B in the reaction mixtures varied

from 0.25 to 25 mmol litre71. The molar concentration

ratio for the reactants in the mixtures was stoichiometric.

The colloidal solutions were prepared at room temperature

and pH 4.75 ± 6.25. According to Sadovnikov and Gusev,31

the order of addition of the complexing agent to lead acetate

or sodium sulfide solutions does not affect the solution

stability or nanoparticle size but can give rise to impurity

phases. Indeed, in an aqueous solution containing hydrated

Pb2+, AcO7 and S27 ions, two dozens of products can

appear upon hydrolysis, apart from the colloidal PbS

particles.32 The colloidal solution of lead sulfide nano-

particles is formed upon the following reaction:

In order to estimate the effect of complexing agents on

the stability of colloidal solutions, similar solutions were

prepared without addition of sodium citrate or Trilon B. In

particular, PbS nanoparticles precipitated from reaction

mixtures containing equal concentrations of Pb(OAc)2 and

Na2S, either 0.8 or 25 mmol litre71, within 10 and 60 min

after the synthesis, respectively. No stable colloidal solution

formed.

The stability of colloidal solutions was evaluated 30 by

considering the change in the colloidal nanoparticle size

(hydrodynamic diameter Dh) depending on the time (t) of

solution storage. The Dh value of PbS nanoparticles directly

Pb(OAc)2+Na2S PbS+2NaOAc (1)
Na3Cit or Na2H27EDTA
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in the colloidal solution was determined by dynamic light

scattering.

When Trilon B was added to the reaction mixture,

stability of the colloidal solutions increased to 4 days, and

by using sodium citrate, it was possible to prepare colloidal

solutions that were stable for more than 30 days (they did

not change their properties during this period) (Fig. 1). The

PbS particle size in colloidal solutions depends on the initial

concentrations of lead acetate and sodium sulfide and on

the type of the complexing agent. By varying these param-

eters, it is possible to obtain stable colloidal solutions with a

specified particle size ranging from 10 to 20 nm.30 This

process for preparation of colloidal solutions of PbS is

protected by a patent.33

II.2. Analysis of the formation conditions of lead sulfide in
aqueous solutions
It was noted above that, along with colloidal PbS particles,

numerous products of hydrolysis are formed in an aqueous

solution containing hydrated Pb2+, AcO7 and S27 ions.

The important role of metal hydroxide during chemical

deposition was discussed in numerous publications (see,

for example, Refs 26, 34 and 35). For example, upon

chemical deposition from aqueous solutions of thiourea

[(NH2)2CS], metal sulfides are formed as thin

films 26, 34, 36, 37 on non-metallic surfaces only in the thermo-

dynamic stability region of metal hydroxide in the solution

(hydroxide region). The microstructure of chemically

deposited sulfide films depends on the pH value and on

the presence of metal hydroxide in the reaction mixture.38

Metal hydroxide is significant for the assembly of core ±

shell type sulfide heteronanostructures.39 Therefore, calcu-

lation of the concentration region of formation of metal

hydroxide, which allows one to predict the possibility for its

appearance in the solution before the sulfide synthesis, is an

important task faced by a researcher who performs chemical

deposition from aqueous solutions. This calculation is

based on comparison of the ionic product with the solubility

product of metal hydroxide (Ksp)

Ksp=[Mm+] [HO7]m (2)

where [Mm+] and [HO7] are the equilibrium concentrations

of free metal ions and hydroxide ions, respectively.

The data on the conditions of formation of lead hydrox-

ide in the Pb2+±H2O system taking account of the existence

of polynuclear hydroxo complexes are scarce. Therefore, a

calculation method was proposed 40, 41 and a distribution

diagram for complexes in the Pb2+±H2O system, taking

account of all polynuclear hydroxo complexes for which the

formation constants are known, was presented.42

In aqueous solutions, apart from the insoluble hydrox-

ide, lead ions form soluble hydroxo complexes in which the

HO7 ions are the displacing ligands. With HO7 ions, lead

forms not only mononuclear [M(OH)n] but also polynuclear

[Mp(OH)n ] neutral or charged hydroxo complexes (n5 1

and p5 2 are integers). In the studies 35, 43 ± 45 devoted to the

determination of the formation conditions of hydroxides

during the chemical deposition of sulfides and selenides,

either only mononuclear hydroxo metal complexes or only

some of the polynuclear complexes are taken into account.

The elimination of polynuclear hydroxo complexes from

consideration results in a noticeable shift of the boundaries

of concentration regions.

The equation for the precipitation of Pb(OH)2 in the

Pb2+±Cit3 ±HO7±H2O system taking account of soluble

lead species [Pb(OH)+, Pb(OH)2, Pb(OH)ÿ3 , Pb3(OH)2�4 ,

Pb4(OH)4�4 , Pb6(OH)4�8 , Pb2(OH)3�, PbCit7, Pb(Cit)4ÿ2
and Pb(OH)Cit27] has the form 41

C Cit
Pb;S �

Ksp�H��2
K 2

w

1� b11
�H�� �

b12
�H��2 �

b13
�H��3�

 
(3)

� 3b34K
2
sp

K 4
w

� 4b44K
3
sp�H��2

K 6
w

� 6b68K
5
sp�H��2

K 10
w

�

� 2b21K sp�H��
K 2

w

� b1 Cit3ÿ
� �� b12Cit Cit

3ÿ� �2�b 01 Kw Cit3ÿ
� �
�H��

!

where Ksp is the solubility product of lead hydroxide, Kw is

the ionic product of water and bij are the equilibrium

constants for the indicated species.42, 46

The dependence of the lead hydroxide solubility on the

pH in the presence of sodium citrate, which is shown in

Fig. 2, determines the boundary conditions of existence of

homogeneous and heterogeneous systems. The homogene-

ous region, that is, the region of lead existence as only

soluble species, i.e., either as a free ion or complex ions, is

located below the surface representing the boundary of the

Pb(OH)2 ± Pb2+ heterogeneous equilibrium. Above this sur-

face lies a heterogeneous region in which lead hydroxide is

also formed. It can be seen that the solubility of Pb(OH)2
decreases with increase in the pH, and at [Na3Cit]= 0 (i.e.,

in the Pb2+±HO7±H2O system), it reaches the minimum

value of *261074 mol litre71 at pH& 10.5. In the region

of pH>10.5, lead hydroxo complexes are formed; there-

fore, the total lead concentration in the solution increases.

The increase in the citrate concentration entails an

increase in the absolute values of Pb(OH)2 solubility and a

shift of the solubility minimum to higher pH.

In the Pb2+±HO7±H2O system, the position of the

precipitation boundary of the Pb(OH)2 solid phase is

described by the equation

600

500

400

300

200

100

0 20 40 60 80 100 120 140 t /h

Dh /nm

1

2

Figure 1. Ranges of Dh values for PbS agglomerates (1) and
nanoparticles (2) in a colloid solution as a function of the solution
storage time at room temperature.30

The enveloping curve shows the particle size distribution depending
on the storage time.
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The positions of the Pb(OH)2 formation boundary in

this system determined considering only mononuclear com-

plexes or considering both mono- and polynuclear lead

hydroxo complexes are shown in Fig. 3. The effect of

polynuclear complexes on the position of the boundary of

the Pb(OH)2 ± Pb2+ heterogeneous equilibrium is especially

pronounced in the range of pH<10.5. In the alkaline

region, owing to the amphoteric nature of the lead hydrox-

ide, its precipitation starts and takes place at pH4 13.

When all mono- and polynuclear hydroxo complexes are

taken into account, it is possible to obtain PbS films in the

alkaline region, 9<pH<13 (see Fig. 3 a), which is in full

agreement with numerous reference and experimental data.

If the polynuclear complexes are neglected, the left boun-

dary of formation of lead hydroxide shifts to the acidic

region in which no Pb(OH)2 is actually formed. Thus, the

inclusion of polynuclear hydroxo complexes into consider-

ation is important not only for theoretical calculations but

also for the synthesis of films.

The method of analysis of equilibria taking into account

polynuclear hydroxo complexes proposed in the studies

cited above 40, 41 was also successfully used to determine

more correctly the region of formation of lead sulfide in the

Pb2+±Cit37 ±HO7±N2H4CS ±H2O system. The equili-

brium established in this system between the PbS precipitate

and thiocarbonic acid diamide and lead complexes present

in the solution is described by the equation

C Cit
Pb;S �

Ksp;PbS

�S2ÿ� 1� b11
�H�� �

b12
�H��2 �

b13
�H��3�

 
(5)

� 3b34K
2
sp;PbS

�H��4�S2ÿ�2 �
4b44K

3
sp;PbS

�H��4�S2ÿ�3 �
6b68K

5
sp;PbS

�H��8�S2ÿ�5 �

� 2b21K sp;PbS

�H���S2ÿ� � b1 Cit3ÿ
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� �
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!

The precipitation boundaries of lead sulfide at different

N2H4CS concentrations calculated using Eqn (5) are pre-

CPb,S

/mol litre71

1071

1072

1073

1074

6
8

10
12

pH

0.8

0.4

0.0 [N
a3
Ci
t]
/m
ol
lit
re
7
1

Figure 2. Solubility of Pb(OH)2 as a function of pH of the
medium and of citrate ion concentration in the
Pb2+ ±Cit37 ±HO7 ±H2O system.41

The three-dimensional surface is the boundary of the heterogeneous
Pb(OH)2 ± Pb2+ equilibrium. Below this surface, there is the homo-
geneous region in which lead exists only in the dissolved form, while
above the surface lies the heterogeneous region in which Pb(OH)2 is
also formed and, upon the introduction of sulfide ions, PbS
deposition as a film is possible. The lead concentration CPb,S in
the solution is presented on the logarithmic scale.

a

Heterogeneous

region

Homogeneous

region

CPb,S /mol litre71

1071

1072

1073

1074

5 6 7 8 9 10 11 12 13 pH

1
2

b

Region of formation of

hydrophobic PbS sol

Region of PbS sol and

film formation

True solution region

CPb,S /mol litre71

1072

1074

1076

1078

10 11 12 13 pH

1

2

Figure 3. Regions of formation of Pb(OH)2 (a) and PbS (b).41

(a) Formation boundaries of Pb(OH)2 in the Pb2+ ±HO7 ±H2O system at 298.15 K: (1) considering all mono- and polynuclear hydroxo
complexes, (2) considering only mononuclear hydroxo complexes; the fields below the boundary curves are the regions of lead existence
only in the dissolved form; above the curves lie the heterogeneous regions in which Pb(OH)2 is formed.
(b) Regions of formation of PbS as a sol and a film upon deposition from aqueous solutions of N2H4CS with a concentration of 0 (1) and
0.025 mol litre71 (2).
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sented in Fig. 3 b. Comparison of the formation boundaries

of lead hydroxide (see line 1 in Fig. 3 a) and PbS indicates

that lead hydroxide formed at pH5 11.1 will be inevitably

converted to PbS, because the equilibrium concentration of

lead above the Pb(OH)2 precipitate is much higher than

above the sulfide.

Generally, the calculation procedure proposed in the

cited publications 40, 41 is suitable for predicting the forma-

tion of solid lead hydroxide and sulfide phases in the

solution and choosing the compositions of reaction mix-

tures required for PbS deposition in various forms: as

hydrophobic sol, quantum dots, core ± shell heterostruc-

tures and films.

II.3. Deposition of lead sulfide nanopowders
The chemical deposition from aqueous solutions is the most

popular method used for the synthesis of lead sulfide nano-

powders. The size of the obtained nanoparticles depends on

the chosen reactants and their concentrations and the

temperature of synthesis. Detailed investigations of the

conditions of hydrochemical deposition of stable PbS nano-

particles using various reagents are reported in a number of

publications.31, 32, 47, 48

Stable nanoparticles of the PbS powder were prepared

by deposition from aqueous solutions of Pb(OAc)2 (see Refs

31 and 47) or Pb(NO3)2.48 An aqueous solution of Na2S

served as the source of sulfur ions. As complexing agents,

Na3Cit or Trilon B were used.

The Pb(OAc)2 and Na2S concentrations in the reaction

mixtures were varied from 1.25 to 100 mmol litre71, and

those of sodium citrate and Trilon B were in the ranges of

0 ± 100 and 0 ± 75 mmol litre71, respectively. The concen-

tration ratio of lead and sulfur ions was stoichiometric,

[Pb2+] : [S27]= 1 : 1, in all cases.

The solubility product of lead sulfide is low [at 298 K,

the Ksp value is 2.5610727 (see Ref. 49) or 8.0610728 (see

Ref. 50)]; therefore, at a relatively high content of Na2S in

the reaction mixture, lead sulfide is formed almost immedi-

ately (in 1 ± 2 s). As a result, the reaction mixture first turns

black and then, in a few minutes, PbS particles settle down

and the solution becomes transparent. The formation of

lead sulfide nanoparticles proceeded according to reaction

(1), while with lead nitrate the reaction was as follows:

All the synthesized PbS nanoparticles with any particle

size had a cubic lattice of B1 type with the lattice constant

aB1= 0.5902 ± 0.5949 nm, which is in line with the results of

other publications.51, 52 The average particle size of PbS,

estimated from X-ray diffraction reflection broadening and

by transmission electron microscopy (TEM), varied from 5

to 55 nm, depending on the reactant concentrations.

The contents of lead, sulfur and oxygen in the annealed

single-phase PbS nanopowders determined by energy dis-

persive X-ray (EDX) analysis were 86� 2 mass%,

13� 1 mass% and 1� 0.5 mass%, respectively. According

to EDX data, the impurity oxygen present in PbS nano-

powders is distributed over the particle surface, the major

part being present as adsorbed water and the rest oxygen

being in the chemisorbed state.

The concentration of Trilon B influences both the phase

composition of the deposited powders and the nanoparticle

size. A powder precipitates from a mixture with the mini-

mum Trilon B concentration of 12.5 mmol litre71 con-

tained *15 mass% of lead sulfate impurity. The lead

sulfate and sulfur impurity phases in amounts of

*10 mass% and *18 mass%, respectively, were found in

the precipitates obtained from the reaction mixture with the

maximum Trilon B concentration of 75 mmol litre71. Gen-

erally, upon the deposition of PbS powder with Trilon B,

the impurity phases are absent only if the

[Pb2+] : [S27] : [Trilon B] concentration ratio is from 1 : 1 : 1

to 1 : 1 : (1/2).

As the Trilon B concentration increases from 12.5 to

75 mmol litre71, nanoparticles measuring 8 to 50 nm are

formed (Fig. 4). The increase in the residence time of the

synthesized PbS particles in the matrix solution also induces

the growth of nanoparticles.

When sodium citrate is used in a reaction mixture with

low (1.25 mmol litre71) concentrations of Pb(OAc)2, Na2S

and Na3Cit, no lead sulfide precipitate is formed. The

deposition of PbS was observed from reaction mixtures

containing lead acetate, sodium sulfide and sodium citrate

in equal concentrations ranging from 2.5 to

100 mmol litre71. The precipitates formed from mixtures

containing high concentrations of reactants did not contain

impurity phases. The particle size varied from 4 ± 5 to

7 ± 8 nm and somewhat increased with increasing concen-

tration of Na3Cit (see Fig. 4).

Lead sulfide nanopowders consisting of small particles

(average size of 5 ± 15 nm) were prepared from reaction

mixtures containing Pb(NO3)2 and Na2S using sodium

citrate as the complexing agent. A change in the Na3Cit

concentration from 12.5 to 50 mmol litre71 does not affect

the average PbS particle size to within the error of measure-

ments. When Na3Cit is replaced by Trilon B, nanopowders

with larger particles (up to 20 nm) are formed in reaction

mixtures containing Pb(NO3)2 and Na2S.

Thus, according to a number of investigations,31, 47, 48

the size of lead sulfide particles obtained by deposition from

aqueous solutions depends on the reactant concentrations

Pb(NO3)2+Na2S PbS;+2NaNO3 (6)
Na3Cit or Na2H27EDTA
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Figure 4. Effect of the concentration of the complexing agents
Trilon B (1) and sodium citrate (2) on the lead sulfide nanoparticle
size (D) upon deposition from the reaction mixture of lead acetate
and sodium sulfide with equal reactant concentrations.31, 47

The arrows indicate the increase in the PbS particle size after a 70-h
(for citrate solution) and 120-h (for Trilon B solution) residence in
the matrix solution.
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and the type of complexing agent. By varying these param-

eters, the PbS particle size can be controlled in the range

from 5 to 55 nm at 298 K. For the targeted synthesis of PbS

nanoparticles of 5 10 nm size, it is reasonable to use

sodium citrate, while for the preparation of larger particles

(up to 50 nm), Trilon B should better be used. Even coarser

PbS particles can be obtained by deposition in the temper-

ature range of 330 ± 340 K or using thiourea instead of

Na2S.53

Uniform cube-shaped PbS nanoparticles with an edge

length of 22 nm were obtained by hydrochemical deposition

from solutions of lead acetate and sodium thiosulfate in the

presence of C17H33COOK as a surfactant.54

A sort of bath deposition of nanoparticles is electro-

chemical deposition. In this case, particles are formed as

electrical current is passed.55, 56 Nanocrystalline PbS is

synthesized in an aqueous solution of Na2S with metallic

lead as the sacrificial anode and polyvinyl alcohol as the

stabilizer.57 Upon application of an electrical potential to

the electrodes, PbS nanoparticles of 8 ± 10 nm size are

formed in the solution. According to Yang et al.,55 by

varying the potential value and scan rate, it is possible to

synthesize PbS nanoparticles with a size in a specified

narrow range from 3 to 7 nm. An advantage of electro-

chemical deposition is the possibility of more accurate

control over the nanoparticle size. Also, in the case of long

deposition time, it is possible to eliminate unstable com-

pounds from the list of reactants.

Lead sulfide nanoparticles can also be synthesized by a

sol ± gel process;58 however, this does not ensure the for-

mation of monodisperse particles.

Lead sulfide nanoparticles and nanostructures are syn-

thesized in spatially confined colloidal systems Ð colloidal

nanoreactors. Most often, these are reverse micelles, liquid

crystals, adsorption layers, Langmuir ± Blodgett films 59 and

microemulsions. The confinement of the reaction zone in

which the nanophase is formed provides a high degree of

monodispersity for the resulting particles. The molecules

that confine the reaction zone should be amphiphilic, i.e.,

they should have a nonpolar tail soluble in nonpolar

solvents, or a hydrophobic tail and a polar hydrophilic

head. The amphiphilic properties are inherent in surfactant

molecules and ions. When they get in water, surfactant

molecules cover the water surface by forming a monomo-

lecular film. In the film, the polar part of the molecule is

immersed in water, while the nonpolar hydrophobic sub-

stituent is located in air, and the water surface tension is

thus decreased. After the surface has been covered, new

surfactant molecules and ions pass to the bulk of water.

In non-polar solvents, colloidal structures are formed in

which the hydrocarbon tails are arranged at the outward

normal to the surface Ð reverse micelles and water-in-oil

microemulsions. In reverse micelles, hydrophilic groups

form a polar core, while the hydrophobic tails point out-

wards. For the chemical synthesis of nanoparticles, reverse

micelles are used most often. In order to stabilize the

nanoparticles, compounds that modify and coordinate the

surface atoms of the particles are added to the micellar

solution.60 As an example, Fig. 5 shows the schematic

structure of a PbS nanoparticle with the surface coated by

L-cysteine, which serves as the capping agent.60

Organometallic synthesis of colloidal chalcogenide

nanoparticles in organic solvents in the presence of trioctyl-

phosphine oxide (TOPO) has been reported by Gerion et

al.61 A drawback of this method is that the nanoparticles

are soluble only in organic solvents. For using these nano-

particles in biological media, it is necessary to endow them

with water solubility by forming hydrophilic groups on the

surface. The process of particle stabilization and transfer to

the aqueous phase is called solubilization. One solubiliza-

tion method implies the formation of a polymer layer

around the nanoparticle.62 In this case, the hydrophobicity

of the TOPO molecules located on the nanoparticle surface

is used for binding the hydrophobic groups of solubilizing

polymers [block copolymers, polyethylene glycol (PEG) and

so on] (Fig. 6). The hydrophilic groups of these polymers

point towards the surrounding aqueous solution and form

an insulating polar shell. This shell contains active groups

for attachment of biological molecules (antibodies, pepti-

des, DNA molecules).

II.4. Deposition of lead sulfide particles with different
morphology
The hydro- and solvothermal synthesis at a temperature of

4 300 K can be considered as a sort of chemical bath

a b
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Figure 5. Schematic structure of a PbS nanoparticle with the
surface coated by the L-cysteine capping agent (a) and a PbS
nanoparticle ± cysteine coating complex (b).60

The substituent R is a part of L-cysteine molecule.
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deposition. Note that in some publications, the chemical

bath deposition followed by heat treatment of the resulting

lead sulfide powder is erroneously described as hydro- or

solvothermal synthesis.

Lead sulfide nanorods *80 nm in diameter and

*400 nm in length and dendrite nanostructures were

obtained by chemical deposition from aqueous solutions of

lead acetate and thioacetamide without using ligands or

templates.63 A distinctive feature of this method is the use of

solutions of reactants with concentrations differing 5 ± 40-

fold. The synthesis was carried out under ambient condi-

tions by adding a highly concentrated solution of one

reactant to a solution of the second reactant with a low

concentration.

Hydrothermal deposition was used to obtain nanowires

and star-shaped PbS crystals,64 and also well-faceted cubic

nanostructures.65 By using non-aqueous solvents (ethanol,

ethylene glycol, ethylenediamine, triethylene glycol, propy-

lene glycol and so on), one can deposit lead sulfide with

various particle morphology Ð dendrite 66 ± 68 and many-

arm star-shaped structures,26, 69 separate nanospheres,70

nanotubes with different cross-section shapes 71 ± 73 and

flower-like structures.74, 75 For example, Sun et al.74 pre-

pared flower-like lead sulfide nanoparticles by thermal

decomposition of lead diethyldithiocarbamate dissolved in

ethylenediamine (the solution was heated by microwave

radiation). The reported micrographs 74 indicate that the

flower petals are composed of well-faceted cubic or rectan-

gular PbS particles. Shakouri-Arani and Salavati-Niasari 76

prepared 11 different morphological forms of lead sulfide

by solvothermal synthesis from PbNO3 and C13H11NS.

Propylene glycol served as the solvent; the synthesis was

carried out at 433 K; and the duration of the synthesis

ranged from 8 to 24 h for the preparation of PbS with

different morphology.

The micrographs of lead sulfide nanoparticles with

different morphology obtained by hydro- and solvothermal

synthesis Ð nanowires and star-shaped crystals,64 nano-

tubes,73 many-arm structures 74 and `flowers' 75 Ð are

presented in Fig. 7. By ultrasonic treatment of a solution

of lead sulfide, it is possible to obtain PbS as separate

nanospheres,69 dendrite structures 67 and nanotubes with a

square cross-section.73

It was shown 77 that thermal radiolysis (electron beam

irradiation) of a solution containing precursors for the

synthesis of nanocrystalline PbS gives rise to particles of

equal size, i.e., the final material becomes more uniform. As

the reactants, the reseachers 77 used solutions of lead acetate

and thioacetamide in polyvinyl alcohol.

An interesting method for the preparation of hollow

spherical PbS nanoparticles has been proposed.78 Aqueous

solutions of lead nitrate and sodium thiosulfate were used, a

thiosulfate solution being slowly added dropwise to a

PbNO3 solution. Then the reaction mixture was maintained

for 2 h at a temperature of 403 K. First, the lead thiosulfate

complex was formed in the solution

Pb2++2S2O
2ÿ
3 [Pb(S2O3)2]27 (7)

0.3 mm

1 mm 5 mm

2 mm10 mm
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d f
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Figure 7. Micrographs of nanoparticles of nanostructured lead sulfide with different morphology obtained by hydro- and solvothermal
synthesis.
(a) Nanowires,64 (b) dendrites,68 (c) stars,64 (d ) many-arm crystals,74 (e) nanotubes with a square cross-section,73 ( f ) `flowers'.75
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and on heating, this complex decomposed to give lead

sulfide, sulfur and gaseous sulfur dioxide

[Pb(S2O3)2]27 PbS+S+SO2:+SO2ÿ
4 (8)

During the synthesis, PbS nanoparticles of up to 10 nm size

were located on the surface of SO2 gas bubbles and

gradually these structures were transformed into hollow

spheres 2 ± 40 nm in diameter. In other words, SO2 gas

functioned as a template and played the key role in the

growth of hollow nanospheres from PbS nanoparticles

(Fig. 8).

Thus, hydro- and solvothermal synthesis can produce a

variety of morphological types of lead sulfide. The reasons

for the formation of PbS particles of different shapes are

not entirely clear, as there are very few experimental or

theoretical results on this subject in the literature. Probably,

the formation of nanoparticles of different morphology is

related to their nucleation and growth kinetics. The nano-

particle nucleation and growth are the subjects of only two

comprehensive studies 79, 80 carried out for cadmium sulfide

nanoparticles by ultrafast small-angle X-ray scattering; data

on nucleation and growth of PbS nanoparticle are lacking.

The use of elevated temperature for the synthesis promotes

the growth of PbS particles; therefore, the characteristic

particle size is often beyond the conventional upper boun-

dary (40 ± 60 nm 4 ± 6, 8 ± 11) of the range defined for nano-

crystalline substances.

II.5. Lead sulfide quantum dots
The use of semiconductor quantum dots implies the pre-

sence of a matrix. Most often, glass, porous ceramics or

substrates are used as QD matrices; therefore, the syntheses

of QDs and the matrix are often combined.

Lead sulfide quantum dots are prepared in various

media (in glasses,81 ± 84 porous ceramics,85 films 86 or poly-

mers 87, 88) and are deposited on various substrates, for

example, GaAs.89

Okuno et al.81 obtained PbS quantum dots in a low-

melting phosphate glass. A mixture of glass powder and

PbS was melted at *1300 K. Then the resulting glass was

annealed at *670 K for a period from several minutes to an

hour. After annealing, the glass acquired a brown or black

colour as a result of formation of PbS with an average

radius of 2 ± 3 nm, which is much smaller than the lead

sulfide exciton radius (18 nm). The PbS quantum dots with

a radius of 1.3 nm were also synthesized by passing hydro-

gen sulfide through an aqueous solution of polyvinyl

alcohol and lead acetate.

del Monte et al.85 grew PbS quantum dots in a hybrid

porous organic ± inorganic ceramic prepared using 3-mer-

captopropyltrimethoxysilane (MeO)3Si(CH2)3SH. The

growth of the quantum dots is presented schematically in

Fig. 9. The quantum dots are formed in the pores of the

ceramic saturated with a lead acetate solution in acetic acid

with diffusion of gaseous hydrogen sulfide through the

ceramic. The growth of lead sulfide QDs is terminated

owing to the interaction of the formed PbS particles with a

3-mercaptopropyl group giving a 3-mercaptopropyl shell on

the particle surface. Sulfidation was carried out at a temper-

ature of 398 ± 418 K for 16 ± 32 h. The size of quantum dots

obtained under different conditions was in the range from

11 to 14 nm.

An organically modified SiO2 gel was used 86 as the

matrix for PbS quantum dots. A colloidal dispersion of

lead sulfide was prepared by a sol ± gel process using

SO2

SO2

SO2
SO2

SO2

SO2

SO2
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Figure 8. Scheme of formation of hollow spheres from PbS nanoparticles.78

(1) Aggregation of PbS nanoparticles around SO2 gas bubbles, (2) formation of hollow spheres from PbS nanoparticles.
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(a) The formation and growth of PbS particles occur via the
reaction of lead acetate with hydrogen sulfide; (b) interaction of
PbS particles with 3-mercaptopropyl to give a 3-mercaptopropyl
shell on the PbS particle surface and termination of the particle
growth.
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complexing agents such as Trilon B and 3-mercaptopropyl-

trimethoxysilane. Lead sulfide quantum dots with average

diameters of 2 and 11 nm, respectively, distributed in a

polyvinyl alcohol film, have been studied.87, 88 The chemical

deposition of PbS quantum dots from aqueous solutions of

lead acetate and sodium sulfide in the presence of L-cysteine

as a complexing and stabilizing agent has been consid-

ered;60, 90 the size of the resulting lead sulfide QDs was 10

to 20 nm (Fig. 10). The photoluminescence of PbS quantum

dots was studied in quite a number of publica-

tions.21, 23 ± 25, 60, 72, 81, 89, 90

Deng et al.21 proposed a method for solubilization of

oleic acid-coated lead sulfide QDs, which provides their

transfer into the water-soluble form with high fluorescence.

The main idea of the method is that various hydrophilic

thiol ligands, including glutathione and L-cysteine, are used

as capping agents. Glutathione proved to be especially

efficient.

The initial oil-soluble PbS quantum dots were synthe-

sized in two stages. First, lead oleate was prepared from

solutions of lead acetate, oleic acid and n-decane at 403 K.

Then an aqueous solution of sodium sulfide was added

dropwise to this solution; as a result, PbS quantum dots

coated by oleic acid were formed and grew at the interface

between two liquid phases (water and n-decane). In order to

switch to water-soluble QDs, oleic acid molecules were

replaced by thiol ligands. The intensity of photolumines-

cence of the synthesized monodisperse water-soluble PbS

quantum dots depended on the sort of the ligand. The

highest radiation intensity, which amounted to *70% of

the luminescence intensity of organic QDs, was achieved by

using glutathione (Fig. 11 a). The radiation intensity of PbS

quantum dots with an L-cysteine shell amounted to 20% of

the initial intensity. Transition from the initial QDs to

water-soluble ones is accompanied by a bathochromic shift

of the luminescence maximum from 800 to 890 and 920 nm

in the case of glutathione and L-cysteine, respectively (see

Fig. 11 a). In the opinion of Deng et al.,21 the observed

effect is due to the change in the electron density and

confinement as a result of formation of Pb ± thiol bonds.

The formation of these bonds induces also a minor increase

in the size of inorganic core of a quantum dot compared

with the core of the initial oleic-acid coated PbS quantum

dot. Figure 11 b shows a TEM image of water-soluble

glutathione-coated lead sulfide QDs with an emission max-

imum at 800 nm. The 4 ± 5 nm quantum dots are uniformly

distributed in the solution and, according to electron

diffraction data (see the inset in Fig. 11 b), they have a

cubic structure.

Yu et al. 60 studied the photoluminescence of lead sulfide

QDs with a cysteine shell. The 7 ± 8 nm quantum dots were

synthesized from aqueous solutions of lead acetate, L-cys-

teine and sodium sulfide. The highest photoluminescence

intensity was found for the QDs synthesized from a solution

50 nm

Figure 10. TEM image of PbS quantum dots obtained in an
aqueous solution of lead acetate, sodium sulfide and L-cysteine.60
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Figure 11. Properties of lead sulfide quantum dots.
(a) Influence of the ligand nature on photoluminescence spectra:31

(1) oleic acid-coated QDs; water-soluble QDs: (2) glutathione, (3)
cysteine; (b) uniform distribution of monodisperse QDs with a
glutathione shell in an aqueous solution (the upper and lower insets
show the TEM image and the electron-diffraction pattern of
QDs);18 (c) change in intensity and bathochromic shift of the
luminescence maximum of the L-cysteine-coated QDs depending
on the sulfur to lead concentration ratio in the solution:
S : Pb=0.1 (1), 0.2 (2 ), 0.5 (3), 0.4 (4), 0.3 (5).60
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with the Pb : cysteine : S concentration ratio of 1 : 2.2 : 0.3;

the intensity maximum was observed at a 741 nm wave-

length (Fig. 11 c). It was demonstrated that photolumines-

cence of the QDs with a cysteine shell depends on the pH of

the medium and S : Pb (see Fig. 11 c) and cysteine : Pb

concentration ratios in the solution. An increase in the

S : Pb ratio induced a bathochromic shift of the emission

maximum from 725 to 780 nm. A similar shift of the

photoluminescence peak was observed in another study.21

Lead sulfide QDs on semiconductor substrates (like

GaAs) are grown by the molecular-beam epitaxy method

but in this case, a nanoheterostructure is formed.

II.6. Nanostructured lead sulfide films
The methods used to obtain nanostructured chalcogenide

films can be classified into chemical and physical ones.

The key chemical methods for the fabrication of nano-

structured lead sulfide films include deposition from colloi-

dal solutions, chemical vapour deposition, electrochemical

deposition, spray pyrolysis, photocatalytic chemical depo-

sition and successive ionic layer adsorption and reaction

(SILAR). Among the physical methods for the preparation

of PbS films, the major ones are various alternatives of gas

phase deposition (vacuum evaporation, molecular beam

epitaxy, glow discharge ion sputtering, ion beam sputtering,

ion deposition, reactive ion sputtering, magnetron ion

sputtering and high-frequency ion sputtering). Often, com-

bined physical and chemical methods are used to prepare

lead sulfide films.91

Chemical bath deposition of films is distinguished by

simplicity and the possibility to deposit a film on a surface

of any size and any configuration; there is no need to heat

the substrates to high temperature, and the use of toxic or

explosive chemicals is avoided.

Three mechanisms of chemical bath deposition of films

can be conventionally distinguished: ionic, cluster (hydrox-

ide or colloid) and ionic cluster mechanisms.19, 34, 37, 92 In

the ionic mechanism, the sulfide nucleation occurs upon the

reaction between Pb2+ and S27 ions directly on the sub-

strate. According to the cluster (colloid) mechanism, it is

assumed that the solid phase nucleation and cluster for-

mation take place in a homogeneous solution, while the

growth, coagulation and adsorption occur on the sub-

strate.19, 43 It is more likely that sulfide films are deposited

by a mixed mechanism. In this case, the sulfide is formed

both upon the direct reaction between the metal and sulfide

ions and upon adsorption of the sulfidizer on the surface of

hydroxide particles to form intermediate complexes, which

decompose to give the sulfide.

The chemical deposition of PbS films on a glass

substrate has been studied in detail.93 ± 98 Three synthetic

procedures were used. According to the first procedure,

the PbS-1 film was deposited from aqueous solutions of

Pb(OAc)2 and (NH2)2CS in the presence of Na3Cit and

NaOH without stirring of the solution. In the second

procedure, the film was deposited under the same con-

ditions as in the first one but without the addition of

sodium citrate, and the deposition was carried out with

stirring (PbS-2 film) or without stirring (PbS-3 film). In

the third synthetic procedure, the PbS film was formed on

the surface of a Trilon-containing aqueous solution of

lead acetate owing to the reaction of the latter with

hydrogen sulfide gas; the resulting film (PbS-4) was

transferred onto a glass substrate. The PbS-1 film was

additionally annealed in air at temperatures from 293 to

423 K with a step of 40 K.

The average grain size of a PbS-1 film in the substrate

surface was *250 nm; however, upon a 20 000-fold magni-

fication (Fig. 12 a), one can see that the grains are agglo-

merates of nanoparticles of the 5100 ± 120 nm size. The

degree of continuity of PbS-1 films was not more than

80%± 85%. The PbS-2, PbS-3 and PbS-4 films completely

coated the substrate (Fig. 12 b ± d ). The smallest nanopar-

ticle size was observed in the PbS-3 film (see Fig. 12 c). In

the PbS-4 films (see Fig. 12 d ), all grains were well-faceted

and the size of most grains was 5 120 nm. The smaller

particle size of PbS-2 and PbS-3 films compared with PbS-1

is due to the fact that the deposition was carried out without

sodium citrate. In the absence of sodium citrate, the rate of

formation of PbS nuclei decreases but the number of the

nuclei increases, which results in a relative decrease in the

particle size. The observed size of PbS nanoparticles in the

films varies over a broad range, from 10 to 160 nm, the

average size being 50 ± 70 nm.95, 98

a cb

1 mm 1 mm

d
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Figure 12. Micrographs of PbS-1 (a), PbS-2 (b), PbS-3 (c) and PbS-4 (d ) films.98

(a) In the film, the nanoparticles smaller than 80 ± 100 nm are assembled into larger
aggregates of up to 200 ± 250 nm size; the degree of film continuity does not exceed
80%± 85%; (b) the film completely coats the substrate; (c) the film microstructure is
most uniform in grain size; (d) film grains are well-faceted; more than 65% of grains
have a 5120 nm size.
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A simple method for the preparation of nanostructured

PbS films, ensuring a specified range of band gap energies,

has been proposed.99 Lead sulfide nanofilms active in the

near-IR range were prepared by deposition from aqueous

solutions of lead acetate and thiourea in the presence of

sodium citrate and sodium hydroxide; the solution pH was

10 ± 13. By varying the reactant concentration ratio, PbS

films with a controlled average particle size ranging from 35

to 80 nm were obtained.

In the case of chemical vapour deposition,100 the sub-

strate is exposed to vapour of one or several compounds or

to reactive gases which are components of the deposited

material. The compound is formed via layer-by-layer con-

densation of atoms (molecules), similarly to the preparation

of semiconductors using physical deposition methods (evap-

oration or ion sputtering). The difference is in the fact that

in the case of chemical vapour deposition, the product arises

as a result of heterogeneous chemical reaction. The advan-

tages of this method include the possibility of high-rate

deposition and doping and growing of epitaxial layers with

low impurity contents. However, this method also has

disadvantages, including the complexity of deposition and

the necessity to heat the substrate to high temperature,

which restricts the choice of the substrate material.

The spray pyrolysis method 101, 102 implies spraying a

solution, most often, aqueous one, containing salts of

components of the deposited compound onto a heated

substrate. As the sprayed solution hits the hot substrate

surface, it pyrolytically decomposes, and the reaction prod-

uct forms separate crystallites or groups of crystals on the

surface. This method is suitable for the preparation of films

with strong adhesion to the substrate and high mechanical

strength, stable under ambient conditions and at elevated

temperature. A drawback of this method is the absence of

direct correlation between the compositions of the depos-

ited compounds and the sprayed solution.

The SILAR method for the preparation of thin films

proposed in 1985 103 and patented in 1987 104 is based on the

heterogeneous reaction taking place at the liquid/solid

interface between the Pb2+ cations adsorbed on the sub-

strate and the S27 anions located in the solution.20, 105 ± 109

This method is schematically shown in Fig. 13. The purified

substrate is placed into a solution containing Pb2+ cations

(stage 1), which are adsorbed on the substrate surface. In

stage 2, the surface is cleaned from non-adsorbed lead

cations. A lead sulfide nanolayer is formed in stage 3,

when the substrate bearing the adsorbed Pb2+ ions is

dipped into a solution containing S27 anions. As a result

of reaction between the sulfide anions and lead cations, a

thin layer of lead sulfide is formed (stage 4). The deposition

process repeated many times provides a layer-by-layer

growth of the PbS film of a specified thickness with particles

of a desired size on substrates of different type and

shape.105 ± 109

The successive layer ionic deposition as a preparation

method for thin-film coatings is an upgraded hydrochemical

deposition method, which makes it possible to control the

morphology and thickness of the obtained films.105 ± 109 By

using various reagents and by varying their concentration

and the number of deposition cycles, it is possible to grow

polycrystalline PbS films with predominant particle growth

along a particular crystallographic direction.106

An interesting method is photocatalytic chemical depo-

sition of films.110, 111 Zhukovskiy et al. 111 dipped a TiO2

nanofilm on a glass substrate into a lead acetate and sulfur

solution in ethanol. The TiO2 nanofilm served as the

catalyst. When this system was exposed to light, the follow-

ing processes took place: photocatalytic reduction of sulfur

with ethanol, the formation of lead sulfide and deposition of

4 ± 10 nm PbS nanoparticles on the TiO2 surface. The

problems of manufacture of photocatalysts by depositing

PbS on TiO2 are considered in a review.112

Thin nanostructured films are formed by vacuum evap-

oration followed by deposition and molecular-beam and gas

phase epitaxy. Because of specific features of the deposition

process (high vapour supersaturation, specific condensation

kinetics, sharp change in the velocity of vaporized atoms on

going to the absorbed state), the resulting fine-grained

nanofilms are thermodynamically non-equilibrium and con-

tain a large number of `frozen' structural defects. Therefore,

1 2 3 4

Deionized water

Pb2+ S27

Figure 13. Schematic diagram of the SILAR method.109

For stages 1 ± 4, see the text.

a b

100 nm 100 nm 100 nm

c

Figure 14. SEM images of Al2O3 membrane with pores of 20 nm diameter (a), metallic lead nanofibres obtained by injection of a lead melt
through membrane pores (b) and PbS nanoparticles obtained by sulfidation of lead nanofibres with hydrogen sulfide (c).113
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this method is more suitable for the preparation of lead

sulfide nanocrystals without aggregation on a large surface

area.

Well-faceted PbS nanoparticles on an Al2O3 substrate

were obtained 113 by a combined physical and chemical

method. A porous membrane with 20 nm holes was used

as the template. A metallic lead melt heated to 673 K was

hydraulically injected through the membrane nanopores.

Sulfidation of lead nanowires was carried out by gaseous

hydrogen sulfide. This gave a dense layer of PbS nano-

particles of 100 nm and smaller size (Fig. 14).

Thus, a number of chemical and physical methods for

the synthesis of nanostructured lead sulfide as colloidal

solutions, nanoparticles, nanopowders and films has now

been developed.

III. The crystal structure of nanoparticles,
nanopowders and lead sulfide nanofilms

The bulk lead sulfide is commonly regarded as a stoichio-

metric compound with a negligibly narrow homogeneity

(PbS0.9995 ± 1.0005).114 Under a normal atmospheric pressure

and room temperature, lead sulfide crystallizes in a cubic

(space group Fm3�m) B1 structure with the lattice constant

a=0.59362 nm. The lead and sulfur ions occupy sites 4(a)

with coordinates (0 0 0) and sites 4(b) with coordinates

(1/2 1/2 1/2), respectively.

Under a pressure of 2.5 GPa, lead sulfide with the B1

structure acquires orthorhombic B16 (B33) structure, i.e., a

phase transition of cubic B1 structure to orthorhombic

(space group Pnma) structure of the GeS type takes

place.114 As the particle size decreases, the surface energy

increases; therefore, the pressure needed to change the

crystal structure should increase. Indeed, in a PbS nano-

powder, a cubic to orthorhombic phase transition starts at a

higher pressure (3.0 GPa).115 According to the data of

Qadri et al.,115 the phase transition is sluggish. The smaller

the grain size, the more sluggish the transition. The two

phases with the B1 and B16 (B33) structures can coexist up

to 8 GPa. As the pressure increases to 25 GPa, a second

phase transition of lead sulfide to a CsCl type (B2) cubic

structure takes place.116

Recent studies showed that the decrease in the grain size

of sulfides to several tens of nanometres (and below), i.e.,

the transition to the nanostructured state, is accompanied

by a noticeable change in their optical properties.

The transition to the nanostate is accompanied by not

only transformation of the properties of sulfides associated

with size effects but also by structural changes. In partic-

ular, cadmium sulfide as single crystals or coarse-grained

powders crystallize in the hexagonal wurtzite (B4 type) 117

or cubic sphalerite (B3 type) type structures.118, 119 How-

ever, CdS thin films or nano- or ultradisperse powders have

a structure different from the crystal structure of these two

modifications. Recently, it was shown 120, 121 that CdS

nanoparticles have a specific disordered structure with

random alternation of close-packed atomic planes; the

mean lattice of this disordered structure is described by

space group P6/mmm.

The data on the crystal structure of PbS films are also

ambiguous. It is usually assumed that PbS films, like coarse-

grained bulk lead sulfide, have a stoichiometric composition

and a cubic B1 structure (space group Fm3�m). On the basis

of investigating the structures of PbS films at different

temperatures, Quadri et al.122 suggested that at 375 K,

weak phase transition from the B1 to cubic B3 structure

(space group F4�3m) takes place in the film. The phase with

the B3 structure is non-stoichiometric (PbS0.9) and can

coexist with the B1 structure. Meanwhile, it was shown 123

that the lead to sulfur ratio in PbS thin films is stoichio-

metric (Pb : S=1 : 1). The statement of Quadri et al.122

about the B3 phase is a mistake, because for interpreting

the diffraction data, they suggested that some lead atoms in

the detected phase occupy sites 4(b) with the coordinates

(1/2 1/2 1/2); however, there are no such sites in the B3 type

structure. The structure of PbS films proposed by Quadri

et al.122 is cubic and belongs to space group F4�3m but does

not refer to the B3 structural type.

In the thin-layer heterostructures, PbVS3, PbNbS3 and

PbTaS3, which represent alternating PbS and transition

metal disulfide (VS2, NbS2 or TaS2) layers, lead sulfide can

have a monoclinic crystal structure (space groups C2, C2/m,

Cm2a).124 ± 127

Unfortunately, studies into the synthesis and properties

of nanostructured PbS with different morphology usually

do not include detailed investigation of the crystal structure.

The conclusion about the B1 type cubic structure of nano-

structured PbS is drawn upon visual comparison of the

experimental X-ray diffraction spectrum with the standard

data for bulk lead sulfide and comparison of the estimated

unit cell constant with the unit cell constant of bulk PbS.

Thorough investigations of the crystal structure of PbS

nanopowders and nanofilms were carried out after

2008.93, 94, 96 ± 98, 128

III.1. Crystal structures of nanopowders and quantum dots
Nanocrystalline PbS powders with an average particle size

from 100 to 8 nm were studied by X-ray diffraction.96, 97

The X-ray diffraction patterns showed considerable reflec-

tion broadening. The set of reflections was the same for all

nanopowders and, as a first approximation, it corresponded

to the cubic structure with space group Fm3�m. The structure

was refined using models corresponding to B1 (Fig. 15 a),

B2, B3, B16 and D03 type structures (Fig. 15 b) mentioned

in the literature. The best agreement between the exper-

imental and calculated X-ray diffraction patterns was

achieved for the B1 structure. The use of alternative

structures such as B2, B3, B16 and D03 resulted in poorer

agreement between experimental and calculated X-ray dif-

fraction patterns. The results of electron microscopy of the

particles of PbS nanopowders 97 are consistent with X-ray

diffraction data. Thus, the PbS nanopowders have a cubic

(space group Fm3�m) B1 structure (see Fig. 15 a).

Electron diffraction studies of isolated nanoparticles

and lead sulfide QDs 21, 22, 60, 90 in combination with high

resolution transmission electron microscopy (HRTEM)

confirmed their cubic structure. However, a special quanti-

tative refinement of the crystal structure of PbS quantum

dots was never carried out; therefore, the assignment of B1

type structure to these objects is hypothetical. Indeed, the

crystal structure of PbS nanofilms was also considered to be

B1, but recent studies demonstrated that this opinion is

erroneous.

III.2. Crystal structures of nanofilms
Quantitative determination of the crystal structures of

nanostructured PbS films is described in a number of

publications.93, 94, 98, 128
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Lead sulfide films of *100 nm thickness were annealed

in air at temperatures from 293 to 423 K with a step of

30 ± 40 K. X-Ray diffraction examination of the films was

carried out in situ on a Philips X'Pert automated diffrac-

tometer equipped with a position-sensitive fast X'Celerator

sector detector.

The experimental reflections of the films were markedly

broadened. Since the structural type of PbS films has not

been unambiguously determined, the authors 93, 94, 98, 128

carried out quantitative analysis of the measured X-ray

diffraction patterns using various cubic structure models.

The following crystal structure models were considered:

cubic B1 (space group Fm3�m); cubic B3 (space group

F4�3m); and a two-phase model of a film in which the

relative contents of phases with B1 and B3 type structures

are y and (17y), respectively. The structure models were

evaluated using the Rietveld reliability factor.129 The min-

imization of the X-ray diffraction patterns in the two-phase

film approximation gave y=0.90� 0.02 and a better reli-

ability factor (RI(B1+B3)= 0.04) than the minimization in

the one-phase film approximation with either B1 or B3 type

structure (RI(B1)= 0.05 and RI(B3)= 0.12, respectively).

From minimization in the two-phase film approximation,

it follows that the lattice constants of B1 and B 3 phases are

equal. From the physical standpoint, this means that the

PbS film is a single phase but its structure is not B1 or B3

type, although it is similar to them.

Sadovnikov et al. 93 assumed that the real structure of

PbS films corresponds to space group Fm3�m but the sulfur

atoms in it occupy not only octahedral [sites 4(b)] but also

tetrahedral interstices [sites 8(c)] (see Fig. 15 b). In this

structure, the probabilities for sulfur atoms to occupy sites

4(b) and 8(c) are equal to y and (17y)/2, respectively.

Minimization of the experimental X-ray diffraction patterns

of PbS films demonstrated that at any temperature from 293

to 423 K, sites 4(b) and 8(c) are occupied by sulfur atoms

with probabilities of *0.84 and *0.08. The reliability

factor RI for all X-ray diffraction patterns did not exceed

0.017. Thus, the crystal lattice of PbS films is characterized

by a latent non-stoichiometric distribution of sulfur atoms

among sites 4(b) and 8(c). The new cubic structure (space

group Fm3�m) found in the lead sulfide nanofilms corre-

sponds to the D03 structural type with partially disordered

(random) distribution of sulfur atoms over the sites of two

types. Considering the crystal structure of nanofilms and

the occupancies of sites 4(b) and 8(c), the formula of the

lead sulfide can be written as Pb
4�b�
0:84S

8�c�
0:16 or

Pb(S0.84&0.16)4(b)(S0.16&0.84)8(c), where & is a structural

vacancy.

Sadovnikov and Rempel 130 studied the distribution of

the sulfur atoms and vacancies in the square (001) and

hexagonal (111) planes formed by sites 4(b) and 8(c) in the

nonmetal sublattice of the nanocrystalline PbS films with

cubic D03 structure and latent non-stoichiometry.

Previously, there was no experimental evidence for the

occupation of tetrahedral sites in cubic sulfides by sulfur

atoms, and the latent non-stoichiometry of lead sulfide was

found for the first time in the studies considered

above.93, 98, 128

In the cubic structure (space group Fm3�m) of PbS, the

radii of the octahedral and tetrahedral interstices are

rocta �
a

2
ÿ rPb2� (9)

rtetra �
a
���
3
p

4
ÿ rPb2� (10)

The lattice constant a of the PbS films is 0.5940 nm, and

the radii of the Pb2+ and S27 ions are 0.121 and 0.184 nm,

respectively. Therefore, the radii of the octahedral and

tetrahedral interstices are *0.176 and *0.136 nm, respec-

tively. Since rS274 rtetra, the location of the S27 anion in

the tetrahedral interstice would result in considerable dis-

placements of the nearest lead atoms, which was actually

observed in experiments: the microstrains in the films were

0.20% ± 0.30% at any annealing temperatures up to 423 K.

The occupation of sites 4(b) and 8(c) by sulfur atoms

with the probabilities of *0.84 and *0.08, respectively,

implies that out of every twelve octahedral interstices,

approximately ten are occupied by sulfur atoms and two

are vacant. The cubic structure with space group Fm3�m has

twice more tetrahedral interstices than octahedral ones.

Therefore, there are 24 tetrahedral interstices per 12 octahe-

dral ones; of these, two are occupied by sulfur atoms and

the other are vacant. The absence of superstructural reflec-

tions means that the arrangement of sulfur atoms in each

type of sites is disordered (random). This is illustrated in

Fig. 16, which shows the model of the cubic structure of a

PbS film in comparison with the B1 structure. The arrange-

b

a

Pb 4(a)

S 4(b)

S 8(c)

Figure 15. Crystal structures of PbS.
(a) Unit cell of coarse-grained cubic (space group Fm3�m) lead
sulfide with B1 type structure; (b) distribution of lead and sulfur
atoms in the unit cell of cubic (space group Fm3�m) D03 structure of
a PbS nanofilm.
In the unit cell of the D03 type structure, sulfur atoms randomly
occupy, with probability y, octahedral sites 4(b) and randomly
occupy, with probability (1 ± y), tetrahedral sites 8(c).
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ment of some sulfur atoms in tetrahedral interstices entails

some increase in the lattice constant in comparison with the

lattice constant of lead sulfide with the B1 structure and

gives rise to microstrains. As can be seen in Fig. 16, when a

sulfur atom occupies a tetrahedral interstice, at least one

neighbouring octahedral interstice is vacant, i.e., the crystal

lattice of the cubic phase in question has some short-range

order.

IV. Properties of nanostructured lead sulfide

Lead sulfide is used in fire alarm sensors and flame sensors,

IR detectors and heat source detection systems, photo-

detectors operating in the range from infrared to ultraviolet,

converters of solar energy to electrical energy and other

thermoelectric transducers and optical switches. These

applications are dependent on the optical and thermal

properties of lead sulfide. These properties are briefly

considered below.

IV.1. Optical properties and band gap
Of most interest are the properties of nanostructured lead

sulfide related to the band gap. There are quite a few

publications on the determination of the band gap of PbS

as isolated nanoparticles and films.

The first measurements of light transmission and reflec-

tion and studies of the absorption edge for PbS films were

carried out in the period from 1948 to the 1970s. According

to the results of these studies, which were surveyed in a

number of publications,131 ± 134 at a temperature of 300 K,

the direct band gaps in the single crystalline PbS and in

polycrystalline PbS films are 0.41 and 0.42 eV, respectively.

Light scattering and absorption by nanoparticles have

specific features and differ from those of coarse-grained

materials. For this reason, investigations of size effects in

the optical and luminescent properties of semiconductors

have attracted considerable attention in recent years.

Electronic excitation of semiconductor crystals gives rise

to loosely bound electron ± hole pair Ð an exciton. The

exciton delocalization area can be much larger than the

crystal lattice constant of the semiconductor; therefore, the

decrease in the semiconductor crystal size to a value com-

parable with the exciton radius affects the properties of the

crystal.5, 8 ± 10, 135 For example, as the PbS particle size

decreases to 5 nm, the band gap in the electronic spectrum

can increase from 0.41 to 1.92 eV (see Refs 55 and 136) or to

2.30 eV.137 For films based on PbS nanoparticles, the band

gap can increase to 2.81 eV.138 A decrease in the semi-

conductor particle size should be accompanied by a shift of

the absorption band to higher frequency (hypsochromic

shift).139, 140 In the case of lead sulfide films, this shift of

the absorption band is observed at a film thickness of

5150 nm.141 ± 143

The recombination of charges generated under the

action of light (photons with energy exceeding the band

gap) gives rise to luminescence. A hypsochromic shift

following a decrease in the particle size was also found in

the luminescence spectra of PbS nanoparticles.113, 138, 144, 145

Systematic investigations of optical transmission of PbS

nanofilms have been reported.95, 98, 146 The optical trans-

mission spectra were measured for PbS-1, PbS-2, PbS-3 and

PbS-4 films and for the PbS-1 film annealed at temperatures

of 473 and 523 K (see Fig. 12).

For determining the band gap, most useful is the part of

the optical spectra in which the transmittance changes

noticeably as a function of wavelength, i.e., the region

from 700 ± 800 to 2500 ± 600 nm corresponding to the pho-

ton energies from *1.6 to *0.5 eV. In order to quantita-

tively estimate Eg, absorption spectra rather than trans-

mission spectra are considered. The absorption coefficient

(s) { is the absorbance for a 1 cm thick material layer,

s � ÿ logT

s
(11)

where T=I/I0 is transmittance in relative units, s is the

material thickness, cm.

The spectral dependence of the absorption coefficient

s(o) on the semiconductor band gap (or the Tauc function)

has the form 134, 147 ± 149

�s�o��ho�1=n � An��hoÿ Eg� (12)

where o=2pc/l is the incident radiation frequency;

�ho=2p �h c/l= hc/l is the photon energy, An is a coeffi-

cient independent of frequency o but depending on the type

of transition; the exponent n=1/2 for the direct allowed

transition; n=3/2 for the direct forbidden transition; n=2

for the indirect allowed transition; and n=3 for the indirect

forbidden transition. When reflection spectra are measured,

the s(o) value in relation (12) is replaced by the reflection

function

a

b

Pb Socta Stetra

Figure 16. Cubic (space group Fm3�m) B1 type structure of lead
sulfide (a) and a model of the cubic (space group Fm3�m) D03 type
structure of a PbS nanofilm (b) with random distribution of sulfur
atoms in the octahedral and tetrahedral interstices.93

{ In some publications, this coefficient is designated by a.
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F�R? � �
�1ÿ R�2

2R
(13)

defined via the reflection coefficient R.

For the direct allowed transitions with n=1/2, relation

(12) has the form

�s�o��ho�2 � A��hoÿ Eg� (14)

This equation is more convenient for the quantitative

processing of experimental optical absorption data and

band gap determination. In an ideal case, s(o)5 0 only

when �ho5Eg, and the experimental results in the

[s(o) �ho]2 ± �ho coordinates are described by a linear plot.

In a real experiment, since the absorption band is diffuse,

the dependence [s(o) �ho]2= f (�ho) is non-linear near the

absorption edge; therefore, the band gap is determined as

the intercept on the �ho axis tangential to the linear part of

the experimental absorption curve.

Relation (14) was derived without taking account of the

electron ± hole interaction, which may be significant if the

difference (�ho7Eg) is not too high. The spectral depend-

ence of absorbance derived taking account of the electron ± -

hole interaction has the form 150

s�o� � B

1ÿ exp ÿC �hoÿ Eg

ÿ �ÿ1=2h i (15)

where B and C are constants. In lead sulfide, the electron ±

hole interaction is markedly shielded because of the high

dielectric constant e [at 300 K, the ePbS value varies from

17.2 to 17.9 (see Ref. 133)]; therefore, the absorbance of PbS

at n=1/2 is better described by relation (14).

Usually, the films are not monodisperse. Considering

this fact, Sadovnikov et al. 95 proposed a model for the

absorption spectra of polydisperse films. The absorption

spectrum of monodisperse nanoparticles is a smooth func-

tion of the wavelength or energy (E= hc/l). In the case of

polydisperse films, the absorption spectra represent super-

positions of the spectra corresponding to nanoparticles of

different size,

s�o� �
X
i

ci si�o� � (16)

�
X
i

ciA��hoÿ Egi
�

�ho

1=2

:
X
i

ciA�Eÿ Egi
�

E

1=2

where ci and Egi are the relative content of nanoparticles of

a definite size in the film and the band gap corresponding to

these nanoparticles. In polydisperse films, any section of the

dependence [s(o)�ho]2: [sE ]2 is a superposition of

[si (o)�ho]2: [si E ]2 values; therefore, the observed band

gap EgS is an additive function of the energies Egi corre-

sponding to nanoparticles of different size. Considering the

identity

�sE�2 :A2�Eÿ EgS� (17)

it was approximately shown 95 that

EgS *
X
i

c2i Egi
� 2

X
i 6� j

cicj �Egi
Egj
�1=2 � jEgi

ÿ Egj
j

3
(18)

For a monodisperse film, i.e., when c1= 1 and ci 6� 1 � 0,

relation (18) is transformed to the obvious boundary con-

dition EgS:Eg1.

An important feature of continuous films is the existence

of developed grain boundaries. This results in diffuse

positions of the conduction and valence bands in the

electronic structures of particular grains and, as a conse-

quence, in some uncertainty of the band gap and in addi-

tional smearing of the optical spectra of the films. This

effect is of the same order as the presence of different size

nanoparticles in the film, i.e., the size inhomogeneity of the

film, as indicated by Mittleman et al.151

Thus, the intricate pattern of the absorption spectra of

semiconductor films is a consequence of polydispersity.

The absorption spectra of lead sulfide nanofilms plotted

in the [s(o)�ho]2 ± �ho coordinates are shown in Fig. 17. Two

(PbS-1 and PbS-4) or three (PbS-2 and PbS-3) linear seg-

ments can be distinguished in the spectra. More detailed

analysis of the plots for [s(o)�ho]2 revealed a non-mono-

tonic variation of the absorption of PbS-2 and PbS-3 films

(see insets in Fig. 17) in the energy region �ho=0.4 ± 1.1 eV;

no specific behaviour of absorption was found in this region

for PbS-1 and PbS-4 films.

The low-energy absorption edge of all spectra is

smeared. The 'tails' observed near the absorption edge,

i.e., in the region �ho5Eg= 0.41 eV, are mainly caused by

the dispersion (deviation from the mean value) of the size of

the film nanoparticles, i.e., inhomogeneous broadening.151

Other possible causes for absorption edge smearing are

structure defects of the semiconductor and/or indirect inter-

band transitions.

The quantitative minimization of the experimental data

with respect to absorption coefficient s(o) of the PbS-1,

PbS-2, PbS-3 and PbS-4 films by function (14) made it

possible to find Eg for these films. The calculation showed
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Figure 17. Absorption spectra of PbS films.95, 98

The insets show the non-monotonic variation of the absorption of
PbS-2 and PbS-3 films in the energy range �ho=0.4 ± 1.1 eV.
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that the band gap of the synthesized PbS-1 film is 0.92 eV,

while the band gaps of the same film after annealing at 473

and 523 K are 0.87 and 0.89 eV, respectively. The average

nanoparticle size in the annealed PbS-1 films is 80 nm. For

the synthesized and annealed PbS-1 films, the spectral

regions with E<0.7 eV are characterized by Eg& 0.42 eV.

The [s(o)�ho]2= f (�ho) plots for the PbS-2 and PbS-3

films (see Fig. 17) have clear-cut singular points, and

between these points, linear segments can be distinguished.

For the PbS film, these segments are characterized by the

following Eg values:

Film PbS-2 PbS-3 PbS-4

Eg /eV *0.43, 0.84, 1.30 *0.98, 1.50 0.41, 1.05

A correlation of the Eg values with the particle size

distribution in the PbS films demonstrated that all films

contain up to 50% particles with the size from 20 ± 100 to

300 nm and more. Apparently, the band gap of these large

particles is equal to Eg= 0.41 eV characteristic of the

coarse-grained lead sulfide.

A considerable contribution to the absorption spectra is

made by the groups of nanoparticles corresponding to the

maxima of size distributions and the adjacent smaller nano-

particles.95, 98 In the PbS-1 film, the distribution maximum

corresponds to 70 nm particles, and 40% of all particles in

the film have a size from 10 to 70 nm; the average nano-

particle size of the PbS-1 film in this range is 60 nm. This

average size can be correlated to the Eg value, which was

found to be 0.92 eV. In the annealed PbS-1 films, the

nanoparticles have an average size of 80 nm and are

characterized by Eg= 0.87 ± 0.89 eV. Size distribution max-

ima corresponding to nanoparticles of 40 and 70 nm aver-

age sizes are inherent in the PbS-2 film. This nanoparticle

size can be correlated to the Eg values of 1.30 and 0.84 eV,

respectively. The size distribution of particles of the PbS-3

film has two maxima, the average particle sizes at these

maxima being 35 and 60 nm. The nanoparticles of these

sizes are characterized by Eg values found to be 1.50 and

0.98 eV, respectively. For the PbS-4 film, the weakly pro-

nounced distribution maximum corresponds to an average

particle size of 50 nm for which Eg= 1.05 eV.

The established correlation between the nanoparticle

size in the films and the band gap can serve to elucidate

the influence of the PbS nanoparticle size on the Eg value.

The Eg value tends to increase as the nanoparticle size

decreases (Fig. 18). The band gap of coarse-grained lead

sulfide (Eb) is 0.41 ± 0.42 eV,132, 133 and Eg of the considered

films 95, 98 increases from *0.8� 0.1 to 1.5� 0.1 eV as the

average nanoparticle size decreases from 80 to 35 nm. In

view of this, one can consider that a hypsochromic shift of

the optical absorption band was observed in Refs 95 and 98

for PbS nanofilms. The value Eg= 2.0� 0.1 eV, similar to

the cited results,95, 98 was found in another paper 152 for PbS

films with an average particle size of 40 nm deposited on a

glass substrate.

According to the results of Brus,139 for monodisperse

semiconductor nanoparticles, the dependence of the exciton

energy (E ) on the particle radius (R=D/2) is described as

E � Eb ÿ
mexe

4

2n2�h2
� n2p2�h2

2mexR2
ÿ 1:78e2

eR
(19)

where n=1, 2, 3, ... . In relation (19), the first and second

terms are the band gap of the bulk crystal and the electron

and hole binding energy (effective Rydberg energy). For

coarse-grained lead sulfide, Eb=0.41 ± 0.42 eV. The third

term is the exciton kinetic energy, and the last term takes

into account the Coulomb interaction between an electron

and a hole. Thus, interband absorption should give rise to a

series of discrete lines for different n values and the

absorption threshold is determined by transition to the

ground state with n=1. The sum of the first, third and

fourth terms of Eqn (19) is the effective band gap; for the

ground state (n=1), it is expressed as

Eg�R� � Eb �
p2�h2

2mexR2
ÿ 1:78e2

eR
(20)

For lead sulfide with the particle size D5 10 nm, the

correction for Coulomb interaction is lower, *0.029 eV

(*7% of the value Eb= 0.41 ± 0.42 eV typical of coarse-

grained PbS); therefore, in the first approximation, this

correction in Eqn (20) can be neglected. Then the depend-

ence of Eg on the particle radius is described by the relation

Eg � Eb �
p2�h2

2mexR2
(21)

which means that

Eg�R�!
1

R2
(22)

or

Eg�D�!
1

D2
(23)

In the optical properties of semiconductors, the size

effects are manifested most clearly if the particle size is

commensurable with (or less than) the characteristic size of

the Wannier ±Mott exciton

Rex � aB
n2em0

mex

(24)
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Figure 18. Variation of the band gap vs. nanoparticle size in PbS
nanofilms.98

(1) Synthesized PbS-1 film; (2) and (3) PbS-1 film annealed at 473
and 523 K, respectively; (4) ± (6) PbS-2, PbS-3 and PbS-4 films,
respectively. The dashes restrict the 95% confidence range of
determination of Eg as a function of particle size.
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where aB= �h2/m0e2=0.053 nm is the Bohr radius. A pro-

nounced localization is best achievable for narrow-band-

gap semiconductors with a high dielectric constant; this

weakens considerably the electron ± hole electrostatic inter-

action and, as a result, the exciton radius increases (the

exciton size may far exceed the crystal lattice constant). The

electron and hole effective masses, respectively, for lead

sulfide at 4 K are given by 153

me= (0.092� 0.012)m0 (25)

mh= (0.090� 0.015)m0 (26)

therefore, the exciton mass

mex= (0.045� 0.006)m0 (27)

For this mex value and the dielectric constant ePbS& 18 for

lead disulfide,133, 153 the radius Rex of the first exciton state

with n=1 is (22� 3)eaB or 18 ± 4 nm.

Despite the fact that the average PbS particle size in the

films studied by Sadovnikov et al. 95, 98 and Kumar et al.152

is 2 ± 4 times as large as the exciton size, the band gap is

much wider than that in the bulk coarse-grained PbS. This

is due to the considerable dispersion of nanoparticle sizes:

the presence of particles smaller than *10 ± 30 nm in the

films accounts for the increase in the band gap, while the

presence of much larger particles leads to the average

particle size increasing to *60 ± 80 nm.95, 98

The band gap found for the isolated PbS particles which

were dispersed in a polymeric film matrix (Fig. 19) is, most

often, greater than Eg of nanofilms (see Fig. 17). According

to Jana et al.,138 the Eg values for 8, 12 and 18 nm nano-

particles are 2.81, 2.62 and 2.40 eV, respectively. The

isolated PbS nanoparticles of * 13 nm size distributed in a

copolymer matrix have Eg= 3.36 eV.154 For isolated PbS

particles of 1.5 to 12.5 nm size dispersed in a polymeric film

matrix, Eg was found to be from 2.4 to 0.5 eV.155 However,

the size of PbS nanoparticles in the cited paper 155 is

apparently underestimated. In the case of 0.8 to 2.8 nm

a

(a
h
n)

2
/1
0
1
0
eV

2
cm

7
2

(a
h
n)

2
/1
0
9
eV

2
cm

7
2

1.0 1.5 2.0 2.5 3.0 hn /eV 2.0 2.5 3.0 3.5 4.0 4.5 hn /eV
0.0

0.5

1.0

1.5

2.0

2.5
b

35

25

15

5

30

20

10

0

1

2

3

Figure 19. Absorption spectra and band gap of isolated PbS nanoparticles.
(a) Polyvinyl alcohol matrix; the deposition temperatures for 18 (1), 12 (2) and 8 nm (3) particles are 303, 293 and 283 K, respectively;138

(b) copolymer matrix with PbS nanoparticles of *13 nm size; the inset shows the presumptive molecular structure of the copolymer.154

PbS nanoparticle

Thioglycerol-coated PbS nanoparticle

Thioglycerol-coated PbS nanoparticle in

a polyvinyl alcohol matrix

Thioglycerol

Figure 20. Mechanism of formation of thioglycerol-coated PbS nanoparticles in a polyvinyl alcohol matrix.157
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PbS nanoparticles dispersed in a polyacrylamide film, the

absorption band shifts hypsochromically to 2.6 ± 2.8 eV.156

An Eg value of 3.76 eV was reported for isolated PbS

nanoparticles not exceeding 15 nm size coated by thiogly-

cerol and dispersed in polyvinyl alcohol 157 (Fig. 20).

According to Chakraborty and Moulik,23 colloidal PbS

nanoparticles of 2.4 to 3.0 nm size synthesized in an

aqueous heptane microemulsion are characterized by Eg

ranging from 3.45 to 3.30 eV.

Yucel et al.109 determined the band gap of nanostruc-

tured PbS films prepared on a glass substrate by the SILAR

process. Deposition was performed from a mixture of 1 M

aqueous solutions of lead acetate and sodium sulfide at

room temperature. The Eg value was found as a function of

conditions of synthesis [pH and the number and time (t) of

cycles of substrate dipping into the reaction medium]

(Fig. 21). According to the study of Yucel et al.,109 a PbS

film with the greatest band gap of 2.24 eV can be synthe-

sized by the SILAR method at pH 9.1 using ten dipping

cycles, 10 s each.

IV.2. Thermal properties
Data on the thermal expansion of lead sulfide, including

films, are very scarce, although these data are useful for the

application of films at elevated temperature and for selec-

tion of substrates with similar thermal expansion coeffi-

cients. It was found 158, 159 that the thermal expansion

coefficient of polycrystalline PbS at 300 K is

(19 ± 20) 1076 K71. According to one publication,159 the

GruÈ neisen constant (g) of polycrystalline PbS monotoni-

cally decreases from *2.2 to *1.9 as the temperature is

raised from 20 to 340 K, while according to the other

mentioned paper,158 the constant g, conversely, increases

from 1.98 to 2.26 with temperature rise from 320 to 670 K.

The lattice properties of PbS were calculated by ab initio

density functional theory in the quasiharmonic approxima-

tion.160 At 300 K, the thermal expansion coefficient (a) and
the GruÈ neisen constant of lead sulfide were found to be

29.8 106 K71 and 2.50 ± 2.52, respectively.160

The thermal expansion coefficient of a nanostructured

PbS film has been measured by Sadovnikov et al.94, 161

According to one study,94 as the PbS film is cooled down

from 423 to 293 K, the lattice constant a decreases from

0.59637 to 0.59326 nm, and this change in the lattice

constant is correlated with the thermal expansion coefficient

a(423 K)& 4061076 K71. Upon the repeated heating of

the PbS film from 293 to 393 K, the lattice constant

increases from 0.59326 to 0.59492 nm. This change implies

that a(393 K)& 2861076 K71.

The first study of the thermal expansion of the PbS

nanofilm in situ at temperatures of up to 443 K was

reported by Sadovnikov et al.161 The measured linear

thermal expansion coefficient of the PbS nanofilm was

(37 ± 39)61076 K71, which is close to the value a deter-

mined in another publication.94 Note that the presented a
value of nanofilms is approximately twice as high as a of the

coarse-grained PbS. The researchers cited 161 stated, without

discussing the physical grounds of the observed effect, that

the great difference between the coefficients a is attributable

to the small particle size of PbS in the films and to different

crystal structures of the films and coarse-grained PbS.

The precise diffraction measurements of the films 161

were carried out in situ at temperatures from 293 to 473 K

on a Philips X'Pert automated diffractometer equipped with

a position-sensitive fast X'Celerator sector detector. The

error of determination of the lattice constant did not exceed

� 0.00005 nm.

The structure refinement of the PbS film demon-

strated161 that reflection positions and intensities corre-

spond to cubic (space group Fm3�m) lead sulfide with D03
type structure, which is in line with the results of other

publications.93, 94, 98 The crystal lattice constant acub of the

PbS film is 0.59335� 0.00005 nm; all of the observed

diffraction reflections were substantially broadened. An

estimation showed that the average coherent scattering

region (CSR) in the film is *40 nm.

According to the results of measurements,161 the

dependence of the lattice constant a on the annealing

temperature T is non-linear and in the range of

293 ± 473 K, it is described by the polynomial

a (T )=a0 +a1T+a2T 2+a3T 3 (28)

a b
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Figure 21. Band gap of PbS films obtained by the SILAR process vs. pH of the reaction mixture (a), duration (b) and number of dipping
cycles of the substrate into the reaction mixture (a, b).109
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where a0=0.59057 nm, a1=78.189661076 nm K71, a2=

7.945261078 nm K72 and a3=76.5455610711 nm K73.

The dependence of a on the annealing temperature in the

range of 323 ± 473 K can be represented in terms of the

coefficients of polynomial (28) as

a�T � � a1 � A2T � a3T
2
0

ÿ �� �a2 � a3T0�T� a3T
2

a293K
� (29)

=9.470561076+6.027361078T7 6.5455610711T 2

On the time scale of performed experiments,161 the

relaxation processes in the PbS nanofilm were very slow,

and the equilibrium values of the lattice constant a and the

thermal expansion coefficient were achieved only after

many-hour annealing. The measured thermal expansion

coefficient of the PbS nanofilm was much higher than that

reported in the literature 158 ± 160 for bulk PbS.

The difference between the coefficients a of nanofilms

and bulk coarse-grained PbS can be caused by the following

reasons:162, 163

Ð substrate effect;

Ð method of measurement;

Ð different crystal structures;

Ð small particle size in the nanofilm, which results in a

change in the phonon spectrum and its boundaries.

The thermal expansion coefficient of the glass substrate

in the temperature range of 293 ± 473 K measured by

dilatometry 161 was 12.561076 K71, which was three

times as low as the a value of the PbS nanofilm. Therefore,

the effect of the substrate on aPbS can be ruled out. Different

methods of measurement of the thermal expansion coeffi-

cient used in the cited studies 158, 159, 161 may be responsible

for the difference between the coefficients a but by not more

than 5%. Thus, the main reasons for the difference between

the coefficients a of nanofilms and bulk PbS are their

different crystal structures (D03 type for nanofilms and B1

for bulk PbS) and a small particle size in the nanofilm.

A decrease in the size of particles (grains, crystallites) to

the nanometre range is known to be accompanied by

increase in the thermal expansion coefficient compared

with a of conventional polycrystals.9, 10 Exactly this effect

was observed by Sadovnikov et al.161 and explained in other

publications.162, 163

The thermal expansion of a solid is caused by anharmo-

nicity of atomic vibrations. In the first approximation, the

potential energy of a system of interacting atoms (U) as a

function of u=(r7 r0) has the form

U�u� � U0 �
AhU

2

2
ÿ bu3

3
(30)

where

Ah �
q2U
qr2

 !
r� r0

(31)

is a constant, r is the deviation of the atom from the

equilibrium position r0,

b � 1

2

q3U
qr3

 !
r� r0

(32)

is a coefficient taking account of the anharmonicity of

atomic vibrations.

The equation for the linear thermal expansion coeffi-

cient has the form

a�T� � 1

a293

� �
dhui
dT
� kBb

A2
ha293

(33)

where a293 is the crystal lattice constant. The thermal

expansion (or compression) of a solid can be explained

only considering the anharmonicity of atomic vibrations,

i.e., when b 6� 0, because in the harmonic approximation

where b=0, the linear expansion coefficient is zero and

thermal expansion is absent. It is clear from relation (33)

that the increase in the thermal expansion coefficient on

going from coarse-grained to nanostructured lead sulfide is

possible only provided that the coefficient b increases, i.e., if

the atomic vibrations are anharmonic.

The linear thermal expansion coefficient a(T) is related

to the specific heat capacity referred to unit volume,

Csp=CV/nm, and measured in J m73 K71 by the following

expression:

a�T� � gCsp�T�
3B

:
g
3B

CV�T�
nm

(34)

where B is the triaxial compression module, nm is the molar

volume. If the lattice heat capacity CV of a monoatomic

substance is represented in terms of the average linear

oscillator energy e(oT) and the frequency distribution

function g(o), relation (34) takes the form

a�T� � g
3nm B

�
qe�o; T�

qT
g�o�do (35)

It can be seen from Eqn (35) that the temperature

dependence of the thermal expansion coefficient depends

directly on the spectral frequency distribution g(o). Thus,
the change in the lattice properties of nanocrystals with

respect to analogous properties of bulk coarse-grained

samples is mainly caused by a change in the pattern and

boundaries of the phonon spectrum, i.e., by the change in

the distribution function of the atomic vibration frequen-

cies.

The key idea of most models for modification of the

phonon spectrum of small particles and/or nanostructured

systems is the appearance of low-frequency modes, which

are missing from the spectrum of a bulk coarse-grained

sample.9, 10 According to published data,9, 164 waves with a

wavelength not exceeding twice the largest particle diame-

ter, l4 2D, can be generated in nanoparticles; therefore, on

the low-frequency side, the phonon spectrum is restricted by

some minimum frequency

omin *
ct
2D

* 2p
ct
2D

omin 5 2p
ct
2D

(36)

where ct is the propagation velocity of transverse elastic

vibrations (transverse velocity of sound). There is no such

restriction in the bulk crystals. In addition, the phonon

spectrum is restricted from higher frequencies.

The distribution of normal modes in the presence of

low-frequency restriction and the expressions for the distri-

bution function g(o) and the upper boundary omax of the
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phonon spectrum of a small rectangular particle were

reported by Montroll.165 Considering these expressions, it

was shown 162, 163 that the molar heat capacity of a nano-

crystalline material consisting of rectangular particles can

be represented as a function of not only the temperature but

also the size (D) of a small particle

CV�T; D� � (37)

� n
12p4 NA kB

5

kBT

�homax

� �3

�k1LST� k2SST
2

" #
�

� C bulk
V �T� � n k1LST� k2SST

2
ÿ �

where n is the number of atoms in the molecule. The first

term is the Debye heat capacity of the bulk coarse-grained

crystal in the low-temperature region; LS and SS are the

total edge length and the total surface area of small

particles; the coefficients k1 and k2 are positive values

depending on the elastic constants of the crystal.

Taking account of relations (34) and (37) and the

expressions for LS and SS, the thermal expansion coefficient

of a nanocrystalline compound can be represented in the

form 162, 163

a�T; D� � gC bulk
V �T�

3nm B
� n

g
3nm B

k1LST� k2SST
2

ÿ � � (38)

� abulk�T� � n
g
3B

12k1T

D2
� 6k2T

2

D

 !

The contribution to the thermal expansion coefficient

caused by the small particle size is

Da�T; D� � n
g
3B

12k1T

D2
� 6k2T

2

D

 !
(39)

Sadovnikov and Gusev 162, 163 calculated the coefficients

k1 and k2 using the propagation velocities of longitudinal

and transverse elastic vibrations cl and ct or elastic con-

stants c11, c12 and c44 for lead sulfide.160, 166 ± 169

In highly symmetrical crystals, fully longitudinal or fully

transverse atomic vibrations propagate only in those direc-

tions that correspond to the planes of synchronously mov-

ing atoms. For cubic crystals, these are [100], [110], [111]

and other equivalent directions. The calculation 162, 163

using published data 166 demonstrated that the velocities cl
and ct for PbS at *300 K are *3975 and *1881 m s71.

Changes in the propagation velocities of transverse and

longitudinal elastic vibrations depending on the crystallo-

graphic direction for a single crystal of cubic PbS at 300 K

is illustrated in Fig. 22.

According to estimates carried out with these values, the

lower and upper boundaries omin and omax of the phonon

spectrum of a small cubic PbS particle with 50 nm edges

amount to *1.1861011 and *2.7661013 rad s71, respec-

tively.162, 163 The constants k1 and k2 at 300 K are

*1.55610716 J m71 K72 and *6.0061078 J m72 K73,

i.e., k2 44 k1. As the temperature increases to 500 K, the

constants k1 and k2 increase slightly to

*1.67610716 J m71 K72 and *7.0661078 J m72 K73 ,

respectively. Since k2 5 k1, it follows from relation (39)

that in the case of small particles, an additional contribu-

tion proportional to SST 2 and induced by the large surface

area of small particles appears in the thermal expansion

coefficient. Therefore, a decrease in the particle size to a

nanometre range should be accompanied by an increase in

the thermal expansion coefficient. It is exactly this effect Ð

a *1.7 times greater a value of a PbS nanofilm than a of a

bulk coarse-grained PbS Ð was observed in the cited

studies.161 ± 163

The dependence of the thermal expansion coefficient of

a PbS nanofilm in the temperature range from 300 to 500 K

calculated as

acalcnano�T; D� � abulk�T� � Da�T; D� (40)

taking account of the determined coefficients k1 and k2 is

presented in Fig. 23. As the abulk(T) dependence, the

reported 158 experimental results were used. The calculation

a b

[001] [001]

[010]
[010]

[100] [100]

Figure 22. Changes in the propagation velocities of the transverse
(a) and longitudinal (b) elastic vibrations along crystallographic
directions in a single crystal of cubic PbS at 300 K.162

The distances from the figure centres are proportional
to the velocities c

�100�
t � c

�010�
t � c

�001�
t =1.96103 (a) and

c
�100�
l � c

�010�
l � c

�001�
l = 4.06103 m s71 (b).
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Figure 23. Temperature dependences of the linear thermal expan-
sion coefficient of lead sulfide.
(1) PbS nanofilm;161 (2), (3) coarse-grained polycrystalline PbS
according to Refs 158 and 159, respectively; (4) PbS nanofilm.162

The dashed line shows the dependence of the thermal expansion
coefficient of a PbS nanofilm calculated from Eqn (40).
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took into account the temperature variation of the equili-

brium particle size in the PbS nanofilm, as well as the slight

linear increase in the GruÈ neisen constant 158 and the

decrease in the triaxial compression modulus B 166 with

temperature rise. For comparison, Fig. 23 presents the

experimental values a values of a PbS nanofilm 161 and

reported data for bulk PbS 158, 159 and for films.162

The calculated dependence for a PbS nanofilm is located

somewhat lower than the experimental plot:159 in the

temperature range of 300 ± 473 K, the difference between

the coefficients a is (5 ± 6)61076 K71. Apparently, this is a

consequence of the approximations of the model 165 used as

the basis for calculations.162, 163 Furthermore, the experi-

mental data 166 used to estimate the effective propagation

velocities of elastic vibrations, cÿ11 ; cÿ12 ; cÿ13 , and for the

subsequent calculation of Da(T, D) as well as the data of

Sharma,158 which were taken as abulk(T) for lead sulfide,

may not be entirely accurate. Considering these facts, the

agreement between the calculated and experimental plots

for the thermal expansion coefficient of a PbS nanofilm is

quite satisfactory (see Fig. 23).

The thermal expansion coefficient of a PbS film at

423 K estimated from data 94 on the change in the lattice

constant on cooling the film from 423 to 293 K amounts to

*40 1076 K71, which is quite consistent with experimental

results.161 The estimation of a from the data 94 obtained

while heating a film from room temperature to 393 K gives

a lower value Ð *2861076 K71. This may be caused by

the fact that in Ref. 94, the annealing of the PbS film at

393 K was too short for the equilibrium lattice constant to

be attained.

Since

b � A2
ha293a
kB

(41)

then, taking into account expression (38), the dependence of

the atomic vibration anharmonicity factor on the particle

size can be represented in the form

b�T; D� � (42)

� A2
ha293
kB

abulk�T� � n
g

3nm B
k1LST� k2SST

2
ÿ �� �

According to this equation, a decrease in the particle

size, resulting in an increase in the particle surface area (SS),

should be accompanied by an increase in the anharmonicity

of atomic vibrations.

According to numerous publications,52, 93 ± 95, 98, 122, 170

the PbS lattice constant remains invariable with a decrease

in the particle size. With the assumption that the coefficient

Ah also remains the same as the particle size decreases, the

ratio of the anharmonicity coefficients of nanofilms and

bulk PbS is given by

bnano
b
� anano

a
(43)

hence,

bnano �
anano
a

b (44)

At a temperature of 293 K, the coefficient a of bulk PbS

is *2161076 K71 (see Refs 153 and 159), and the meas-

ured thermal expansion coefficient of nanofilms

anano& 3661076 K71. Therefore, bnano& 1.7.

Thus, the linear thermal expansion coefficient of a PbS

nanofilm in the temperature range of 293 ± 443 K is approx-

imately 1.5 to 2 times as high as the a of bulk PbS. The

observed difference between the coefficients a is associated

with the small PbS particle size in the film, resulting in a

change of the distribution function of the atomic vibration

frequencies and an increase in the vibration anharmonicity.

IV.3. Stability of nanostructured lead sulfide
The most widely used devices based on lead sulfide are fire

alarm sensors, flame sensors and heat source detection

systems;171, 172 therefore, the thermal and oxidation stabil-

ities of the nanostate largely determine the application of

nanostructured PbS in this type of devices. However, nano-

particles and quantum dots are metastable materials and are

prone to recrystallization and oxidative degradation, which

is promoted by their large specific surface area. Therefore,

extensive use of nanostructured PbS requires the knowledge

of the temperature range in which the nanoparticles do not

grow (no transition from the nano- to the coarse-grained

state) and the temperature of the onset of oxidation.

The thermal stability of the structure of PbS nanofilms

obtained by laser deposition on heated quartz substrates has

been studied.122 The annealing of films in air demonstrated

that upon temperature rise to 375 K, the intensity ratio of

some diffraction reflections changes but no additional peaks

are observed up to 475 K; hence, the PbS nanofilm is not

oxidized. The change in the diffraction reflection intensities

was attributed 122 to the fact that a phase transition from

the B1 structure to the high-temperature cubic B3 structure

(space group F4�3m) takes place in the PbS film at 375 K.

The thermal stability of lead sulfide nanopowders and

nanofilms and their recrystallization in vacuum and oxida-

tion in air are the subjects of several publications.173 ± 175

The lead sulfide nanopowders with a particle size of

10 ± 20 nm were prepared by deposition from aqueous

solutions of lead acetate and sodium sulfide in the presence

of Trilon B as a complexing agent. The lead sulfide films on

glass substrates were obtained by chemical deposition from

aqueous solutions of lead citrate and thiourea. The synthe-

sized PbS nanopowders were annealed under dynamic

vacuum of 1073 Pa and in air in the temperature range of

423 ± 930 K with a step of 50 K. The annealing of nano-

powders lasted for an hour, and the nanofilms were

annealed for 5 h. According to electron microscopy data,

when the annealing temperature is raised, agglomeration of

particles of PbS powders, together with the particle growth,

is observed.

The vacuum annealing of PbS nanopowders at a temper-

ature of up to 700 K leads to minimization of microstrains

and a slight growth of nanoparticles (Fig. 24 a); hence, this

temperature range can be regarded as the thermal stability

region of lead sulfide nanopowders. The temperature range

from 700 to 800 K, in which the particle size increases

5 ± 10-fold, corresponds to the temperature of accumulative

recrystallization of PbS nanopowder. The vacuum anneal-

ing of PbS nanofilms at a temperature of up to 673 K is also

accompanied by a minor growth of nanocrystallites, while

at higher annealing temperature, the particle size increases

jumpwise (Fig. 24 b). The recrystallization in nanofilms

starts at a lower temperature than the recrystallization of

nanopowders. This is a consequence of tighter contact of
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crystallites in nanofilms compared with the particle contact

in nanopowders.

It was found 10, 176 that accumulative recrystallization in

nanocrystalline materials starts, most often, at the temper-

atures Trecr& (0.30 ± 0.35)Tm. In other studies,173, 174 the

recrystallization temperature of PbS nanopowders and

nanofilms was found to be *700 K, which is half the

melting point of bulk PbS (1391 K). Thus, PbS nanopow-

ders and nanofilms have higher relative recrystallization

temperature Trecr& 0.5Tm, i.e., they differ from other

nanomaterials by a higher thermal stability of particle

(crystallite) size.

Comparative analysis of the oxidative activities of lead

sulfide demonstrated that the temperatures of the onset of

all oxidative processes are much lower for PbS nanopow-

ders than for the bulk coarse-grained sulfide, these proc-

esses being facilitated by oxygen-containing impur-

ities.174, 175 A decrease in the particle size is accompanied

by a shift of the onset of oxidation to lower temperatures,

while the oxidation of bulk lead sulfide starts at about

800 K.177

The sequence of transformations involved in the oxida-

tion of lead sulfide is illustrated in Fig. 25 in relation to PbS

nanopowder with a particle size of 15 nm.174 The small

amount (*10 mass%) of PbSO3 present in the initial

nanopowder has been formed during the PbS synthesis. As

the temperature is raised from 423 to 473 K, the amount of

PbSO3 first increases and then (on further temperature rise)

decreases, and at 573 K, this phase disappears. The absence

of PbO in the temperature range of 423 ± 623 K indicates

that the reactions yielding this oxide as the final product

proceed at higher temperature (>700 K). The temperature

of the onset of oxidation of PbS nanopowders increases

with increase in the nanoparticle size.

When PbS nanofilms are annealed in air at temperatures

below 623 K, no oxidation takes place. This is consistent

with the data of another publication.122 Annealing at

T>623 K leads to partial film oxidation to give the

PbO . PbSO4 oxide sulfate phase on the film surface. Thus,

the nanostructured film of lead sulfide is stable in air up to

573 K and is more stable against oxidation than nano-

powders.174

The results obtained by Mikhlin et al.178 are useful for

the understanding of the oxidation pattern of nanostruc-

tured PbS. According to these results, the surface of a

single-crystalline sulfide is oxidized in air only at increased

relative humidity reaching *90%. The oxidation products

form *20-nm protrusions on the PbS surface. Water con-

densed on the protrusions promotes the oxidation of PbS.

Over a period of three to five days, the protrusions uni-

formly cover the surface and then merge together to form a

loose surface oxide layer. At normal or low air humidity,

the lead sulfide surface is not oxidized. The oxidation of

nanostructured PbS also starts on the surface but at a lower

humidity.

According to Ihly et al.,179 keeping PbS quantum dots in

air is accompanied by a hypsochromic shift of the first

exciton peak in the optical spectra. This shift is caused by

partial oxidation of the QDs. Nanostructured films were

prepared by layer-by-layer deposition of lead sulfide accom-

plished by dipping the substrate into a colloidal solution of

QDs. The oxidation of PbS nanofilms in air was found to

induce broadening of the first exciton peak. In order to

prevent the oxidative degradation of nanostructured lead

sulfide films, it was proposed to cover the films by an

amorphous Al2O3 layer. A 18-nm thick Al2O3 layer com-
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films (b).173, 174
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pletely prevents the oxidation of PbS nanofilms and pre-

vents the growth of nanoparticles in the films.

V. Applications of nanostructured lead sulfide

Traditional applications of lead sulfide, in particular nano-

structured one, in devices such as broad-band photodetec-

tors, high-efficiency solar cells, thermoelectric transducers,

optical switches, fire alarm sensors and photovoltaic, pho-

tonic and optoelectronic cells are known and have been

repeatedly described.171, 172, 180 ± 187 The application of

nanostructured lead sulfide is exemplified in Fig. 26, which

shows a photograph of a flexible photodetector based on

paper covered by a layer of PbS quantum dots.184 Nano-

structured PbS has been used as the key working part in

systems of detection of extraterrestrial objects by their

thermal emission and in the operated and autonomous

(unaided) target guidance systems.

Less widely known is the use of nanostructured PbS as a

solid-phase sensor for detection of gases [CO, CO2, SO2, N2,

NO and especially NO2 and NH3 (see Refs 188 ± 192)], for

monitoring of heavy metals, including lead, in aqueous

media.193, 194 Polymeric matrices with PbS nanoparticles

are used for protection from g-radiation.195, 196

As a result of active integration of the achievements of

chemistry, biology and medicine, a background for biomed-

ical applications and development of more perfect tools for

medical diagnosis and therapy 197 using nanostructured lead

sulfide has been created in the last decade. An example is

provided by hybrid PbS nanoparticles coated by L-cysteine

as a capping agent.60 Of interest is the drug delivery to

injured organs and tumour cells, which is a prerequisite for

more successful therapy. For this purpose, it is especially

promising to use core ± shell sulfide heteronanostruc-

tures.198

Enhancement of the luminescence intensity of the hybrid

sulfide heteronanostructures based on PbS is attained owing

to combination of luminescent sulfide nanoparticles with

metal (especially silver) nanoparticles possessing the surface

plasmon resonance. The injured areas can be visualized by

using luminescent PbS quantum dots combined into a single

nanostructure with organic drugs. Hybrid nanomaterials of

this type based on PbS find use and are often indispensable

in biosensorics, medicine, green chemistry and other

areas.198 ± 201 Furthermore, the design of hybrid nanomate-

rials involving lead sulfide promotes elaboration of new

analytical methods for the detection and identification of

impurities, preconcentration and separation of compounds

and visualization of biological action.202 ± 204 For example,

in recent years, many reports have appeared about the

successful synthesis and in vivo application of multifuctional

hybrid nanostructures for the targeted drug delivery to

damaged cells. Apart from other compounds, lead, cad-

mium and zinc sulfides are used in these structures as

luminescent markers.

The multifunctional hybrid nanostructure proposed by

Argyo et al.,204 suitable for solving a whole range of

biomedical problems is shown in Fig. 27. These multifunc-

tional hybrid nanocomposite structures can be designed on

the basis of nanostructures with highly developed surface,

for example, mesoporous quartz and ceramic nanoparticles,

graphene and carbon nanotubes, which form the central

core. To the core surface, one can attach various drug

molecules, fluorescent dyes or quantum dots functioning

as markers. Numerous studies demonstrated that the core

size preferred for drug or marker delivery is less than

120 nm. Coating of the central core by various organic

shells increases the biocompatibility of multifunctional

hybrid nanostructures because of the fact that the organic

polymer shell contains active groups for the attachment of

biological molecules (antibodies, peptides, DNA and so on).

Lead sulfide nanoparticles embedded in multi-walled

carbon nanotubes have been proposed as highly sensitive

genomic sensors for the detection of pathogenic bacteria.205

In parallel with the studies devoted to biomedical

applications of PbS nanoparticles, the toxicity of nano-

structured lead sulfide was studied;206, 207 the results con-

firmed the applicability of these particles in living organisms

provided that the PbS particles are coated by protective

biologically harmless shells.

The key principles and approaches developed for the

synthesis and investigations of various forms of nanostruc-

tured lead sulfide are used in relation to other nanocrystal-

1 mm

Figure 26. Photograph of flexible photodetector made of PbS
quantum dots on a paper substrate.184

Porous

nanoparticle
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Drug or fluorescent dye

Ligands

Markers (fluorescent

dyes, quantum dots)
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biocompatible
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Figure 27. Schematic structure of a multifunctional hybrid nano-
structure for biomedical applications based on a porous nano-
particle (e.g., quartz) as a carrier.204
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line compounds ranging from sulfides to oxides and car-

bides. For example, the effect of the small particle size on

the thermal expansion and non-stoichiometry of nanocrys-

talline Ag2S has been considered in a number of publica-

tions 208 ± 210 using an approach proposed previously 162, 163

for nanostructured PbS. Modification of optical and elec-

tronic properties of indium and gallium oxide nanofilms has

been considered by Chen et al.,211 who took into account

data of a study of PbS films.98 The relationship between the

non-stoichiometry, ordering and small particle size in the

cubic titanium monoxide obtained in the nanocrystalline

state by high-energy milling has been discussed.212 ± 214

Details of the structure and preparation of nanocrystalline

non-stoichiometric carbides, taking account of their homo-

geneity, as well as of oxide nanoceramics have been

reported.215 ± 222

VI. Conclusion

The advances in science and technology of the first half of

the 21st century will be stipulated by the development of

electronics and computational, bio- and nanotechnologies.

The research into the nanomaterials and nanotechnologies

related to semiconducting chalcogenides, including sulfides,

has been developed especially actively in the last two

decades. The main effort has been directed towards the

development of methods for the synthesis of nanostructured

sulfides with controlled geometric and morphological char-

acteristics.

The interest in the nanostructured lead sulfide that

arouse at the end of the 20th century is due to the potential

application of PbS in optoelectronics, power engineering,

manufacture of solid-phase sensors for various gases, design

of polymer composite materials with enhanced radiation

stability owing to the addition of PbS nanoparticles and in

biosensorics.

The data presented in the review indicate that nano-

structured lead sulfide offers broad opportunities for the

control of electronic, optical and thermal properties owing

to size effects and large interfacial areas. The relatively large

exciton radius (18 ± 23 nm) in lead sulfide ensures quantum

confinement in rather large quantum dots and intense

emission in the near IR-range. Owing to their lower toxicity

compared with the quantum dots based on cadmium,

mercury, tellurium and selenium compounds, the stable

water-soluble PbS quantum dots are considered as possible

biolabels to study living organisms.

Nanostructured PbS acquire desirable properties when

synthesized by processes that ensure the controlled size of

structure elements and passivation of the surface. Among

numerous methods of synthesis of nanostructured PbS,

these conditions are met by deposition from aqueous

solutions, which is implemented in many ways. Synthesis

in water makes it possible to avoid the influence of toxic

organic ligands or toxic organic solvents on biological

objects when PbS quantum dots are utilized as biolabels. It

can be expected that further development of the methods

for the synthesis of PbS nanoparticles of specified size and

shape would extend the scope of their applicability, in

particular, in optoelectronics, biology and medicine.

This review was written with financial support of the

Russian Foundation for Basic Research (Grant No. 13-08-

00184a).
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