Chapter 2
Nanostructured Lead Sulfide PbS

Lead sulfide is a representative of the abundant family of semiconducting chalco-
genides. Lead sulfide PbS is a single compound existing in the Pb—S system
(Fig. 2.1). Metallic lead Pb has the face-centered cubic (space group Fm3m)
structure of Al type with a lattice constant 0.4948 nm. Lead sulfide contains ~ 50
at.% S, has the melting temperature 1391 K, and possesses narrow region of
homogeneity [1]. Indeed, the detailed analysis of phase diagram of the Pb—S system
near ~50 at.% S (Fig. 2.2) shows that the maximum melting temperature of lead
sulfide corresponds to nonstoichiometric composition PbS g99g [2]. It follows from
data [2] that lead sulfide has very narrow homogeneity region from 49.9905 to
50.003 at.% S at a temperature of 1300 K.

In normal conditions, bulk and coarse-grained PbS is a direct narrow-gap
semiconductor with a B1 cubic crystal structure. At the temperature 300 K, the band
gap of PbS single crystals and polycrystalline coarse-grained PbS films is equal to
0.41-0.42 eV [3-5]. Lead sulfide PbS is one of the most demanded narrow-gap
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. Transition from
coarse-grained to nanostructured PbS has considerably extended the scope of its
application, especially in those cases where the particle size is comparable with (or
less than) the lead sulfide exciton radius, which is 18 nm.

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 most efficient process resulting in the formation of
nanocrystals with well controllable size and low size dispersion is the chemical
synthesis of colloid chalcogenide solutions.

Large Bohr exciton radius (18 nm) and small masses for electrons and holes
promote effective charge delocalization in PbS thin films and therefore high charge
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Fig. 2.2 Phase diagram of the Pb—S system near 50 at.% S [2]

carrier mobilities can be anticipated. The formation of multiple electron—hole pairs
per absorbed photon has the potential to significantly improve the power conversion
efficiencies in photovoltaic devices based on nanostructured lead sulfide.
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Lead, silver, cadmium and zinc sulfides are of most interest among chalco-
genides. Out of these nanostructured sulfides, lead sulfide is especially demanded
owing to the extensive application.

It is shown in Sect. 1.1 that such concept as the “nanostructured material” covers
a broad range of objects from colloidal solutions and isolated nanoparticles to
heteronanostructures of different dimensionality, nanofilms and nanopowders. In
line with this, we discuss in this chapter the preparation methods, structures and
properties of lead sulfide colloidal solutions, single nanoparticles, nanofilms and
nanopowders. Until recently, there were no generalizing works on nanostructured
lead sulfide in the scientific literature. Mention only may be made of a small chapter
in the monograph [6] devoted to chemical deposition of PbS films. The first fun-
damental review of structure and properties of nanostructured lead sulfide [7] was
published in 2016.

The principal methods of synthesis described in this chapter are general and
applicable to the synthesis of any chalcogenide, and the key properties of nanos-
tructured lead sulfide are also typical of other chalcogenides.

2.1 Methods for the Preparation of Nanostructured Lead
Sulfide: From Colloidal Solutions to Thin Films

The most important factors that have to be taken into account in the synthesis of
nanoparticles are the following:

(1) non-equilibrium nature of systems; virtually all nanosystems are thermody-
namically 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;

(2) high chemical homogeneity; the nanomaterial homogeneity is achieved if no
component separation, either within a single nanoparticle or between the par-
ticles, takes place during the synthesis;

(3) monodispersity; the properties of nanoparticles strongly depend on the particle
size; therefore, for the manufacture of materials with good performance char-
acteristics, 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 [8], namely, the bottom-up
approach implies the assembly of nanoparticles from atoms and molecules, i.e, the
initial species are enlarged to give nanoparticles; the top-down processes are based
on disintegration of larger particles or powders to the nanosize.
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2.1.1 Colloidal Solutions of Lead Sulfide Nanoparticles

The usual method for the preparation of colloidal solutions of sulfides consists in
the chemical reaction between solution components (water-soluble metal salt, sul-
fidizer and complexing agent) and 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 divided into four stages
[9]: (1) formation of an equilibrium homogeneous complexing agent — water sys-
tem; (2) formation and dissociation of the metal complex [ML,]""* (L is ligand, n is
the oxidation state of metal M, i is the number of ligands, & is the ligand charge);
(3) hydrolysis of the chalcogenizing agent; and (4) formation of metal chalco-
genide. 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 h), no nanopowder precipitation occurs and the size of
nanoparticles 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 solu-
tions 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. [10] 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 [11-14]. Soluble metal complexes are sulfided with
hydrogen sulfide gas or hydrosulfuric acid H,S, sodium thiosulfate Na,S,0s,
sodium sulfide Na,S, amide (thioacetamide) CH;C(S)NH, or diamide N,H,CS of
thiocarbonic acid and their derivatives — thiocarbazide (NH,),(NH),CS, acetylth-
iocarbamide C3;HgN,OS and so on. In some cases (usually in the case of
solvothermal synthesis), elemental sulfur is used for sulfiding [15]. The particle size
is controlled by changing the number of sulfide phase nuclei as they are formed.
The use of toxic organometallic 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
applicability by ruling out the biological and medical applications.

From the standpoint of a potential biomedical application, hydrochemical syn-
thesis using aqueous solutions of reactants is more acceptable [16—19]. However, in
most cases, stability of aqueous colloidal solutions, including lead sulfide solutions,
is moderate, ranging from several minutes to 1-2 h.
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The conditions of synthesis of stable non-toxic aqueous PbS colloidal solutions
were elucidated by Sadovnikov et al. [19]. Lead acetate Pb(CH3;COOQO),=Pb(AcO),
and sodium sulfide Na,S served as the sources of Pb** and S*~ ions, while dis-
odium ethylenediaminetetraacetate Na,H,-EDTA=CoH;3N,Na,0( (Trilon B) or
sodium cit-rate NazCgHsO,=Na;Cit functioned as the complexing agents. The
initial solutions of Pb(AcO),, Na,S, Na;Cit, and Trilon B had the same concen-
tration 50 mmol 17!, The initial concentrations of Pb(OAc),, Na,S, sodium citrate
and Trilon B in the reaction mixtures varied from 0.25 to 25 mmol 17", The molar
concentration ratio for the reactants in the mixtures was stoichiometric: [Pb>*]:[S>
“L:[TrB, Cit>”] = 1:1:1, where [Pb?*], [S*"], [TrB], and [Cit’"] are the concentra-
tions of lead ions, sulfide ions, and the complexing agents, respectively. The col-
loidal solutions were prepared at room temperature and pH from 4.75 to 6.25.
Synthesis comprised the following sequence of steps: to lead acetate was added
with constant stirring a complexing agent. Next, the volume of the mixture was
brought to 100 mL, and the resultant solution was mixed with 100 mL of a Na,S
solution. According to Sadovnikov and Gusev [20], the order of addition of the
complexing agent to lead acetate or sodium sulfide solution does not affect the
solution stability or nanoparticle size but can give rise to impurity phases. Indeed, in
an aqueous solution containing hydrated Pb®*, AcO™ and S*~ ions, two dozens of
products can appear upon hydrolysis, apart from the colloidal PbS particles [21].

Synthesis conditions of all colloidal solutions and particle size are given in
Table 2.1.

The colloidal solution of lead sulfide nanoparticles is formed upon the following
reaction:

Pb(OAc), + NaS NasCit or Na,H, — EDTA PbS + 2NaOAc. (2.1)

Table 2.1 Concentration of reactants in the reaction mixtures, stability time 7 of colloidal
solutions, and the size Dpy g of PbS nanoparticles [19]

Concentration of reactants in the reaction mixtures t (day) Dpys (nm)
(mmol 1)

Pb(CH;COO0), Na,S Na3CeHs504 Trilon B

25 25 0 0 @ 7-20°
0.8 0.8 0 0 a 5°
1.25 1.25 0 1.25 4 120
0.8 0.8 0 0.8 4 15
0.5 0.5 0 0.5 4 18
0.25 0.25 0 0.25 >6 15
1.25 1.25 1.25 0 30 13
0.8 0.8 0.8 0 30 13
0.5 0.5 0.5 0 5 11
0.25 0.25 0.25 0 5 10

“Stability of these colloidal solutions less than 1 h
PParticle size in deposited powders was determined by XRD method
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Fig. 2.3 Ranges of Dprs (nm) values for PbS agglomerates (1) and nanoparticles (2) in a colloid
solution as functions of solution storage time at room temperature [19]. The enveloping curve
shows the particle size distribution depending on the storage time

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 with
equal concentrations [Pb(AcO),]=[Na,S], either 0.8 or 25 mmol 17!, within 10 and
60 min after the synthesis, respectively. No stable colloidal solution formed.

The stability of colloidal solutions was evaluated in study [19] by considering
the change in the colloidal nanoparticle size (hydrodynamic diameter Dpyg)
depending on the time (t) of solution storage. The Dpy s value of PbS nanoparticles
directly 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. 2.3). The PbS particle size in
colloidal solutions depends on the initial concentrations of lead acetate and sodium
sulfide and on the type of complexing agent. By varying these parameters, it is
possible to obtain stable colloidal solutions with a specified particle size ranging
from 10 to 20 nm [19].

This process for preparation of colloidal solutions of PbS is protected by the
patent [22].

2.1.2 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 Pb**, AcO™ and
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S*” ions. The important role of metal hydroxide during chemical deposition was
discussed in numerous publications (see, for example [15, 23, 24]. For example,
upon chemical deposition from aqueous solutions of thiourea N,H,CS, metal sul-
fides are formed as thin films [15, 23, 25, 26] on non-metallic surfaces only in the
thermodynamic 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 [27]. Metal
hydroxide is significant for the assembly of core-shell type sulfide heteronanos-
tructures [28]. Therefore, calculation of the concentration region of formation of
metal hydroxide, which makes it possible to predict the possibility for its appear-
ance in the solution before the sulfide synthesis, is an important task faced by a
researcher who performs chemical deposition from aqueous solutions. This calcu-
lation is based on comparison of the ionic product with the solubility product of
metal hydroxide, Ky, = [M""]-[OH 1", where [M""] and [OH ] are the equilibrium
concentrations of free metal ions and hydroxide ions, respectively.

The data on the conditions of formation of lead hydroxide in the Pb**—~H,O
system taking account of the existence of multinuclear hydroxo complexes are
scarce. Therefore, a calculation method was proposed in studies [29, 30] and a
distribution diagram for complexes in the Pb**~H,O system taking account of all
polynuclear hydroxo complexes for which the formation constants are known was
presented [31].

In aqueous solution the metal ions together with an insoluble hydroxide form
soluble hydroxo complexes, the compounds in which hydroxy ions are the sub-
stituting ligands. Many metals (e.g., lead, iron, nickel, bismuth, tin, beryllium, etc.)
form with the OH™ ions not only mononuclear hydroxocomplexes M(OH),,, but
also polynuclear neutral or charged hydroxo complexes M,(OH), (n > 1,p > 2,
both are integers). The studies [24, 32-34] on the determination of conditions for
the formation of the hydroxide in the process of chemical deposition of sulfides and
selenides take into account the mononuclear hydroxo complexes of metals, or only
some of the polynuclear complexes. In the polynuclear complexes the number of
ligands associated with the metal atom depends both on the concentrations of ligand
and metal. For this reason, the equations describing the equilibrium conditions are
not linear with respect to the analytical concentration of the metal ions M™* that
greatly complicates or even makes it impossible to solve the equations analytically.
Apparently, this is a reason for taking into account only mononuclear hydroxo
complexes in the calculations of the concentration regions of formation [24, 32, 34],
although in recent years the software have appeared for the calculations and sim-
ulation of ionic equilibrium in aqueous solutions. Another reason for considering
only the mononuclear hydroxo complexes lies in the fact that in the systems with
ligands that form more stable complexes than hydroxo complexes, the impact of
polynuclear hydroxo complexes on the equilibrium is rather weak. However, the
exclusion from the calculation of polynuclear hydroxo complexes leads, as shown
below, to a significant shift of the boundaries of the concentration regions.

There is only limited published information on the formation of lead hydroxide
in the system of Pb**~H,O which accounts for the existence of polynuclear
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hydroxo complexes. The data are controversial due to discrepancy in the numerical
values of the constants of formation of polynuclear complexes.
The equilibrium state in a saturated solution of lead hydroxide is described as

Ky = [Pb**] - [OH %, (2.2)

where K, = (1.0-1.2) x 107'9[35, 36] is the solubility product of lead hydroxide
at the normal conditions. In accordance with (2.2) the equilibrium concentration
[Pb>*] of free ions of lead is

[Pb? "] = Kyp/[OH > = Ky [H*/K3, (2.3)

where K, = [H"] - [OH | = 107'* is the ion product of water at 298 K.

Many studies of hydrolysis suggest that the distribution of lead(Il) between its
individual hydroxo complexes depends on three most important variables: the
concentration of the lead salts, the medium pH, and the temperature. For example,
according to [37, 38], in very dilute solutions with a total concentration of Pb(II)
which equals 1 x 107 M, the hydrolysis is detected at pH > 4, and increase in pH
to 9 leads to the formation of PbOH™ only. With further increase in pH the PbOH*
fraction in solution decreases, while the accumulation occurs of di- and trihydroxo
complexes Pb(OH), and Pb(OH);". At pH up to ~10.5 both complexes are formed
in comparable amounts, and in more alkaline environment the fraction of trihydroxo
complex rapidly increases, so at pH > 12 it becomes the only form of the Pb(Il)
existence. With the increase in the total concentration of lead, the polynuclear
hydroxo complexes form in solution [31, 37, 38]. At the Pb(II) concentration equal

to 5 x 107 M the solution contains complexes Pb3(OH)i+, and at a higher

concentration, of 1 x 107> M, the solution contains the complexes Pb4(OH)i+

and Pb6(OH)§+. When the concentration of Pb(Il) is above 0.5 M the hydroxo
complex sz(OH)3+ appears [37]. The complexes Pbg(OH)gJr [37] and
Pb; (OH)S+ [38, 39] were detected also, but, according to [40], the experimental
evidence of their existence is not reliable enough.

Let us calculate the ionic composition of the “Pb**—Cit> —~OH —H,0” system
taking into account not only mononuclear, but also the polynuclear Pb(Il) hydroxo
complexes in aqueous solution. In describing the equilibria in solutions of complex
lead ions we use the equilibrium constant f8; recommended in [31, 41, 42]
(Table 2.2). Note that in alkaline solution the ion OH™ competes with such a stable
in an alkaline environment ligand as citrate ion C6H5073_ (Cit3_) forming enough
stable complexes with the lead ions [42].

For the citrate system “Pb**—Cit* —~OH —H,O” the condition of material equi-
librium in all eleven soluble forms of lead Pb**, Pb(OH)*, Pb(OH),, Pb(OH);,
Pb;(OH); ", Pbs(OH); ', Pbs(OH); *, Pb,OH?*, PbCit", Pb(Cit);, Pb(OH)Cit*
can be written as
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[Pb(OH) "]  [Pb(OH),]  [Pb(OH);] ~ 3[Pbs(OH): "]

cly = [Pb“]{l n

[sz-w [szﬂ [Pb2+] [Pb2+]
4[Pbs(OH); "]  6[Pbs(OH):*]  2[Pb,OH**]  [PbCit"]
I B ot BN T
[Pb(Cit);”] = [Pb(OH)Cit*"]
[Pb>~] [Pb>] }

Let us represent the ratio of the concentrations of complexes to the concentration
[Pb>*] in (2.4) through the equilibrium constant (see Table 2.2) and transform it
into a form more convenient for further analysis:

it (o2t By . B Bis | 3PBsulPb’ P 4By Po* )
Goz = I ]{”[Hﬂﬂm]”mw” T
6Bes[Pb> T’ | 2, [Pb> ]
H*)® H']

[H*]
(2.5)

.3—
+ ﬁl [C]t?’*} 4 '[31‘2 [CitS—]Z + [ff M}

If the citrate ion concentration [Cit3*] = 0, then (2.5) is converted to a particular
form, which describes the condition of the material balance of the lead soluble
forms in a citrate-free “Pb**—OH —H,O”’system:

et Bu | B | B 3BulPV’T] 4B [PH P
e }{”[H*W[HW”[HW R
6Bss[Pb* 1 2By [P '] '
H*] [H*]

In accordance with (2.6) the fractional concentration of free Pb>* ions in the
“Pb?*—-OH —-H,0” system is

N Bu . Bu Bis | 3BsulPb? P 4B Po* )
_{1+[H*1+[H+12 R T U e (2.7)

6Bes[Pb> ]’ | 26 P62
H? H*]

Using (2.7), the fractional concentrations «; = C; /Cpy,x of all Pb(Il) hydroxo
complexes in the “Pb**—OH —H,O” system can be written as the functions of Olpp2 +
and the concentrations of H* and Pb** ions:
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%pb(OH)* = Briopye /HT], (2.8a)
pb(OH), = ﬂlZ“sz+/[H+]27 (2.8b)
Opb(OH); = /513°‘pb2+/[H+]37 (2.8¢)

pb, (OH)Z T = 3B340pp2+ [Pb2+]2/[H+]4, (2.8d)
Opp, (OH):H = 4B gaotpre- [PO> TP /[HT T, (2.8¢)
ppg (o)t - = OBesopy [PO° T /HT T, (2.8f)
Ofpp, (OH)*+ 2B 0+ [PO*F]/[H] (2.8¢)

Equations (2.6) and (2.7) are of 6th degree with respect to the concentration of
Pb>* ions and do not have analytical solutions of a general form. Still, the problem
of hydrolysis of the Pb>* ion described by a set of (2.7), (2.8a, b, c, d, e, f, g) can be
solved numerically.

Indeed, at a known total concentration Cpp s of the soluble forms of lead the
dependence of [Pb>*] on the concentration of protons H* (that is, the solution pH)
can be found by means of self-consistent numerical solution of (2.7) by the suc-
cessive approximation procedure. In other words, at a given concentrations Cpy, 5
we can calculate the dependence of the fraction of uncomplexed lead ions on the
pH. For this purpose, using a software package SigmaPlot 2001 for Windows [43] a
special program was written. With the numerical relationship [Pb*"]=
J(H" Dy s —cons found from (2.7) it is easy to obtain fractional concentrations o

of free ions and all the Pb(Il) hydroxo complexes at different pH values.

Figure 2.4 shows the fractional concentrations of free ions and the Pb(Il)
hydroxo complexes in solution for the system “Pb**—~OH —H,0” depending on the
pH value, calculated with the (2.7), (2.8a, b, c, d, e, f, g) for three values of Cppx
0.001, 0.01, and 0.1 M. As seen, the hydrolysis of lead ions begins at pH > 6. The
increase in the analytical concentration of lead ion shifts the Pb>* hydrolysis in the
region of lower pH values (Fig. 2.4a). When Cp, » = 0.001 M, at pH = 8-10 lead
exists mainly in the form of complex ions, Pb;(OH);" and Pbs(OH)§ ", at
pH > 11 sharply increased the fraction of Pb(OH), and Pb(OH); (Fig. 2.4c, d).
When Cpp x = 0.1 M, at pH from 7 to 12 lead forms in solution the ion Pb6(OH)‘§+
(Fig. 2.4h). Thus, an increase in Cp,» expands the pH range of existence of
complexes Pb3(OH);™ and Pbyg (OH); ", and the fraction of the complex
Pb6(OH)‘§+ in solution increases. The only polynuclear complex, the relative
content of which is negligible, is Pb20H3+ (this is consistent with the results [33]).
It exists in a narrow range 3 < pH < 8 (Fig. 2.4g). At pH > 12 for all concen-
trations used in the calculations of Cp, s the main form of existence of lead in
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Fig. 2.4 Dependence of partial concentration o; of a the free ions Pb**, mononuclear b Pb(OH)",
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PbG(OH)g * hydroxo complexes of lead on the pH in the solution of the “Pb>* —~OH -H,0” system
at T =298.15 K for three values of the total analytical concentration of lead in solution Cpy x:
0.001, 0.01 and 0.1 M

solution is a mononuclear complex Pb(OH); (Fig. 2.4d). Thus, for the precise
analysis of ionic equilibria in aqueous solutions of lead salts the polynuclear
hydroxo complexes should be taken into account, which are the main form of
existence of lead in solution in the pH range from 7 to 12.

Note that all dependences (2.7) and (2.8a, b, c, d, e, f, g) of the fractional
concentrations «; are power functions of [H*] (or pH), that is, smooth functions with
no break point or discontinuity. However, in [31] (see Fig. 2.4a) the break points
were observed in the calculated dependences of the fractional concentrations of
Pb;(OH)2* and Pbs(OH);* on the pH in the “Pb**-OH” system with
Cppx = 0.00048 M at pH ~ 9.25. This is due to the fact that in work [31] the
fractional concentrations were calculated taking into account the abrupt change in
the total concentration of lead in solution due to precipitation of lead oxide at
pH > 9.3.

Let us now determine the stability region of lead hydroxide Pb(OH), in the
citrate-free system “Pb**—OH —H,O”. The conditions of formation of solid phase
Pb(OH), in water solution can be found from the following relation

Ky < [Pb*T][OH ] (2.9)
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Fig. 2.5 Effect of accounting for the polynuclear hydroxo complexes of lead on the position of
the boundary of the lead hydroxide Pb(OH), formation in the system “Pb**—~OH —H,O” at the
different pH values at 298.15 K: solid line corresponds to considering all mono- and polynuclear
hydroxo complexes, dashed line corresponds to considering only the mononuclear hydroxo
complexes. The total concentration of lead, Cpy, 5, in the solution is shown in a logarithmic scale

Substituting the expression (2.3) in (2.6) for the concentration [Pb2+], we obtain
the relation, which is the equation of the boundary of the Pb(OH), solid phase
deposition

2
c 7K5P[H+}2 1+ B Pra B 3,834Kfp 4ﬁ44KS3P[H+]
ET TR H] " mHT HT K KS

w

(2.10)

66K, [H " 5 2By KpH "]
KD K2

The positions of the Pb(OH), formation boundary in the “Pb**-HO -H,0”
system determined considering only mononuclear complexes or considering both
mono- and polynuclear lead hydroxo complexes are shown in Fig. 2.5. The cal-
culation is made according to (2.10).

As can be seen, the effect of polynuclear complexes on the equilibrium position
of the heterogenic equilibrium “Pb(OH), hydroxide-Pb(Il) ions” is especially
pronounced in the region of pH < 10.5. In the alkaline region due to amphoteric
nature of lead hydroxide Pb(OH), the deposition begins and occurs at pH < 13,
which agrees well with the reference and experimental data. Sulfide formation in
the form of thin films on nonmetallic substrates by chemical deposition from
aqueous solutions of thiocarbamide occurs only in the region of stability of the
metal hydroxide [16, 23]. Figure 2.5 clearly shows that at accounting for all
mononuclear and polynuclear hydroxo complexes the PbS films can be obtained in
alkaline solutions with 9 < pH < 13, which fully agrees with the experimental data,
for example, [16, 23, 25, 26]. If the polynuclear complexes are neglected, the left
boundary of the region of formation of lead hydroxide is displaced to the acidic
region, where the hydroxide Pb(OH), is not really formed. Thus, the consideration
of polynuclear hydroxo complexes is important not only theoretically, but also
practically, for the synthesis of the films.



44 2 Nanostructured Lead Sulfide PbS

1.0

K

pH 0.0

14
Fig. 2.6 Solubility of Pb(OH); as a function of pH of the medium and of citrate ion concentration
in the “Pb2+—Cit3_—OH_—H20” system [30] [solubility was calculated on the (2.11)]. The
three-dimensional surface is the boundary of the heterogeneous “Pb(OH),—-Pb**” equilibrium.
Below this surface, there is the homogeneous region in which lead exists only in the dissolved
form, while above the surface lies the heterogeneous region in which Pb(OH), is also formed and,
upon the introduction of sulfide ions, PbS deposition as a film is possible. The lead concentration
Cppx in the solution is presented on the logarithmic scale

We now define the stability domain of lead hydroxide Pb(OH), in the solution,
where, in addition to hydroxo complexes the citrate complexes are present. In this
case, the condition of the material balance is described by (2.5), and the equation of
the deposition boundary, taking into account (2.3) and (2.5), has the form

2
ceit :KSP[H+]2 1+ Bu + Bz Bis 3B34Ks2p 4ﬁ44Ks3p[H+]
Pb.X K&, [H+} [H+]2 [H+}3 K\A)‘J K&,
6ﬁ68Kssp[H+}2 zﬁZIKSp[H+]
K10 K2

+ B [CIT] + Braci [City]z + B HY)

(2.11)

Ky[Cit*] }

The dependence of the solubility of lead hydroxide on the medium pH in the
presence of sodium citrate, as Fig. 2.6 shows, defines the boundary conditions of
existence of homogeneous and heterogeneous systems. Homogeneous region is the
region of the lead existence only in the dissolved form, that is, free form and the
complex ions. This region is located below the boundary surface of the heteroge-
neous equilibrium “Pb(OH), hydroxide-Pb(I) ions”. Above this surface is a
heterogeneous region where lead hydroxide Pb(OH), is also formed. As can be
seen, the solubility of lead hydroxide decreases with increasing pH, and at
[Na;Cit] = O (that is, in the system “Pb**—-OH -H,0”) reaches its minimum value
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~2 x 107* M at pH =~ 10.5. In the region of pH > 10.5 lead hydroxo complexes
are formed, so that the total concentration of lead in solution increases.

Increasing concentrations of citrate leads to an increase in the absolute values of
the Pb(OH), solubility and the solubility minimum is shifted to the region of higher
pH values. For example, for the concentration [Na;Cit] = 0.05 M the lead
hydroxide solubility in the “Pb**~Cit* —OH —H,0” system reaches its minimum
value of 3.6 x 10°M mpu at pH~ 13, and for the concentration
[NazCit] = 1.0 M the minimum solubility equal to 0.146 M corresponds to
pH ~ 14 (see Fig. 2.6).

Thus, the calculation with (2.10) and (2.11) allowed us constructing a depen-
dence of the total equilibrium concentration of lead ions in solution on the pH value
and find the stability region of lead hydroxide for the system “Pb**—Cit® —OH —
H,O” (see Fig. 2.6) and its specific section “Pb2+—OH_—H20” (see Fig. 2.5). From
the calculation it follows that introduction of citrate ion to the solution increases the
equilibrium concentration of lead and solubility of Pb(OH), due to the formation of
citrate and hydroxo-citrate complexes.

In aqueous solution at 298 K a three-stage dissociation of citric acid occurs with
the equilibria:

H;Cit «» H' + H,Cit™, K, = [H"|[H,Cit™]/[H3Cit] = 7.4 x 107%,  (2.12a)
HCit™ < H" + HCit*",K, = [H"|[HCit* | [HCit ] = 1.8 x 1075, (2.12b)
HCit>~ < H" 4 Cit*", K3 = [H"|[Ci*"][HCit* | = 4.0 x 1077,  (2.12c)

In accordance with (2.12), the total analytical concentration of citric acid in
solution can be calculated as

Cu,civs = [H3Cit] + [HyCit "] + [HCit* | + [Cit*~]. (2.13)

With (2.12) and (2.13), the fractional concentrations of molecular and ionized
form of citric acid are equal

oy = [H3Citl/ Cryeins = [H T /{H] + Ky [H ] (2.14a)
+ K K HT ) + K KKz}
snci = [HaCit™)/Cuyens = Ki[H P/{[HT] + K [H' ] (2.14b)
+K1K2[H+] +K1K2K3}7
e = [HCI? ™) /Crycins = KK [HT|/{H ] + K [H* ) (2.14c)

+KiK>;[H ]+ K K2 K3},
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st = [CIt]/Cineins = KiKaKa/{[H )" + K\ [H' (2.14d)
+ KK [H ]+ K K2 K3}

Calculations based on (2.14) show that at pH < 2 the citric acid exists in solution
in molecular form. In the pH range from 2 to 8 in addition to the molecular form the
ions H,Cit™ and HCit*~ appear, and at pH > 8 the solution contains only Cit*~ ions.
Hence, it is clear that Cit> ion is involved in complex formation only at pH > 8.

As a final step, we consider the ionic equilibrium in the “Pb**—Cit® —OH —
N,H4CS-H,0O” system and taking into account the polynuclear hydroxo complexes
refine the field of formation of lead sulfide in an aqueous solution of such sulfidizer
as thiocarbamide N,H4CS. A spontaneous formation of metal sulfide is possible
when the ion product IPys of considered sulfide MS is higher than the solubility
product K, vs. In the considered case the lead sulfide formation will occur if ion
product IPpps = [Pb>*]-[S?] is higher than the lead sulfide solubility product, K,
pbs = [Pb*loq[S™ logs that is, IPpps > Ky pps, Where [Pb**], [S*7], [Pb**],, and [S”
~ Jeq are arbitrary (e.g., initial) and equilibrium concentration of ions Pb** and S2,
respectively. Thus, to discuss the possible formation of metal sulfide it is necessary
to know the initial concentration of the ions Pb** and S?. The initial concentration
of free lead ions was calculated according to (2.5) or (2.7).

The basis for the calculation of the sulfide ion concentration is the concept of the
reversible decomposition of thiocarbamide in the aqueous alkaline solution by the
reaction

N,H,CS < H,S + HoNCN, (2.15)

which was first developed in detail and justified in study [16]. According to [16],
the initial concentration of the S*~ ions is equal to

1/2
[527] _ Kst {KC[N2H4CS]ﬁc} , (216)

H*]? Bs

where K.= 1.6 x 1072 is the N,H4CS hydrolysis constant [16]; S, =
HYP +K[H" ] +Kes  [16  f.=[H"P+KH]+Kinow  [16];
Ki,s = 1.1 x 1072 [44] and Kgnen = 7.95 x 10723 [45], K, = 8.9 x 107° [44]
and K} =5.25 x 10~'! [45] are the complete dissociation constants and the first
stage dissociation constants of hydrosulfuric acid and cyanamide, respectively.

Next, from the found initial concentration of ions Pb>* and S>~ we determine the
value of the ion product and compare it with the solubility product Kgp
pbs = 2.5 x 10727 of lead sulfide PbS [44].

Replacing in (2.5) the concentration [Pb>*] by its value expressed through a
solubility product and concentration of sulfide ions [Pb2+] = Ksp,Pbs/[Sz_], we
obtain the expression
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Thus, based on (2.5) and (2.16) we obtain the necessary data to construct the
dependence Cp, x = fipH), which characterizes the equilibrium in the system
between the PbS deposit and dissolved thiocarbamide and the lead complex
compounds.

Figure 2.7 shows the boundaries of lead sulfide deposition at different concen-
trations of N,H4CS calculated with (2.17). From a comparison of the boundaries of
the lead hydroxide formation (solid line at [N,H4CS] = 0 in Fig. 2.7) and the
boundaries of the lead sulfide formation follows that the lead hydroxide formed at
pH > 11.1 should transform inevitably into the sulfide PbS, as the equilibrium
concentration of lead above the Pb(OH), deposit is much higher than that of the
sulfide. For example, at pH = 12 the lead concentrations above the deposit of Pb
(OH), hydroxide is equal to 0.132 M, and above the sulfide PbS deposit is just
1.3 x 107" M (at [N,H,CS] = 0.025 M).

Generally, the calculation procedure proposed in studies [29, 30] is suitable for
predicting the formation of solid lead hydroxide and sulfide phases in the solution,
as well as reliable choosing the compositions of reaction mixtures required for PbS
deposition as a sol (outside of the hydroxide region), quantum dots, core @shell
heterostructures and films.

2.1.3 Deposition of Lead Sulfide Nanopowders

The chemical deposition from aqueous solutions is the most popular method used
for the synthesis of lead sulfide nanopowders. The size of the obtained nanopar-
ticles depends on the chosen reactants and their concentrations and the temperature
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of synthesis. Detailed investigations of the conditions of hydrochemical deposition
of stable PbS nano-particles using various reagents are reported in studies [20, 21,
46, 47].

Stable nanoparticles of the PbS powder were prepared by deposition from
aqueous solutions of Pb(OAc), [20, 21, 46, 47] or Pb(NOs3), [47]. An aqueous
solution of Na,S served as the source of sulfur ions.

In study [21], lead acetate Pb(AcO),, sodium sulfide Na,S and water were used
for the one-pot synthesis of PbS nanoparticles in an aqueous solution. The synthesis
was carried out under the ambient conditions (298 K, 1 atm). The initial concen-
trations of aqueous solutions of Pb(AcQO), and Na,S salts were varied in the range
of 0.0025-0.25 M. The solutions of Pb(AcO), and Na,S were taken in stoichio-
metric amounts for the each reaction and mixed with vigorous stirring. All PbS
nanopowders prepared in work [21] possess a cubic Bl type crystal structure. The
nanoparticle size D in synthesized PbS powders is equal to 15-20 nm. According to
[21], the main drawback of synthesis without complexing agent is that the direct
interaction of lead Pb** and sulfide S*~ ions in an aqueous solution is always
accompanied by hydrolysis processes, which leads to the formation of poorly
soluble impurity phases.

As complexing agents, NazCit or Trilon B were used in studies [20, 46, 47].

In study [20], the Pb(OAc), and Na,S concentrations in the reaction mixtures
were varied from 1.25 to 100 mmol 171, and those of sodium citrate and Trilon B
were in the ranges of 0—100 and 0—75 mmol 17!, respectively (Table 2.3). PbS
nanoparticles were synthesized at a temperature of 298 K and pH of the solutions
during synthesis ranged between 5.5 and 6.5. In study [47], the initial Pb(NO;), and
Na,S (or Pb(AcO), and Na,S) concentrations in all the reaction mixtures were
50 mmol 17", The concentrations of the complexing agents (sodium citrate and
Trilon B) in the reaction mixtures were varied in the ranges from 12.5 to
50 mmol 17", and from 15 to 65 mmol 17*, respectively (Table 2.4). Synthesis with
the use of Trilon B was carried out with the addition of acetic acid CH;COOH or
sodium hydroxide NaOH and without them.

The concentration ratio of lead and sulfur ions was stoichiometric, [Pb>*]:[S* ] = 1:1,
in all cases.

The solubility product of lead sulfide is low (at 298 K, the K, value is
25 x 1077 [44] or 8.0 x 10728 [36]); therefore, at a relatively high content of
Na,S in the reaction mixture, lead sulfide is formed almost immedi-ately, during 1—
2 s. As a result, the reaction mixture first turns black and then, in several minutes,
PbS particles settle down and the solution becomes transparent. The standard
duration of synthesis providing deposition of lead sulfide powder is equal 5 min.
The formation of lead sulfide nanoparticles proceeded according to reaction (2.1),
while with lead nitrate the reaction was as follows:

Pb(NO;), + Na,S —> NasCit or Na,H, — EDTAPbS | +2NaNO;.  (2.18)
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Table 2.3 Condition of chemical deposition and the size of PbS particles synthesized by reaction
scheme (2.1) from aqueous solutions of Pb(OAc), with NazCit or Trrilon B [20]

Concentration of reactants in the reaction mixture | ¢ (hour)b D (nm) Lattice constant
(mol 17H?2 ag, (nm)
Pb Na,S Na3CgHs50; | Trilon B
(CH5CO0),
0.025 0.025 0 0 0 20-27°¢ 0.5933(4)
0.005 0.005 0 0.005 0 24 +3 0.5933(1)
0.0125 0.0125 |0 0.0125 0 30+3 0.5933(1)
0.050 0.050 0 0.050 0 35+3 0.59337
0.050 0.050 0 0.0125 0 8+ 1° 0.5934(3)
0.050 0.050 0 0.0250 |0 10+ 1 0.5941(3)
0.050 0.050 0 0.0333 0 14+2 0.5936(1)
0.050 0.050 0 0.0375 0 20 + 3 0.5934(1)
0.050 0.050 0 0.050 0 35+3 0.59337
0.050 0.050 0 0.075 0 50 £ 5° 0.59335
0.050 0.050 0 0.050 0 35+3 0.59337
0.050 0.050 0 0.050 120 55+6 0.59335
0.050 0.050 0 0.050 260 55+6 0.59357
0.050 0.050 0 0.050 460 55+6 0.59326
0.050 0.050 0 0.050 770 55+ 6 0.59340
0.00125 0.00125 |0.00125 0 0 No -
deposition
0.00125 0.00125 |0.00125 0 1440 No -
deposition
0.0025 0.0025 |0.0025 0 0 4.5-5.0° 0.5949(7)
0.005 0.005 0.005 0 0 4.5-5.0 0.594(3)
0.005 0.005 0.005 0 70 7-8 0.593(2)
0.0125 0.0125 |0.0125 0 0 4.5-5.0 0.594(3)
0.025 0.025 0.025 0 0 4.5-5.0 0.5926(3)
0.050 0.050 0.050 0 0 7-8 0.591(1)
0.100 0.100 0.100 0 0 7-8 0.590(1)
0.025 0.025 0.025 0 0 4.5-5.0 0.5926(3)
0.025 0.025 0.025 0 70 5+1 0.592(2)
0.025 0.025 0.025 0 240 5+1 0.592(3)
0.025 0.025 0.025 0 360 5+1 0.594(3)
0.025 0.025 0.025 0 500 5+1 0.594(1)
0.025 0.025 0.025 0 720 5+1 0.593(3)
0.025 0.025 0.00625 0 0 5+1° 0.593(8)
0.025 0.025 0.0125 0 0 5+1 0.593(7)

“The deposition time in all the experiments was 5 min
®The exposure time of already deposited PbS particles in the matrix solution

“The deposit contained impurity phases
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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 + 2,13 £ 1,and 1 £ 0.5 wt%, respectively. According to EDX data (Fig. 2.8),
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.

All the synthesized PbS nanoparticles with any particle size had a cubic Bl type
lattice with the lattice constant ag; = 0.5902-0.5949 nm, which is in line with the
results [48, 49].

The XRD pattern of a PbS sample synthesized from a reaction mixture of Pb
(AcO), and Na,S with concentrations 25 mmol 17! without adding a complexing
agent is presented in Fig. 2.9. According to X-ray phase analysis, the sample
contains ~45 wt% of impurity of orthorhombic (space group Pnma) lead sulfate
PbSO,. The average size D of PbS particles ranges from 20 to 27 nm and could not
be determined more accurately because of the presence of impurities. A similar
result was obtained during synthesis of PbS from a reaction mixture of Pb(NOj3),
and Na,S without adding a complexing agent. Thus, synthesis in the absence of a
complexing agent fails to yield pure lead sulfide. This is consistent with the data
[21].

The XRD patterns of PbS powders synthesized from the reaction mixtures with
equal concentrations [Pb(AcO),] = [Na,S] = [TrB] of lead acetate, sodium sulfide,
and Trilon B are demonstrated in Fig. 2.10. The inset in Fig. 2.10 shows the
dependences between the reduced diffraction reflection broadening #(20) of the
synthesized PbS powders and the scattering vector s. The lead sulfide nanoparticle
size (D) is calculated to be 24 nm when the concentrations of each reactant are
equal to 5 mmol 17", If the concentrations of these components in the reaction
mixture are increased to 12.5 and 50 5 mmol 17, deposited PbS nanoparticles grow
to 30 and 35 nm, respectively (see Table 2.3).

Figure 2.11 displays the SEM images of the nanocrystalline PbS powder with
the average particle size D = 24 nm as an example. The powder was deposited
from a solution of lead acetate, sodium sulfide, and Trilon B having equal con-
centrations, 5 mmol 17", According to SEM data, this nanopowder consists of large
irregular agglomerates (Fig. 2.11a) ranging in size from 6 to 10 um. At a magni-
fication of 30000 times, it is seen that these agglomerates have a loose
microstructure and are formed by particles smaller than 1 pm (Fig. 2.11b). At a
magnification of 100000 times, it is clear that these particles, in turn, consist of
nanoparticle with apparent size from 30 to 50 nm (Fig. 2.11c). The same
microstructure is typical of other synthesized nanopowders. The results of scanning
electron microscopy (SEM) together with the data on coherent scattering region
dimensions obtained by the X-ray method are indicative of strong agglomeration of
the lead sulfide powders. The agglomeration is likely to be due to water repellence
of the surface of the synthesized PbS nanoparticles.
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Table 2.4 Conditions of chemical deposition and the size of PbS particles synthesized by reaction
scheme (2.18) from aqueous solutions of Pb(NOj3), with Na;Cit or Trilon B [47]

Concentration of reactants in the reaction mixture (mol 1°1) * D (nm)
Pb(NO;), |Pb(AcO)*, |Na,S |Trilon B |Na;Cit® | CH;COOH |NaOH | (hour)

0.05 0 0.05 |0 0 0 0 0 ~10-15¢
0.05 0 0.05 |0 0.025 0 0 0 6=£1
0.05 0 0.05 |0 0.0125 |0 0 0 S5+1
0.05 0 0.05 |0 0.02 0 0 120 6+ 1
0.05 0 0.05 |0 0.05 0 0 0 6+1
0.05 0 0.05 |0.015 0 0 0 24 11£1
0.05 0 0.05 |[0.015 0 0 0 72 11+1
0.05 0 0.05 [0.025 0 0 0 24 11£1
0.05 0 0.05 [0.025 0 0 0 72 11£1
0.05 0 0.05 |0.035 0 0 0 24 11£1
0.05 0 0.05 |0.035 0 0 0 72 12+2
0.05 0 0.05 |0.05 0 0 0 0 21 £3
0.05 0 0.05 |0.065 0 0 0 120 78 £3
0.05 0 0.05 |0.065 0 0 0 0 69 £3
0 0.05 0.05 |0.035 0 0 0 24 38+3
0 0.05 0.05 |0.05 0 0 0 0 45+ 3
0 0.05 0.05 |0.05 0 0.05 0 0 56 £ 4
0 0.05 0.05 |0.05 0 0.10 0 0 48 £ 3
0 0.05 0.05 |0.05 0 0.10 0 24 55+2
0 0.05 0.05 |0.05 0 0.10 0 48 56 £ 2
0 0.05 0.05 |0.05 0 0.25 0 0 40 £ 2
0 0.05 0.05 |0.05 0 0.25 0 24 48 £ 2
0 0.05 0.05 |0.05 0 0.25 0 48 49 +£3
0 0.05 0.05 |0.05 0 0.05 0 120 70 £5
0 0.05 0.05 |0.065 0 0 0 120 86 + 12
0 0.05 0.05 |0.065 0 0.05 0 0 64 £3
0 0.05 0.05 |0.065 0 0.05 0 72 59 +4
0 0.05 0.05 |0.065 0 0.05 0 120 88 £ 2
0 0.05 0.05 |[0.10 0 0.05 0 120 95 £ 10
0 0.05 0.05 |[0.10 0 0.15 0 120 95 £ 10
0 0.05 0.05 |0.05 0 0 0.05 0 27 £ 1
0 0.05 0.05 |0.05 0 0 0.10 0 35+£3
0 0.05 0.05 |0.05 0 0 0.15 0 32+2
0 0.05 0.05 |0.05 0 0 0.25 0 33+£2

“Pb(AcO), = Pb(CH;COO0),

"Na;Cit = Na;CgHsO,

“The exposure time of already deposited PbS nanopowder in the matrix solution

9Deposited PbS powder contains sulfate impurity phase PbSOy, so the particle size of PbS was evaluated
only roughly
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Fig. 2.8 EDX analysis of Pb, S, and O distributions in PbS nanopowders. a the EDX distributions
of Pb, S, and O and scanning direction (white horizontal line) of the agglomerated PbS particle
during X-ray energy dispersion analysis. Red rectangle shows a part of the agglomerate from
which its cumulative EDX pattern b is collected. Reprinted from [20] with permission from
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Fig. 2.9 XRD pattern of PbS nanopowder synthesized without a complexing agent from a
reaction mixture of lead acetate and sodium sulfide having equal concentrations, 25 mmol 17°. The
long and short ticks correspond to diffraction reflections of lead sulfide PbS and lead sulfate
PbSO,. The XRD pattern is recorded in CuKu; , radiation. Reprinted from [20] with permission

from Elsevier

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 minimum Trilon B concentration of 12.5 mmol 1" contained ~ 15 wt% of
lead sulfate impurity (Fig. 2.12). The lead sulfate and sulfur impurity phases in
amounts of ~10 and ~8 wt%, respectively, were found in the precipitates
obtained from the reaction mixture with the maximum Trilon B concentration of
75 mmol 1"". Generally, upon the deposition of PbS powder with Trilon B, the
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impurity phases are absent only if the [Pb2+]:[Sz_]:[TrB] concentration ratio is from
1:1:1 to 1:1:(1/2).

As the Trilon B concentration increases from 12.5 to 75 mmol 17}, nanoparticles
measuring 850 nm are formed (Fig. 2.13). The increase in the exposure time of
the synthesized PbS particles in the matrix solution also induces growth of the
nanoparticles.

When sodium citrate is used in a reaction mixture with low (1.25 mmol 17%)
concentrations of Pb(OAc),, Na,S and Na;Cit, 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 1™, During deposition from a citrate-containing reaction mixture with
reactant concentrations of 2.5 mmol 17!, an impurity phase PbSO, was present in
the nanopowder along with lead sulfide. The deposits from the mixtures with large
concentrations of reactants did not contain any impurity phases. The XRD patterns
of the powders synthesized from citrate-containing mixtures have very broad
diffraction reflections (Fig. 2.14). The particle size estimated from diffraction
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Fig. 2.11 The microstructure of PbS nanopowder synthesized from a mixture of lead acetate,
sodium sulfide, and Trilon B having equal initial concentrations, 5 mmol 17': a at a magnification
of 20000 times large agglomerates of size to 10 pm are visible, b loose microstructure of the
agglomerate at a magnification of 30000 times; ¢ magnification of 100000 times. Reprinted from
[20] with permission from Elsevier

Fig. 2.12 XRD patterns of
nanocrystalline PbS powders
synthesized from a mixture of
lead acetate and sodium
sulfide with initial
concentrations

0.050 mol dm™> and Trilon B
with initial concentration
[TrB] ranging from 12.5 to
75 mmol 17! [20]. The long,
medium, and short ticks
correspond respectively to
diffraction reflections of lead
sulfide PbS, lead sulfate
PbSO,, and sulfur S.

The XRD pattern is recorded
in CuKo, , radiation.
Reprinted from [20] with
permission from Elsevier
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Fig. 2.13 Effect of the
concentration of 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
having equal reactant
concentrations [20, 47]. The
arrows indicate the increase
in the PbS particle size upon
70 h (for citrate solution) and

D (nm)

120 h (for Trilon B solution) 0 20 40 60 80 100
exposure in the matrix Concentration of complexing agent (mmol I")
solution

reflection broadening is from 4-5 to 7-8 nm (see Table 2.3) and increases slightly
with increasing concen-tration of NasCit (see Fig. 2.13).

Lead sulfide nanopowders consisting of small particles with average size of 5—
15 nm were prepared from reaction mixtures containing Pb(NO;), and Na,S using
sodium citrate as the complexing agent. A change in the Na;Cit concentration from
12.5 to 50 mmol 17! does not affect the average PbS particle size to within the error
of measure-ments. When Na;Cit is replaced by Trilon B, nanopowders with larger
particles with size up to 20 nm are formed in reaction mixtures containing Pb
(NO3), and Na,S.

Thus, according to studies [20, 46, 47], the size of lead sulfide particles obtained
by deposition from aqueous solutions depends on the reactant concentrations and
the type of complexing agent. By varying these parameters, 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 <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 temperature range
of 330-340 K or using thiourea N,H4CS instead of Na,S [50].

A method for preparing nanocrystalline PbS powder using aqueous solutions of
lead nitrate Pb(NO3), is protected by the patent [51].

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 C;;H33COOK as a surfactant [52].
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Fig. 2.14 XRD patterns of the nanocrystalline PbS powders synthesized from reaction mixtures
of lead acetate, sodium sulfide, and sodium citrate. The XRD pattern of the powder deposited from
a mixture with the initial concentrations 5 mmol 1”! contains diffraction reflections of impurity
PbSO,. The long and short ticks correspond to the diffraction reflections of lead sulfide PbS and
lead sulfate PbSOy,, respectively. The XRD pattern is recorded in CuKo, , radiation. Reprinted
from [20] with permission from Elsevier

A sort of bath deposition of nanoparticles is electrochemical deposition. In this
case, particles are formed as electrical current is passed [53, 54]. Nanocrystalline
PbS is synthesized in an aqueous solution of Na,S with metallic lead as the sac-
rificial anode and polyvinyl alcohol as the stabilizer [55]. 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. [53], 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 electrochemical 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 compounds from the list of
reactants.

Lead sulfide nanoparticles can also be synthesized by a sol-gel process [56];
however, this does not ensure the formation of monodisperse particles.

Lead sulfide nanoparticles and nanostructures are synthesized in spatially con-
fined colloidal systems—colloidal nanoreactors. Most often, these are reverse
micelles, liquid crystals, adsorption layers, Langmuir-Blodgett films [57] 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
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Fig. 2.15 Schematic structure of a a PbS nanoparticle with the surface coated by the L-cysteine
capping agent and b a PbS nanoparticle-cysteine coating complex [58]. The radical (substituent) R
is a part of L-cysteine molecule

forming a monomolecular film. In the film, the polar part of the molecule is
immersed in water, while the nonpolar hydrophobic substituent 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 — reverse micelles and
water-in-oil microemulsions. In reverse micelles, hydrophilic groups form a polar
core, while the hydrophobic tails point outwards. 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 [58]. As an example, Fig. 2.15 shows the
schematic structure of a PbS nanoparticle with the surface coated by L-cysteine
C3H;NO,S, which serves as the capping agent [58].

Organometallic synthesis of colloid chalcogenide nanoparticles in organic sol-
vents in the presence of trioctylphosphine oxide (TOPO) has been reported by
Gerion, Alivisatos et al. [59]. A drawback of this method is that the nanoparticles
are soluble only in organic solvents. For using these nanoparticles 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 solubilization method implies the for-
mation of a polymer layer around the nanoparticle [60]. 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. 2.16). 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, peptides, DNA molecules).
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Fig. 2.16 Scheme of the formation of a hydrophilic polymer layer on a quantum dot [60]. The
quantum dot includes a TOPO-coated core and a polymeric shell with attached amphiphilic PEG
layer and biocompatible ligands

2.1.4 Deposition of Lead Sulfide Particles with Different
Morphology

The hydro- and solvothermal synthesis at a temperature of >300 K can be con-
sidered as a sort of chemical bath deposition. Note that in some publications,
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 den-
drite nanostructures were obtained by chemical deposition from aqueous solutions
of lead acetate and thioacetamide without using ligands or templates [61].
A distinctive feature of this method is the use of solutions of reactants with con-
centrations differing 5-40 fold. The synthesis was carried out under ambient con-
ditions 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 [62], and also well-faceted cubic nanostructures [63]. By using
non-aqueous solvents (ethyl alcohol, ethylene glycol, ethylenediamine, triethylene
glycol, propylene glycol and so on), one can deposit lead sulfide with various particle
morphology — dendrite [64-66] and many-arm star-shaped structures [15, 67],
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separate nanospheres [68], nanotubes with different cross-section shapes [69-71], and
flower-like structures [72, 73]. For example, Sun et al. [72] prepared flower-like lead
sulfide nanoparticles by thermal decomposition of lead diethyldithiocarbamate dis-
solved in ethylenediamine (the solution was heated by microwave radiation). The
reported micrographs [72] indicate that the flower petals are composed of
well-faceted cubic or rectangular PbS particles. Shakouri-Arani and Salavati-Niasari
[74] prepared 11 different morphological forms of lead sulfide by solvothermal
synthesis from PbNO; and C;3H;|NS. 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 — nanowires and star-shaped crystals
[62], nanotubes [71], many-arm structures [72] and “flowers” [73] — are presented
in Fig. 2.17. By ultrasonic treatment of a solution of lead sulfide, it is possible to
obtain PbS as separate nanospheres [67], dendrite structures [65] and nanotubes
with a square cross-section [71].

It was shown [75] that thermal radiolysis (electron beam irradiation) of a solu-
tion 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 reac-
tants, the reseachers [75] used solutions of lead acetate and thioacetamide in
polyvinyl alcohol.

An interesting method for the preparation of hollow spherical PbS nanoparticles
has been proposed [76]. Aqueous solutions of lead nitrate and sodium thiosulfate

Fig. 2.17 Micrographs of nanoparticles of nanostructured lead sulfide with different morphology
obtained by hydro- and solvothermal synthesis. a Nanowires [62], b dendrites [66], ¢ stars [62],
d many-arm crystals [72], e nanotubes with a square cross-section [71], f “flowers” [73]
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were used, thiosulfate solution being slowly added dropwise to a PbNO; 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

Pb>* 428,02 — [Pb(S,05),]", (2.19)

and on heating, this complex decomposed to give lead sulfide, sulfur and gaseous
sulfur dioxide

[Pb(S203),]° " — PbS +S+S0, T +S07 . (2.20)

During the synthesis [76], PbS nanoparticles of up to 10 nm size were located on
the surface of SO, gas bubbles and gradually these structures were transformed into
hollow spheres 2-40 nm in diameter. In other words, SO, gas functioned as a
template and played the key role in the growth of hollow nanospheres from PbS
nanoparticles (Fig. 2.18).

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
nanoparticle nucleation and growth are the subjects of only two comprehensive
studies [77, 78] carried out for cadmium sulfide nanoparticles by ultrafast small
angle X-ray scattering (SAXS). 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 boundary (40-60 nm [8, 79-82]) of the range defined for
nanocrystalline substances.
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Fig. 2.18 Scheme of formation of hollow spheres from PbS nanoparticles [76]
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2.1.5 Lead Sulfide Quantum Dots

The use of semiconductor quantum dots implies the presence 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 [83—86],
porous ceramics [87], sol-gel films [88] or polymers [89, 90]) and are deposited on
various substrates, for example, GaAs [91].

Okuno et al. [83] 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 color 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 hydroen sulfide through an aqueous solution of polyvinyl
alcohol and lead acetate.

Del Monte et al. [87] grew PbS quantum dots in a hybrid porous
organo-inorganic ceramic prepared using 3-mercaptopropyltrimethoxysilane
(MeO);Si(CH,);SH. The growth of the quantum dots is presented schematically
in Fig. 2.19. 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 3-mercaptopropyl group giving a 3-mercaptopropyl shell

T
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Fig. 2.19 Scheme of PbS nanoparticle growth in the pores of hybrid organo-inorganic ceramics
[87]. a The formation and growth of PbS particles occur via the reaction of lead acetate with
gaseous 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



62 2 Nanostructured Lead Sulfide PbS

on the particle surface. Sulfidation was carried out at a temperature 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 SiO, gel was used [88] as the matrix for PbS quantum
dots. A colloidal dispersion of lead sulfide was prepared by a sol-gel process using
complexing agents such as Trilon B and 3-mercaptopropyltrimethoxysilane. Lead
sulfide quantum dots with average diameters of 2 and 11 nm, respectively, dis-
tributed in a polyvinyl alcohol film, have been studied [89, 90]. 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
considered [58, 92]. The size of the resulting lead sulfide QDs was 10-20 nm
(Fig. 2.20).

The photoluminescence of PbS quantum dots was studied in quite a number of
publications [10, 12-14, 58, 70, 83, 91, 92].

Deng et al. [10] 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 CoH;7N304S and L-cysteine, are used as capping agents.
Glutathione proved to be especially efficient.

The initial oil-soluble PbS quantum dots were synthesized 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

Fig. 2.20 HRTEM image of
PbS quantum dots obtained in
an aqueous solution of lead
acetate, sodium sulfide and L-
cysteine [58]
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Fig. 2.21 Lead sulfide quantum dots and their properties. a Influence of the ligand nature on
photoluminescence spectra [10]; b uniform distribution of monodisperse PbS QDs with a
glutathione shell in an aqueous solution (the upper and lower insets show the HRTEM image and
the electron-diffraction pattern of QDs) [10]; ¢ change in intensity and red shift of the
luminescence maximum of the L-cysteine-coated PbS QDs depending on the sulfur and lead
concentration ratio S/Pb in the solutions [58]

intensity of photoluminescence 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. 2.21a). 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 red shift of the
luminescence maximum from 800 to 890 and 920 nm in the case of glutathione and
L-cysteine, respectively (see Fig. 2.21a). In the opinion of Deng et al. [10], 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 2.21b shows a TEM
image of water-soluble glutathione-coated lead sulfide QDs with an emission max
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imum at 800 nm. The 4-5 nm PbS quantum dots are uniformly distributed in the
solution and, according to electron diffraction data (see the lower inset in
Fig. 2.21b), they have a cubic structure.

Yu et al. [58] 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-cysteine and sodium sulfide. The highest photoluminescence intensity
was found for the QDs synthesized from a solution with the Pb:cysteine:S con-
centration ratio of 1:2.2:0.3; the intensity maximum was observed at a 741 nm
wavelength (Fig. 2.21c). It was demonstrated that photoluminescence of the QDs
with cysteine shell depends on the pH of the medium and S:Pb and cysteine/ Pb
concentration ratios in the solution (see Fig. 2.21c). An increase in the S/Pb ratio
induced a red shift of the emission maximum from 725 to 780 nm. A similar shift of
the photoluminescence peak was observed in another study [10].

Lead sulfide QDs on semiconductor substrates (like GaAs) are grown by
molecular-beam epitaxy method but in this case, a heteronanostructure is formed.

2.1.6 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 nanostructured lead sulfide
films include deposition from colloidal solutions, chemical vapour deposition,
electrochemical deposition, spray pyrolysis, photocatalytic chemical deposition 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 dis-
charge ion sputtering, ion beam sputtering, ion deposition, reactive ion sputtering,
magnetron ion sputtering and high-frequency ion sputtering). Often, combined
physical and chemical methods are used to prepare lead sulfide films [93].

Chemical bath deposition of films is distinguished by simplicity and the possi-
bility 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 (hydroxide or colloid) and ionic cluster mechanisms [0,
23, 26, 94]. In the ionic mechanism, the sulfide nucleation occurs upon the reaction
between Pb®* and S® ions directly on the substrate. According to the cluster
(colloid) mechanism, it is assumed that the solid phase nucleation and cluster
formation take place in a homogeneous solution, while the growth, coagulation and
adsorption occur on the substrate [6, 32]. 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
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sulfidizer on the surface of hydroxide particles to give intermediate complexes,
which decompose to give the sulfide.

The chemical deposition of PbS films on a glass sub-strate has been studied in
detail in work [95-100]. Three synthetic procedures were used. According to the
first procedure, the PbS-1 film was deposited from aqueous solutions of Pb(OAc),
and N,H4CS in the presence of Na;Cit and NaOH without stirring of the solution.
In the second procedure, the film was deposited under the same conditions as in the
first one but without the addition of sodium citrate, and the deposition was carried
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 gaseous hydrogen
sulfide; 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 PbS-1 film in the substrate surface was ~ 250 nm;
however, upon a 20000-fold magnification (Fig. 2.22a), one can see that the grains

30kV  X20,000 Apm 11 47 SEI

Fig. 2.22 Micrographs of a PbS-1, b PbS-2, ¢ PbS-3, and d PbS-4 films [100]. a In the PbS-1
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 PbS-2 film completely
coats the substrate; ¢ the PbS-3 film microstructure is most uniform in grain size; d grains of PbS-4
film are well-faceted; more than 65% of grains have a size less than 120 nm, and ~ 6% of grains
have a size from 250 to 400 nm. Reprinted from [100] with permission from Elsevier



66 2 Nanostructured Lead Sulfide PbS

are agglomerates of nanoparticles of the <100-120 nm size. The degree of conti-
nuity of PbS-1 films was not more than 80-85%. The PbS-2, PbS-3 and PbS-4 films
completely coated the substrate (Fig. 2.22b—d). The smallest nanoparticle size was
observed in the PbS-3 film (see Fig. 2.22c¢). In the PbS-4 films (see Fig. 2.22d), all
grains were well-faceted and the size of most grains was <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 [97-100].

A simple method for the preparation of nanostructured PbS films, ensuring a
specified range of band gap energies, has been proposed and patented by
Sadovnikov and Rempel [101]. 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 study [101].

In the case of chemical vapour deposition [102], the substrate 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 condensation of
atoms (molecules), similarly to the preparation of semiconductors using physical
deposition methods (evaporation 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 advantages of this method include the pos-
sibility 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 [103, 104] 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 pyrolyt-
ically 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 deposited compounds and the
sprayed solution.

The SILAR method for the preparation of thin films proposed in 1985 [105] and
patented in 1987 [106] is based on the heterogeneous reaction taking place at the
liquid/solid interface between the Pb** cations adsorbed on the substrate and the S*
"~ anions located in the solution [9, 107-111]. This method is schematically shown
in Fig. 2.23. The purified substrate is placed into a solution containing Pb>* cations
(stage a), which are adsorbed on the substrate surface. In stage b, the surface is
cleaned from non-adsorbed lead cations. A lead sulfide nanolayer is formed in stage
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Fig. 2.23 Schematic diagram of the SILAR method [111]. a, ¢ cationic and anionic precursoe,
respectively; b, d double distilled water. For stages a—d, see the text also

¢, when the substrate bearing the adsorbed Pb** ions is dipped into a solution
containing S*~ anions. As a result of reaction between the sulfide anions and lead
cations, a thin layer of lead sulfide is formed (stage d) (see Fig. 2.23). The depo-
sition 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 [107-111].

The successive layer ionic deposition as a preparation method for thin-film
coatings is upgraded hydrochemical deposition method, which makes it possible to
control the morphology and thickness of the obtained films [107-111]. 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 [108].

An interesting method is photocatalytic chemical deposition of films [112, 113].
Zhukovskiy et al. [113] dipped a TiO, nanofilm on a substrate into a lead acetate
and sulfur solution in ethyl alcohol. The TiO, nanofilm served as the catalyst. When
this system was exposed to light, the following processes took place: photocatalytic
reduction of sulfur with ethanol, the formation of lead sulfide and deposition of 4—
10 nm PbS nanoparticles on the TiO, surface. An atomic force microscopy study of
the surface of PbS/TiO, nanocomposites showed the products of the photocatalytic
deposition of lead sulfides to be rod-like 30 nm nanoaggregates. The polycrys-
talline PbS nanorods are oriented normally to the surface of TiO, films and consist
of separate nanosized sulfide particles manifesting pronounced quantum confine-
ment effects [113]. Zhukovskiy et al. [113] proposed a mechanism of the formation
of PbS nanorods on the surface of nanocrystalline TiO, films.

The problems of manufacture of photocatalysts by depositing PbS on TiO, are
considered in a review [114].

Thin nanostructured films are formed by vacuum evaporation followed by
deposition and molecular-beam and gas phase epitaxy. Because of specific features
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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 contain a large number of “frozen” structural defects. Therefore, 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 Al,O3 substrate were obtained in study
[115] 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 nanoparticles of 100 nm and smaller size (Fig. 2.24). Figures 2.24a, b are the
images of a porous alumina membrane in which pore diameter was 20 nm and Pb
nanowire arrays formed as the hydraulic force was applied. After the 20 nm Pb
nanowire arrays were fabricated, a sulfization procedure was proceeded to obtain
PbS nanoparticles, as shown in Fig. 2.24c. The study [115] may give rise to an
alternative method of producing PbS nanostructures.

Thus, a number of chemical and physical methods for the synthesis of nanos-
tructured lead sulfide as colloid solutions, nanoparticles, nanopowders and films
have now been developed.

2.2 Crystal Structure of Nanoparticles, Nanopowders,
and Nanofilms of Lead Sulfide

The bulk lead sulfide is commonly regarded as a stoichiometric compound with a
negligibly narrow homogeneity PbSg 9995-1.0005 [2]- Under a normal atmospheric
pressure and room temperature, lead sulfide crystallizes in a cubic (space group
Fm3m) 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 Bl structure acquires
orthorhombic B16 (B33) structure, i.e, a phase transition of cubic Bl structure to
orthorhombic (space group Pnma) structure of the GeS type takes place [2]. As the
particle size decreases, the surface energy increases; therefore, pressure needed to
change the crystal structure should increase. Indeed, in a PbS nanopowder, a cubic
to orthorhombic phase transition starts at a higher pressure 3.0 GPa [116].
According to the data of Qadri et al. [116], 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 [117].
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Fig. 2.24 SEM images of

a Al,O3; membrane with pores
of 20 nm diameter, b metallic
lead nanofibres obtained by
injection of a lead melt
through membrane pores, and
¢ PbS nanoparticles obtained
by sulfidation of lead
nanofibres with gaseous
hydrogen sulfide (¢) [115]

Recent studies showed that the decrease in the grain size of sulfides to several
tens of nanometres and below, i.e, 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
particular, cadmium sulfide as single crystals or coarse-grained powders crystallize
in the hexagonal wurtzite (B4 type) [118] or cubic sphalerite (B3 type) type
structures [119, 120]. However, CdS thin films or nano- or ultradisperse powders
have a structure different from the crystal structure of these two modifications.
Recently, it was shown [121, 122] that CdS nanoparticles have a specific disordered
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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 (space group Fm3m) Bl type structure. On the basis of
investigating the structures of PbS films at different temperatures, Quadri et al.
[123] suggested that at 375 K, subtle phase transition from the Bl to cubic B3
structure (space group F43m) takes place in the film. The phase with the B3
structure has nonstoichiometric composition PbSy9 and can coexist with the Bl
structure. Meanwhile, it was shown [124] that the lead to sulfur ratio in PbS thin
films is stoichiometric (Pb:S = 1:1). The statement of Qadri et al. [123] 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) but there are no such sites in the B3 type structure, however, they exist
in space group F43m. To conserve the sulfide composition, the occupancies of the 4
(a) and 4(b) positions were taken equal to 0.75 and 0.25, respectively. Thus, the
structure of PbS films proposed by Quadri et al. [123] is cubic and belongs to space
group F43m but does not refer to the B3 type structure.

In the thin-layer heterostructures, PbVS3, PbNbS; and PbTaS;, which represent
alternating PbS and transition metal disulfide (VS,, NbS, or TaS,) layers, lead
sulfide can have monoclinic crystal structure (space groups C2, C2/m, Cm2a) [125-
128].

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 Bl type cubic structure of nanostruc-
tured PbS is drawn upon visual comparison of the experimental XRD patterns 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 [95, 96, 98—-100, 129] were carried out after 2008.

2.2.1 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 [98, 99].

Nanocrystalline PbS powders with the average particle size of 20 nm and
smaller were prepared by chemical condensation with the reaction between S*~ and
Pb>* ions. The synthesis of PbS nanoparticles was performed by mixing stoichio-
metric amounts of aqueous solutions of lead acetate Pb(CH;COO),=Pb(AcO), and
sodium sulfide Na,S.
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The crystal structure and average size of the particles in nanocrystalline PbS
powders was studied by XRD method. The measurements were performed by the
Bragg-Brentano technique with the use of a Shimadzu XRD-7000 X-ray diffrac-
tometer with CuKo, , radiation in the 20 angle range 18°-90°, with a step of
AQ26) = 0.03° and 10 s exposure at each point. The microstructure and crystal
structure of PbS nanoparticles were investigated using transmission and scanning
electron microscopy and electron diffraction on electron microscopes FEI
Quanta_200 and JEOL JEM 200CX.

Figure 2.25 shows the XRD patterns of several finest grained PbS nanopowders
with different average particle sizes from 9 to 20 nm. The observed large broad-
ening of the diffraction reflections is associated primarily with the small size of the
particles.

The set of reflections was the same for all nanopowders and, as a first approx-
imation, it corresponded to the cubic structure with space group Fm3m. The final
refinement of the structure of the PbS nanopowders was performed with the X Pert
Plus software package [130]. The structure was refined using models corresponding
to Bl, B2, B3, B16 and D05 type structures mentioned in the literature. The best
agreement between the experimental and calculated XRD patterns was achieved for
the B1 structure.

As an example, Fig. 2.26 shows the experimental, calculated, and difference
XRD patterns of the PbS nanopowder with the average particle size of 12 nm. The
Rietveld reliability factors are equal to R; = 0.0096, R, = 0.0478, wR;, = 0.0641.
The use of alternative structures such as B2, B3, B16 and D05 resulted in poorer
agreement between the experimental and calculated XRD patterns of nanocrys-
talline PbS powders. The results of electron microscopy of the particles of PbS
nanopowders [98, 99] are consistent with XRD data. Thus, the PbS nanopowders
have a cubic (space group Fm3m) Bl structure.

Fig. 2.25 XRD patterns of
the nanocrystalline PbS
powders with different
average sizes D of particles D =20nm
[99]. All powders contain
only the cubic (space group
Fm3m) lead sulfide with the
B1 type structure. The large
broadening of the diffraction
reflections is due to the small
size of PbS particles. XRD
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Fig. 2.26 Experimental (crosses) and calculated (solid line) XRD patterns of the nanocrystalline
PbS powder with a cubic (space group Fm3m) Bl type crystal structure [99]. The bottom curve
shows the difference (Iops — I.ac) between the experimental and calculated XRD patterns. The
inset shows the dependence of the reduced broadening §°(20) of diffraction reflections on the
magnitude of the scattering vector s and its linear approximation. The dot-dashed lines indicate a
95% confidence interval of the determination of [3*(20) as a function of s. The average size of
particles D is obtained by extrapolating the dependence fi"(s) to the value of s = 0

Electron diffraction studies of isolated nanoparticles and lead sulfide QDs [10,
11, 58, 92] in combination with high resolution transmission electron microscopy
(HRTEM) confirmed their cubic structure. However, a special quantitative refine-
ment of the crystal structure of PbS quantum dots was never carried out; therefore,
the assignment of Bl 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.

2.2.2 Crystal Structures of Nanofilms

Quantitative determination of the crystal structures of nanostructured PbS films is
described in studies [95, 96, 100, 129]. Synthesis of these nanostructured PbS films,
their microstructure and designations are described in Sect. 2.1.6.

Lead sulfide films of ~ 100 nm thickness were annealed in air at temperatures
from 293 to 423 K with a step of 3040 K.

XRD examination of the films was carried out in situ on a Philips X Pert
automated diffractometer with CuKo, , radiation in the 20 angle range 18°-90°,
with a step of A(26) = 0.016° and large exposure time ~ 500 s in each point. The
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Philips X’Pert diffractometer was equipped with a position-sensitive fast
X’Celerator sector detector which is an integral device of several parallel detectors
[131, 132]. Owing to this, the X Celerator detector measures the reflection intensity
in the wide range 7.2° of the 20 angles, not in a point, as a common proportional
counter-detector does. For example, if the measurement starts from 18°, at the
initial moment, the detector captures the angle range 14.4°-21.6° and begins to
move to a range of larger angles. By the time when the detector scans the reflection
intensity in the angular range from 18.0° to 25.2°, the exposure time in the 18°
point with a step of 0.016° is even 450 s. As a result, the duration of measuring the
XRD of the film was decreased approximately by a factor of 100 (from 600 to
700 h as a common detector is used to 7-8 h with the X’Celerator detector) without
any loss of the resolution quality.

The XRD patterns of the PbS-1 nanostructured film measured in situ at various
annealing temperatures are shown in Fig. 2.27. All the observed diffraction
reflections are noticeably broadened. The change in the lattice constant on heating
shifts the maxima of the XRD diffraction reflections. As an example, the inset to
Fig. 2.27 shows the change in the position of the (200) XRD of the film of the
nanocrystalline lead sulfide as temperature increases. Thus, the lead sulfide has, at a
temperature of 423 K, the lattice constant which is approximately 0.0012 nm larger
than that at room temperature. An average particle size in film was estimated from
the diffraction reflection broadening. The average particle size increases with

Fig. 2.27 XRD patterns of
nanostructured PbS-1 film PbS -1 films
recorded in situ at different
annealing temperatures. Inset
shows a systematic
displacement of the

(200) diffraction reflection
with increase of annealing
temperature. The film are

(111)
(200)

deposited onto the glass 2 L .
substrate, microstructure of 5 3 »a N
as-prepared PbS-1 film is g T e st
shown in Fig. 2.22a. e 423K
The XRD patterns are 5
recorded in CuKo, , radiation. 38 383 K
Reprinted from [100] with
permission from Elsevier
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temperature from 70 nm (as-prepared state at 293 K) to 175 nm at a temperature of
423 K.

Since the structural type of PbS films has not been unambiguously determined,
the authors [95, 96, 100, 129] carried out quantitative analysis of the measured
XRD patterns using various cubic structure models. The following crystal structure
models were considered: cubic B1 (space group Fm3m); cubic B3 (space group
F43m); and a two-phase model of a film in which the relative contents of phases
with Bl and B3 type structures are y and (1 — y), respectively.

In the general case, the measured intensity of the ith structure reflection (hkl) is

I, =K -F}, - Py - PLG(0) - fr, (2.21)

where K is the instrument constant, F7, is the structural factor, Py, is the multi-
plicity factor, PLG(0) is the angular factor of the intensity, and f7 is the temperature
factor.

As the Bl and B3 type structures and the assumed intermediate structure are
cubic, their coefficients K, Py, PLG(0) and fr are the same at other conditions
being identical, and only the factor F7, is variable quantity.

The structural factor Fﬁkl appearing in relationship (2.21) is the square of the
structural amplitude

Fry = Zﬁ exp[—i2n(x;h + yik + z;1)] (2.22)
J

and, in the trigonometric form, has a general expression

2
Fhkl_

Z ficos[2n(xjh + yik + z;l)]
J

, (2.23)

+

)

Z]j sin27(x;h + yik 4 zl)]
J

where x;, y;, z; are the coordinates of the jth atom, and f; is the atomic scattering
factor. Summation in (2.22) and (2.23) is performed over atoms of the unit cell of
the crystal structure under consideration.

The unit cell basis of lead sulfide with the B1 structure (space group Fm3m)
contains eight atoms among them four Pb atoms in positions 4(a) with the coor-
dinates (0 0 0), (1/2 1/2 0), (1/2 0 1/2), and (0 1/2 1/2), and four S atoms in
positions 4(b) with the coordinates (1/2 1/2 1/2), (0 0 1/2), (0 1/2 0), and (1/2 0 0).
If the atomic scattering factors of lead and sulfur atoms are fp, and fs, respectively,
the structural factor of the B1 type structure calculated by relationship (2.23) has the
form
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Fp = {fov[1 + cos n(h+k) + cos m(h+1) + cos m(k+1)]

5 (2.24)
+fs[cos m(h+k+1)+ cos mh+ cos nk+ cos nl]}

In the unit cell of PbS with the B3 structure (space group F43m), four lead atoms
occupy positions 4(a) with the same coordinates which they occupy in the Bl
structure, namely, (0 0 0), (1/2 1/2 0), (1/2 0 1/2), and (0 1/2 1/2), and four sulfur
atoms occupy positions 4(c) with the coordinates (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4
1/4 3/4), and (1/4 3/4 3/4). According to the foregoing, the structural factor of lead
sulfide with the B3 structure is given by

Fay = {fen[1 + cosm(h+k) + cosm(h+1) + cos m(k+1)]
s [cosg(h—i—k—i-l) + cosg(3h+3k+l)+ cosg(3h+k+3l)

T T 2
+ cos (3h+k+30) + cosz(h+3k+31)]} (2.25)
+ﬁ[m1(h+k+b+sm @h+3k+n+sm (Bh+k+3I)

+ 51n2(h—|—3k—|—3l)

If the film is two-phase and the relative content in the film of the phase with the
B1 structure is y and the phase with the B3 structure is (1 — y), the intensity I; of
arbitrary reflection is a superposition of the intensities of like reflections of the Bl
and B3 structures. In such a two-phase film, the sulfur atoms occupy the non-
metallic positions of the B1 structure with the probability of y and the nonmetallic
positions of the B3 structure with the probability (1 — y). In this case, the structural
factor is the superposition of the structural factors of the Bl and B3 phases and has
the form

Fpi 453 = {feo[1+ cosm(h+k) + cos n(h+1) + cos n(k+1)]
+yfs[cos n(h+k+1)+ cos mh+ cos mk+ cos ni]+ (1 — y)fs [cosg(h—i-k—i-l)

T T T 2
+ cos 7 (3h+ 3k +1) + cos 3 (3h+k+30) + cos-(h+3k+3l)]}
+{a- )js[sm2(h+k+l)+ sinZ (3h+3k+1) + sin (3h+k+31)

¥ sint (h 3k + 31)] }
(2.26)

The determination of the phase composition and crystal lattice parameters of
possible cubic phases and final refinement of the structure of the PbS film corre-
sponding to various temperatures from 293 to 423 K were carried out using the
X’Pert Plus program [130]. To estimate the validity of the structural models,
authors [95, 96, 100] used the Rietveld factor of reliability [133]
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, where Iy and Icqc() are the experi-

Rp = 3000 exp(i) — Teate(s| / S exp(i

mental and calculated intensities of the ith reflection, respectively. The minimiza-
tion of the experimental XRD patterns in an approximation of two-phase film gives
vy =0.90 £ 0.02 and a better convergence R;g;.53) = 0.04 than the minimization in
an approximation in which the film contains the only phase with either the B1 or B3
structure (Ryg1y = 0.05 u Rygs) = 0.12, respectively). Along with this, it follows
from the minimization that the lattice constants of the phases with the Bl and B3
structures are absolutely equal. Physically, this is unlikely and indicates that the
PbS film is single-phase, but its structure is similar to the B1 and B3 structures but it
differs from them.

Sadovnikov, Gusev and Rempel [95] assumed that the real structure of PbS films
corresponds to space group Fm3m but the S atoms in it occupy not only octahedral
(sites 4(b)) but also tetrahedral interstices (sites 8(c)) (Fig. 2.28b). In this structure,
the probabilities for S atoms to occupy sites 4(b) and 8(c) are equal to y and (1 — y)/
2, respectively. The 8(c) positions of the cubic crystal lattice with space group
Fm3m have the following coordinates: (1/4 1/4 1/4), (3/4 3/4 1/4), (3/4 V4 3/4), (1/4
3/4 3/4), (3/4 3/4 3/4), (3/4 1/4 1/4), (1/4 3/4 1/4), and (1/4 1/4 3/4).

Taking into account the coordinates of the 4(a) positions occupied with Pb atoms
and the 4(b) and 8(c) positions occupied with S atoms with the probabilities y and
(1 — y)/2, respectively, the structure amplitude of the proposed cubic (space group
Fm3m) phase has the form

*
O Sib) O g86)

Fig. 2.28 Crystal structures of PbS. a Unit cell of coarse-grained bulk cubic (space group Fm3m)
lead sulfide with B1 type structure; b distribution of lead and sulfur atoms in the unit cell of cubic

@ Pb

(space group Fm3m) DOs-type structure of a PbSEPbSé(b)S{:(f‘)) nanofilm. Filled violet circle atoms
Pb B in 4(a) positions; Filled orange (dark) circle atoms S in 4(b) positions; Filled yellow (light)
circle atoms S in 8(c) positions. In the unit cell of the D0s-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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F = fop{1 +exp[—in(h+ k)] +exp| — in(h+1)] +exp[ — in(k+1)]}
+yfs{exp[—in(h+k+1)]+exp(—inh) +exp(—ink) +exp(—inl)]}
+[(1 —y)fs/2/{exp[—in(h+k+1)/2] +exp] — in(3h+ 3k +1)/2]
+exp[—in(3h+k+31)/2] +exp[ — i n(h+ 3k +31)/2]
+exp[—in(3h+3k+30)/2] +exp| — in(h+ k+31)/2]
+exp|—in(h+3k+1)/2] +exp] —in(3h+k+1)/2]}.

(2.27)

With the known structure amplitude (2.27), we can easily obtain the structural
factor F2 of the cubic (space group Fm3m) phase of the PbS film

F? = {fpp[1 + cos n(h+k) + cos n(h+1) + cos n(k+1)]
+ yfs[cos m(h+k+1)+ cos Th+ cos mk+ cos nl]

2
+ cosg(h+3k+3+ cosg(3h+3k+31)+ cosg(Sh—l—k—H)

+

yfs[cosg(h+k+l)+ cosg(3h+3k+l)+ cosg(3h+k+3l)

2
+ cosg(h+3k+l)+ cosg(h+k+3l)]} (2.28)

2
+ 51n§(h+3k+3l)+ s1n§(3h+3k+3l)+ smE(Bh—I—k—H)

1_
+{ yfg[sing(h—&-k—&-l)—i— sing(3h+3k+l)+ sing(3h+k+31)

2
+ sing(h+3k+3l)+ sing(h+k+3l)]}

Figure 2.29 shows, as an example, the experimental XRD pattern of the PbS-1
film measured in situ at temperatures of 293 K, and the XRD pattern calculated in
the approximation of the new cubic structure of the film, in which sulfur atoms are
placed not only in the octahedral positions 4(b), but also in the tetrahedral positions
8(¢).

Minimization of the experimental XRD 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 the probabilities of ~0.84 and ~0.08 (Table 2.5).

The reliability factor R; for all XRD patterns did not exceed 0.017. Thus, the
crystal lattice of PbS films is characterized by a latent nonstoichiometric distribu-
tion of sulfur atoms among sites 4(b) and 8(c). The new cubic structure (space
group Fm3m) found in the lead sulfide nanofilms corresponds to the D05 structural
type with partially disordered (random) distribution of sulfur atoms over the sites of
two types (see Fig. 2.28b). Considering the crystal structure of nanofilms and the
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Table 2.5 Cubic (space group Fm3m) DO0j type structure of nanostructured PbS films [95, 100]:
a = 0.59395 nm

Atom Position and multiplicity Atomic coordinates Occupancy
x/a ya Z/a

Pb 4(a) 0 0 0 1

S1 4(b) 0.5 0.5 0.5 0.84

S2 8(c) 0.25 0.25 0.25 0.08

occupancies of sites 4(b) and 8(c), the formula of the lead sulfide can be written as
PbSé_@SéFf&EPb(Soigz‘Do.16)4(1’)(80,16D0,g4)8(0), where [ is a structural vacancy.
Previously, there was no experimental evidence for the occupation of tetrahedral
sites in cubic sulfides by sulfur atoms, and the “latent” nonstoichiometry of lead
sulfide was found for the first time in the studies considered above [95, 100, 129].
In the cubic structure (space group Fm3m) of PbS, the radii of the octahedral and
tetrahedral interstices are equal ron = a/2 — rpy2+ and Fiepa = av3 /4 — rpg+ s

respectively.
The lattice constant a of the PbS films is 0.5940 nm, and the radii of the Pb>*

and S*~ 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, respectively.
Since rg- > riera, the location of the S%” anion in the tetrahedral interstice would
result in considerable displacements 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.
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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 Fm3m has twice more tetrahedral inter-
stices than octahedral ones. Therefore, there are 24 tetrahedral interstices per 12
octahedral ones; of these, two are occupied by sulfur atoms and the other are vacant.
The absence of superstructural reflections means that the arrangement of sulfur
atoms in each type of sites is disordered (random). This is illustrated in Fig. 2.30,
which shows the model of the cubic structure of a PbS film in comparison with the
B1 structure. The arrangement 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 Bl structure and gives rise to microstrains. As can be seen in
Fig. 2.30, when a sulfur atom occupies a tetrahedral interstice, at least one neigh-
bouring octahedral interstice is vacant, i.e, the crystal lattice of the cubic phase in
question has some short-range order.

Sadovnikov and Rempel [134] studied the distribution of the sulfur atoms and
vacancies in the square (001) and hexagonal (111) planes formed by sites 4(b) and 8

Model of DO,-type cubic (space group Fm3m) structure of PbS nanofilm

® Pb . Socta O Stetra

Fig. 2.30 a Cubic (space group Fm3m) Bl type structure of lead sulfide and b model of the cubic
(space group Fm3m) D05 type structure of a PbS nanofilm with random distribution of sulfur
atoms in the octahedral and tetrahedral interstices [95, 100]
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(c) in the nonmetal sublattice of the nanocrystalline PbS films with cubic DO0;
structure and latent nonstoichiometry.

2.2.3 Correlations of Sulfur Atoms S in PbS Nanostructured
Films

In studies [95, 96, 100, 129], it was demonstrated that PbS nanostructured films
with nanoparticle sizes less than 80 nm have a cubic (space group Fm3m) structure
with a disordered arrangement of sulfur atoms S not only in octahedral positions 4
(b) but also in tetrahedral positions 8(c) (see Sect. 2.2.2). The newly revealed
structure of PbS nanostructured films belongs to the D05 structure type. In this
structure, the nonmetal lattice is separated into two nonmetal sublattices, one of
which is formed by sites occupying the 4(b) crystallographic positions and the other
sublattice is formed by sites occupying the 8(c) crystallographic positions.

In the case of chemical deposition of PbS films from aqueous solutions, films
with different crystallographic orientations can be formed on the substrate surface.
For the cubic DOj structure, the formation of PbS nanofilms corresponding to the
(001) and (111) planes or equivalent to them is most probable. In the (001) planes,
the 8(c) sites of the nonmetal sublattice form a planar square (plane group p4mm)
Kepler net of the 4* type (Fig. 2.31a), and, in the (111) plane, the 4(b) sites of the
nonmetal sublattice form a planar hexagonal (plane group p6mm) net of the 3° type
(Fig. 2.31b) [134]. In the revealed structure of PbS nanofilms [95, 100], the S atoms
occupy the octahedral sites 4(b) and tetrahedral sites 8(c) of the nonmetal sublattice
with the probabilities Pg o = 0.84 and Pg_ern = 0.08, respectively. This means
that the nonmetal lattice of the PbS nanofilm with the D05 structure is characterized
by a latent nonstoichiometry [129]. Therefore, in the (001) and (111) nonmetal
planes of the lead sulfide nanofilm, a number of sites are occupied by S atoms and
the other sites are vacant (Fig. 2.31). In planar square (Fig. 2.31c) and hexagonal
(Fig. 2.31d) lattices, S atoms and vacant sites (I form an S,[1, _, substitutional solid
solution. Nonequivalent configurations of figures (site, bond, and square cluster)
used for describing the S\, solid solution with planar square lattice are shown in
Fig. 2.31e. Nonequivalent configurations of figures (site, bond, and triangular
cluster) used for describing the S,[]; -, solid solution with planar hexagonal lattice
are shown in Fig. 2.31f. With allowance made for the results obtained in works [95,
96, 100, 129], the difference between the properties of PbS nanostructured films and
coarse-grained (bulk) lead sulfide can be caused, with an equal probability, by the
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Fig. 2.31 Positions of nonmetal a square (001) and b hexagonal (111) planes in the unit cell of
the cubic (space group Fm3m) DO; structure of a lead sulfide nanostructured film, and ¢ square
(plane group p4mm) and d hexagonal (plane group p6mm) lattices simulating these planes [134].
The (001) and (111) nonmetal planes pass through the 8(c) and 4(b) sites, respectively. In the
square and hexagonal lattices, sulfur atoms S and vacant sites [ form an S,[J;_, substitutional
solid solution. Nonequivalent configurations (e and f) of figures (site, bond, square and triangular
clusters) used for describing the S,[0;, solid solution with planar square and hexagonal lattices
are shown at the bottom

size effects and also the change in the structure and specific features in the mutual
arrangement of atoms S and vacancies [ in defect nonmetal planes (001) and (111).

The distribution of atoms of different types (or atoms and structural vacancies) in
a crystal is characterized by the long- and short-range orders [135]. Authors [95, 96,
100, 129] did not reveal superstructure reflections in the XRD patterns of lead
sulfide nanofilms with the DOj structure, which indicates the absence of ordering in
the nonmetal lattice. However, the possible presence of correlations (short-range
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order) in the mutual arrangement of sulfur atoms S and vacancies [0 was not ruled
out. Therefore, the structure and properties of lead sulfide nanofilms should be
described taking into account the short-range order. This is especially important
because the relative number of vacancies in each nonmetal sublattice is large and
sufficient for the appearance of correlations between sulfur atoms S and vacancies .

The radius 7, Of the tetrahedral interstitial site 8(c) is smaller than the radius
rq- of the S% jon. Since rg2- > Tierras the transition of the S atom from the 4(b) site
to the 8(c) site leads to local displacements of the nearest Pb atoms from the 8
(c) site occupied by the S atom. This results in the appearance of microstrains in the
PbS nanofilm: their value at room temperature is approximately equal to 0.20% [95,
96, 100, 129]. In the PbS sulfide with the D05 structure, any 8(c) site is a center of
the tetrahedral interstitial site formed by Pb atoms occupying nearest 4(a) sites, on
the one hand, and is a center of tetrahedral interstitial site of the four nearest 4
(b) sites of the nonmetal lattice, on the other hand (Fig. 2.32).

Let us evaluate the possibility of transferring the S atom from the 4(b) site to the
8(c) site. This transition leads to the formation of a pair consisting of a vacancy in
the (111) nonmetal plane and a sulfur atom in the (001) nonmetal plane (see
Fig. 2.32), i.e., to the appearance of a vacancy in one of the four nearest sites 4(b).
This additionally increases the size of the tetrahedral interstitial site. However, the
(111) nonmetal planes already contain vacant sites and their relative concentration
iS (1 = Ps_oeta) = 0.16. Therefore, in the environment of the S atom located in the
(001) nonmetal plane and occupying the 8(c) tetrahedral interstitial site, the tetra-
hedron will be formed in two adjacent planes (111). Two sites of this tetrahedron
are occupied by S atoms and two sites are vacant.

In the case of a disordered arrangement of sulfur atoms and vacancies over the 4
(b) sites, the probability of the formation of a tetrahedron formed by four neigh-
boring sites 4(b) has the form

® Pb (4(a) @S, (4(0) OSe () O vacancy

Fig. 2.32 Model of the cubic (space group Fm3m) DO; structure of a PbS nanofilm with a
statistical distribution of sulfur atoms S with probabilities of 0.84 and 0.08 over the octahedral and
tetrahedral sites 4(b) and 8(c). Arrows indicate possible transitions of S atoms from the 4(b) sites to
the 8(c) sites. Solid lines represent tetrahedral clusters formed by the 4(b) sites of the nonmetal
lattice. Dashed lines show tetrahedral clusters formed by the 4(a) sites of the metal lattice, i.e., by
Pb atoms
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MiP; = CyP; = CZin:ZLta(l — Ps_oeta)” (2.29)
where n; is the number of vacancies in the i-configuration of the tetrahedron, /; is
the multiplicity of the i-configuration (the number of configurations coinciding with
each other after application of symmetry operations), and Pgs_o, 1S the probability
of the occupation of the 4(b) octahedral positions by S atoms (in the case under
consideration, Ps.oca = 0.84). The total number of nonequivalent configurations is
equal to five: the tetrahedron Pgggs with all sites occupied by S atoms; tetrahedra
Pssso, Psson, and Psgog containing one, two, and three vacant sites, respectively;
and tetrahedron Pooon, in which all sites are vacant.

The occupation of the octahedral and tetrahedral positions 4(b) and 8(c) with the
probabilities Ps_ocra = 0.84 and Pg_iena = 0.08 means that, among every twelve
octahedral interstitial sites, ten sites are occupied by S atoms and two sites are
vacant. With due regard for the probability Ps_ o, and relationship (2.29), the
probability of the formation of a tetrahedral cluster containing two vacant sites is
Psstr = C3P2_ a1 — Ps_oata)” = 0.108. Since Psson > Ps.ieuas the transition of
sulfur atoms to the 8(c) tetrahedral interstitial sites with occupancies of ~0.08 is
mathematically quite probable.

The short-range order describes the distribution of atoms around some lattice site
and, specifically, determines existing two-particle atomic or atom—vacancy corre-
lations in a particular coordination sphere [135]. The short-range order is charac-
terized by the short-range order parameters «; and the correlation parameters &; in
the jth coordination sphere.

Up to now, it has not been revealed how many coordination spheres are covered
by the short-range order appeared in the first coordination sphere. In study [134],
this problem was solved using the computer simulation of the dependence of the
correlation parameters in the jth coordination spheres (j > 2) on the correlation
parameter &; of the first coordination sphere. The object of the simulation was a
S,0;—, substitutional solid solution with atoms located in sites of defect planar
square and hexagonal lattices: a number of sites are occupied by sulfur atoms, and
the other sites are vacant. Sulfur atoms S and vacancies [1 are mutually substituted
elements of the solid solution.

The pair correlation parameter ¢ is defined as the difference between the
probability of the occurrence of a pair bond formed by like elements in the jth
coordination sphere of the crystal lattice with a short-range order and the probability
of the occurrence of the same bond in a disordered lattice. In an infinite disordered
lattice, the probability of the occurrence of pair bonds is governed by the binomial
distribution [135]. As a result, we have

SSS(Rj):Ps%_PgisS:ng_Pgisn:ng_yzy (2.30)

en(Ry) = P — P = PO — P = PY — (1 —y), (2.31)
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where Pé’% and PI%)D are the probabilities of the occurrence of like pair bonds in the
lattice with the short-range order. In the infinite disordered lattice, these probabil-
ities are as follows: P3I' =y? and PPN, = (1 —y)>. According to [135], in the
presence only of a short-range order, the probabilities of the occurrence of pair
bonds are given by the relationships

Py = PSR+ y(1 — y)oy = y* +3(1 =)oy, (2.32a)
PUL = PP 4 y(1 =)oy = (1 =) +y(1 — ), (2.32b)
Pl = (1 — o) P30 = (1 — o)y(1 — ), (2.32¢)

where o; is the short-range order parameter in the jth coordination sphere.

It follows from relationships (2.30)—(2.32) that, in the absence of a long-range
order, the correlations between sulfur atoms (or vacancies) are equal to each other;
that is,

ess(Ry) = eon(Ry) = & = y(1 — y)oy. (2.33)

The parameters of unlike pair correlation of sulfur atoms and vacancies are equal
in magnitude to the pair correlation parameters of sulfur atoms (vacancies) but
opposite in sign: esp(R;) = esn(R;) = —¢;. In the case of a disordered distribution
of atoms in an infinite lattice, the correlation parameter is exactly equal to zero. In
study [134], all probabilities were calculated for the finite lattice model without
long-range order. In this case, the probabilities of the occurrence of bonds in the
disordered lattice are close to the binominal probabilities P =y? and
PP = (1 — y)* but are not equal to them due to the limited size of the lattice and
the contribution of bonds lying at the boundary of the two-dimensional crystal.

The probabilities of the occurrence of the pair bonds S-S, S-[, and O0- in the
S,0; -, solid solution with the atoms located at the sites of the square and hexagonal
lattice were calculated for nine coordination spheres. This is enough to judge the
influence of the short-range order in the first coordination sphere on the pair cor-
relation parameters in distant coordination spheres and a decrease in the short-range
order parameters with an increase in the radius R; of the coordination sphere.
Furthermore, the simulation showed that the correlations in the 9th and 10th
coordination spheres decrease to values comparable to the error in the calculations
and almost decay.

In the disordered infinite lattice, the correlation parameter ¢; in all coordination
spheres is exactly equal to zero. In the case of the short-range order when the
nearest coordination sphere of the S atom predominantly contains vacancies O, the
correlation parameter ¢, is negative. For the short-range decomposition, when the
environment of the S atom predominantly involves S atoms (or the environment of
the vacancy OO0 predominantly contains vacancies), the correlation is positive, i.e.,
&j > 0.
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In order to reveal the dependences between the correlation parameters in dif-
ferent coordination spheres, authors [134] considered two-dimensional square and
hexagonal lattices of fixed size with a specified vacancy content. The calculations
were performed for 23 x 23 and 32 x 32 square lattices containing 529 and 1024
sites, respectively, and for 33 x 33 hexagonal lattice containing 1089 sites. Some
number of sites was filled with atoms, and the other sites were vacant. In the
simulation, the boundaries of the solid solution lattice were assumed to be perfectly
rigid. As a consequence, the lattice boundaries were fixed in the space and the
number of atoms and vacancies in the lattice always remained unchanged.

At the first stage of the simulation of the lattice with a specified size, the
computer synthesis of an S,[1;_, disordered solid solution with a given quantity y,
i.e., with the known number of atoms and vacancies, was performed. The com-
position of the S,[1;-, solid solution was determined by the number n of sulfur
atoms in the crystal lattice containing N sites. In this case, the probability of the
occupation of a site in the infinite disordered crystal lattice by an atom is equal to
y = n/N and the relative number of vacancies is defined as (1 — y). The composition
was varied from 0.1 to 0.9 with a step of 0.1. The synthesis of the disordered
solution was carried out after the choice of the lattice size and the solution com-
position. The number of sulfur atoms necessary for providing the specified com-
position S,[1;_, was introduced into the lattice with the use of a random-number
generator. As a result of statistical occupation of sites, the atoms and vacancies were
distributed in the lattice in a disordered manner. The disordered state of the syn-
thesized solution was initial state for the subsequent simulation.

In the simulation of the solid solution with the hexagonal lattice, there arises a
problem associated with the fractional irrational coordinates of sites in the rectangular
coordinate system. The fractional atomic coordinates lead to the error in the determi-
nation of interatomic distances. In the description of correlations in distant coordination
spheres, when the increment of the radius upon changing over from the nth coordi-
nation sphere to the (n + 1)th coordination sphere is equal to a relatively small value
comparable to the error in the atomic arrangement, there arises a probability that the site
belonging to the nth coordination sphere appears to be in the (n + 1)th coordination
sphere. In order to exclude this error, the hexagonal lattice was simulated using a
special algorithm for transforming the coordinates of the sites of the hexagonal lattice
into the coordinates of a hypothetical square lattice, which was described in work [136].

Then, we carried out correlation walks of atoms over the lattice sites. For this
purpose, energy fluctuations were introduced into arbitrarily chosen sites, as a result
of which the atom can pass to vacant sites. Only energy fluctuations sufficient for
the “jump” of the atom from its site of the crystal lattice into the neighboring vacant
site were taken into account.

The virtual annealing was performed after the synthesis of the disordered lattice.
An arbitrary lattice site was chosen using the Monte Carlo method. The probability
of choice of an occupied or vacant site depends directly on the solid solution
composition. The annealing process involved displacements of atoms depending on
the initial value of the correlation parameter ¢; in the first coordination sphere. If the
site was occupied by the atom, it diffused to the neighboring vacant site. The
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s,,, (y=2/3)

Fig. 2.33 Model distributions of sulfur atoms in a, b the square (plane group p4mm) lattice of the
S,0,-, (y = 0.5) solid solution and ¢, d the hexagonal (plane group p6mm) lattice of the S,[];—,,
(y = 0.66) solid solution [134]. a, ¢ disordered solid solutions. b, d short-range order formed after
virtual annealing of the solid solution at a negative pair correlation parameter ¢; < 0 in the first
coordination sphere

direction of the displacement was stochastically chosen using a random-number
generator. Therefore, the probabilities of atomic displacements to each side of the
simulated lattice were equal to each other.

The calculations showed that there are two radically different processes: the
decomposition of the Sy, solid solution when the pair correlation parameter &; in
the first coordination shell is positive (¢; > 0) and ordering at ¢; < 0 (Fig. 2.33).

Figure 2.34 shows the variation in the pair correlation parameters ¢; as a function
of the relative radius Rj/aq or Ri/ane, of the jth coordination sphere for the S,
solid solutions with the square and hexagonal lattices. It can be seen from Fig. 2.34
that the correlations occurring in the first coordination sphere of the S,[0;_,
(y = 1/2) solid solution with the square lattice or the S,[],—, (y = 1/3) solid solution



2.2 Crystal Structure of Nanoparticles, Nanopowders ... 87

with the hexagonal lattice propagate (gradually decaying) up to the 9th coordination
sphere; i.e., they extend over a distance no shorter than 4ay, or 4ay,.y, where ayq and
anex are the lattice constants of these lattices. For the cubic DOj structure of the lead
sulfide, these lattice constants are as follows: ayq = @cyp/2 and apeyx = W212)acup,
where agy, is the lattice constant of the cubic (space group Fm3m) lead sulfide. In
the case of the short-range order, the correlation parameters ¢; oscillate, change sign,
and asymptotically tend to zero in magnitude: at ess(R;) = &; < 0, we have [¢] — 0
mpu j — ©0. For the short-range decomposition at esg(R;) = &; > 0, the correlation
parameters ¢; are positive in all coordination spheres, decrease with an increase in
the radius of the coordination sphere, and tend to zero.

The simulation of correlations in the mutual arrangement of sulfur atoms with
due regard only for the nearest pair interactions has revealed that these interactions
lead to correlations in distant coordination spheres of the square planes (001) and
hexagonal planes (111). These correlations decay only at the coordination sphere
radius equal to 4ayq or 4anex. Moreover, the results of the simulation [134] have
demonstrated that, in the hexagonal planes (111), the pair correlations result in the
appearance of three-particle correlations.

2.3 Properties of Nanostructured Lead Sulfide
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Fig. 2.34 Variation in the pair correlation parameters ¢; as a function of the relative radius of the
Jjth coordination sphere [134]. Parameters ¢; for the S;300,5 (y = 0.33) solid solution with the
hexagonal lattice for (/) the short-range order with &; < 0 and (2) the short-range decomposition
with &; > 0. Parameters ¢; for the S sCy s (y = 0.5) solid solution with the square lattice for (3) the
short-range order with &; < 0 and (4) the short-range decomposition with &; > 0. Designations ayex
and ayq are the lattice constants of the hexagonal and square lattices, respectively
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Lead sulfide is used in fire alarm sensors and flame sensors, IR detectors and heat
source detection systems, photodetectors 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 considered below.

2.3.1 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 determination of the band gap of PbS as
isolated nanoparticles and films.

The first measurements of light transmission and reflection 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 [4, 137-139], 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 con-
siderable attention in recent years.

Electronic excitation of semiconductor crystals gives rise to loosely bound
electron-hole pair — 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 comparable with the exciton radius affects the
properties of the crystal [79-82, 140]. 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 [53, 141] or to 2.30 eV [142]. For films based on PbS nanoparticles, the
band gap can increase to 2.81 eV [143]. A decrease in the semiconductor particle
size should be accompanied by a shift of the absorption band to higher frequency,
i.e., so-called blue shift [144, 145]. In the case of lead sulfide films, blue shift of the
absorption band is observed at a film thickness less than 150 nm [146-148].

The recombination of charges generated under the action of light (photons with
energy exceeding the band gap) gives rise to luminescence. A blue shift following a
decrease in the particle size was also found in the luminescence spectra of PbS
nanoparticles [115, 143, 149, 150].

Systematic investigations of optical transmission of PbS nanofilms have been
reported [97, 100, 151]. The optical transmission 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. Microstructure of these films are shown in Fig. 2.22.

The particle size distributions (Fig. 2.35) for the PbS films studied are deter-
mined from SEM-images with the use of the Altami Studio 2.0.0 software package.
Unimodal distribution is observed only in the as-prepared PbS-1 film: the peak of
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Fig. 2.35 Particle size distributions in the lead sulfide films [97, 100]: a In the as-prepared PbS-1
film, about 50% particles are from 60 to 80 nm in size. b The PbS-2 film has a bimodal size
distribution of nanoparticles with peaks at 50 and 80 nm. ¢ In the PbS-3 film, two peaks of the size
distribution correspond to particles 40 and 70 nm in size. d In the PbS-4 film, a broad peak in the
size distribution is observed at 60 nm, the size of about 50% of particles are in the range defined by
the inequality 60 nm < D < 120 nm. Reprinted from [100] with permission from Elsevier

the distribution corresponds to grains, whose size is 70 nm, with about half of all
grains having sizes in the range 60—80 nm (Fig. 2.35a). In the size distribution of
nanograins in the PbS-2 film, we observe two peaks, one at 50 nm and the other at
80 nm. The average grain size D is 73 nm, and the sizes of ~55% of the grains are
in the range 60-90 nm (Fig. 2.35b). In the PbS-3 film, the two size distribution
peaks correspond to grains, whose sizes are 40 and 70 nm, the average size D is
59 nm, and more than 43% of grains have a size from 30 to 50 nm (Fig. 2.35c¢). In
the microstructure of the PbS-4 film, we observe a broad 60 nm size distribution
peak, ~20% of grains are < 60 nm in size, about 50% of grains have a size in the
range from 60 to 120 nm, and the average grain size D is equal 110 nm
(Fig. 2.35d).

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 4, i.e., the
region from 700-800 to 2500-600 nm (Fig. 2.36) corresponding to the pho-ton
energies from ~1.6 to ~0.5 eV. Analysis of the optical spectra at 4 > 600 nm
allows one to exclude errors that can appear in determining E, due to the absorption
band edge of the substrate at 1 = 320 nm. Studies of the microstructure (see
Fig. 2.22) show that the PbS-1 film covers no more than 80-85% of the substrate
surface since PbS-4 film covers the substrate completely. As a result, the
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transmittance T of the PbS-1 film at A > 800 nm is nearly twice as high as the
transmittance of the PbS-4 film (Fig. 2.36). The highest transmittance 7 is inherent
to the PbS-2 and PbS-3 films (Fig. 2.36). It should be noted that the transmission
spectra of the PbS-2 and PbS-3 films exhibit several evident inflection points (see
Fig. 2.36), in contrast to the smoother transmission spectra of the PbS-1and PbS-4
films.

In order to quantitatively estimate E,, absorption spectra rather than transmission
spectra are considered. The absorption coefficient ¢ is the absorbance for a 1 cm
thick material layer, ¢ = (—1gT)/s, where T = I/I, is transmittance in relative
units, s is the material thickness in cm (in some publications, the coefficient o is
designated by ).

The spectral dependence of the absorption coefficient a(w) on the semiconductor
band gap E, (or the Tauc function) has the form [139, 152-154]

[iwa(w)]'/" = A, (o — Ey), (2.34)

where @ = 27c/ A is the incident radiation frequency, fiw = 2nfic/A = he/ A is the
photon energy, A, = const is a coefficient independent of frequency w but
depending on the type of transition. The magnitude » in an exponent is determined
by the transition nature (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 a(w)



2.3 Properties of Nanostructured Lead Sulfide 91

value in relation (2.34) is replaced by the reflection function F(Re) = (1 — R)*/
(2R) defined via the reflection coefficient R.
For the direct allowed transitions with n = 1/2, relation (2.34) has the form

[6(0)iw]* = AL (ho — E,) = A(ho — E,), (2.35)

where Ay = 2¢*(2ptey)” 2|Pif|2/(fzm% Ch?), ex = mamy/(me + my,) is the reduced
exciton mass; m. and my, are the electron and hole effective masses; P is the matrix
element of the i — f transition between the ith and fth energy levels; n is the
refractive index; and e and my are the charge and the free electron rest mass,
respectively. This equation is more convenient for the quantitative treatment of
experimental optical absorption data and band gap determination. In an ideal case,
o(w) > 0 only when hw>E, and the experimental results in the

“[a(a))hw]z — hw” coordinates are described by a linear plot. In a real experiment,

since the absorption band is diffuse, the dependence [a()fiw]* = f(hiw) is non-linear
near the absorption edge; therefore, the band gap E, is determined as the intercept
on the hiw axis tangential to the linear part of the experimental absorption curve.

Relation (2.34) was derived without taking account of the electron—hole
interaction, which may be significant if the difference (hw — E,) is not too high.
The spectral dependence of optical absorption derived taking account of the
electron-hole interaction [155] has the form

o(w) = B{1—exp|—C(ho — E;) )} 7, (2.36)

where B and C are constants. In lead sulfide, the electron-hole interaction is
markedly shielded because of the high dielectric constant &4 (at 300 K, the ¢ppg
value varies from 17.2 to 17.9 [138]; therefore, the optical absorption of PbS at
n = 1/2 is better described by relation (2.30).

Usually, the films are not monodisperse. Considering this fact, Sadovnikov et al.
[97] proposed a model for the absorption spectra of polydisperse films. The
absorption spectrum of monodisperse nanoparticles is a smooth function of the
wavelength A or energy E = hc/A. In the case of polydisperse films, the absorption
spectra represent superpositions of the spectra corresponding to nanoparticles of
different size,

o(0) =Y aoi(0) =Y ah(ho — )" /ho =y aA(E ~ Ey)'[E
(2.37)

where c¢; and E,, are the relative content of nanoparticles of a definite size in the film
and the band gap corresponding to these nanoparticles.
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For illustration, Fig. 2.37a shows the model absorption spectrum calculated as a
superposition of the absorption spectra of four groups of nanoparticles with the
band gap E,, = 0.42, 0.8, 1.0, and 1.5 eV, and the relative content ¢; = 30, 30, 15,
and 25%. In Fig. 2.37b, the same model absorption spectrum is shown in the

[6(w)liw]* < ho coordinates. In this spectrum, we can see four clearly pronounced
regions, which can be used to estimate the band gap corresponding to nanoparticles
of different sizes. The observable band gap E,s can be found by minimizing the
quantity of the experimental data with formula (2.35) and determining the portion
intercepted on the energy axis /o by any linear portion of the curve [o(w)hw]?
extrapolated to the axis. In polydisperse films, any section of the dependence
[o(w)liw]* = [6E]* is a superposition of [o;(w)iiw]* = [6;E] values; therefore, the
observed band gap E,5 is an additive function of the energies E, corresponding to
nanoparticles of different size. Considering the identity [¢E]°= AZ(E—Egz), it was
approximately shown [97] that
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Egs ~ Z ci By, +2 Z Cicj(EgiEg,->l/2 +|Ey, — Eg /3. (2.38)
i i#J

For a monodisperse film, ie., when ¢; =1 and c¢;x; = 0, relation (2.38) is
transformed to the obvious boundary conditions Egz = Eg;.

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 consequence, in some
uncertainty of the band gap and in additional 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.
[156].

Thus, the intricate pattern of the absorption spectra of semiconductor films is a
consequence of polydispersity.
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Fig. 2.38 Absorption spectra of the PbS-1 films (filled circle) as-prepared and annealed at
(inverted open triangle) 473 and (open triangle) 573 K, and also of (open diamond) PbS-2,
(multiplication sign) PbS-3 (open circle), and PbS-4 films on the energy scale [97, 100]. For
simplicity, each 5th experimental point is shown only). Insets show the nonmonotonic behavior of
an absorption coefficient of the PbS-2 and PbS-3 films in the energy interval from 0.4 to 1.1 eV.
Reprinted from [100] with permission from Elsevier
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The absorption spectra of lead sulfide nanofilms plotted in the [o(w)fiw]* — hw
coordinates are shown in Fig. 2.38. Two (PbS-1 and PbS-4) or three (PbS-2 and
PbS-3) linear segments can be distinguished in the spectra. More detailed analysis

of the plots for [o(w)iiw]* dependences revealed a non-monotonic variation of the
absorption of PbS-2 and PbS-3 films (see insets in Fig. 2.38) in the energy region
ho = 0.5-1.1 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 /i < E, = 0.41 €V, are mainly caused
by the dispersion (deviation from the mean value) of the size of the film
nanoparticles, i.e, inhomogeneous broadening [156]. Other possible causes for
absorption edge smearing are structure defects of the semiconductor and/or indirect
interband transitions. The portions of the absorption curves g(w) at fiw < E, are
described by the Urbach rule [157]: o(w) ~ exp[f(hw — E,)].

The quantitative minimization of the experimental data with respect to absorp-
tion coefficient g(w)of the PbS-1, PbS-2, PbS-3 and PbS-4 films by function (2.35)
made it possible to find E, for these films. The calculation showed 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 £ < 0.7 eV are characterized by
E, =~ 042 eV.

The [o(w)hw]* = f(ho) plots for the PbS-2 and PbS-3 films (see Fig. 2.38)
have clear-cut singular points, and between these points, linear segments can be
distinguished. For the PbS-2 film, these segments are characterized by E, values
0.43, 0.84, and 1.30 eV. For the PbS-3 film, these segments are characterized by E,
values 0.98 and 1.50 eV, and for the PbS-4 film E, values equal to 0.41 and
1.05 eV.

A correlation of the E, values with the particle size distribution in the PbS films
(see Fig. 2.35) demonstrated that all films contain up to 50% particles with the size
from 100-120 to 300 nm and more. Apparently, the band gap of these large par-
ticles is equal to E, = 0.41 eV of the bulk 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 nanoparticles [97, 100]. In the PbS-1 film, the distribution maximum cor-
responds to 70 nm particles, and 40% of all particles in the film have a size from 10
to 70 nm (Fig. 2.35a). The average nanoparticle size of the PbS-1 film in this range
is 60 nm (Table 2.6). This average size can be correlated to the E, 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 E, = 0.87-0.89 eV. Size distribution
maxima corresponding to nanoparticles of 40 and 70 nm average sizes are inherent
in the PbS-2 film (see Fig. 2.35b). This nanoparticle size can be correlated to the E,
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
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Table 2.6 Thickness s, nanoparticle size D, and the band gap E, of nanostructured PbS films [97,
100]

Film Thickness Nanopatrticle size Band gap
s£20(m) |xXRD | SEM E,£ 0.1 (V)
D (nm) | p+ 10 (nm)* | D (nm)°

PbS-1 (as-prepared) 120 70 £ 10 |70 60 (10-70) | 0.92
PbS-1 (annealed at 473 K) | 120 80+ 10 |- - 0.87
PbS-1 (annealed at 523 K) | 120 80 + 10 |- - 0.89
PbS-2 200 75+ 15 |50 40 (10-50) |1.30

80 70 (60-80) |0.84
PbS-3 300 65+ 15 |40 35 (10-40) |1.50

70 60 (50-70) |0.98
PbS-4 400 90 + 15 |60 50 (10-60) | 1.05

“Nanoparticle sizes correspond to the maxima of the size distribution (see Fig. 2.35)
P Average size of nanoparticles in the range specified in brackets

and 60 nm (see Fig. 2.35¢). The nanoparticles of these sizes are characterized by E,
values found to be 1.50 and 0.98 eV, respectively. For the PbS-4 film, the weakly
pronounced size distribution maximum corresponds to an average particle size of
50 nm (see Fig. 2.35d) for which E, = 1.05 eV (Table 2.6).

The established correlation between the nanoparticle size in the films and the
band gap (Table 2.6) can serve to elucidate the influence of the PbS nanoparticle
size on the E, value. The E, value tends to increase as the nanoparticle size
decreases (Fig. 2.39). The band gap of coarse-grained lead sulfide E is 0.41-
0.42 eV [4, 138], and the E, of the considered films [97, 100] 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 blue shift of the optical absorption
band was observed for PbS nanofilms in studies [97, 100]. The value
E, =2.0 £0.1 eV, similar to the cited results [97, 100], was found in another
study [158] for PbS films with an average particle size of 40 nm deposited on a
glass substrate.

According to the results of Brus [144], for monodisperse semiconductor
nanoparticles, the dependence of the exciton energy E, on the particle radius
R = DJ/2 is described as

Ey = Ey — peye /2071 + (0?1202 21 R?) — (1.78€% /eq R), (2.39)

where n = 1, 2, 3,.... In relation (2.39), 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, E, = 0.41-0.42 eV. The third term n*n”
hz/(z,uesz) is the exciton kinetic energy, and the last term 1.78e2/st takes into
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Eg (eV)
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Fig. 2.39 Variation in the observed band gap E, depending on the nanoparticle size D in the
nanostructured PbS films [97, 100]. Filled circle as-prepared PbS-1 (inverted open triangle),
PbS-1 annealed at 473 K, Open triangle PbS-1 annealed at 523 K, Open diamond PbS-2,
(multiplication sign) PbS-3, and Open circle PbS-4 films. The dashes restrict the 95% confidence
interval of determination of the band gap E, as a function of particle size D. Reprinted from [100]
with permission from Elsevier

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 (2.39) is the effective band gap; for the
ground state (n = 1), it is expressed as

Ey(R) = Ey + (n°h* /21 R*) — (1.78¢* /¢4 R). (2.40)

For lead sulfide with the particle size D > 10 nm, the correction for Coulomb
interaction is lower than ~0.029 eV (~ 7% of the value Ey, = 0.41-0.42 eV typical
of bulk PbS); therefore, in the first approximation, this correction in (2.40) can be
neglected. Then the dependence of E, on the particle radius R is described by the
relation E, = Ey, + ? hz/(Z,uchz), OTKyJa CIeayeT, 9To Eg(R) o< 1/R? or Ey(D)
1/D?. Using the data obtained in studies [97, 100] and reported previously literature
data [141, 143, 158, 159], we plotted the band gap of PbS as a function of 1/
D where D is the PbS particle size (Fig. 2.40). In should be noted that, in studies
[141, 143, 159] the band gap E, was determined for isolated (separated) PbS
particles dispersed in a film polymer matrix. It is seen from Fig. 2.40 that the
dependences Eg(D_l) measured on PbS films in works [97, 100] and in study [158],
substantially differ from those measured on isolated PbS nanoparticles by authors
[141, 143, 159].

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



2.3 Properties of Nanostructured Lead Sulfide 97

8040 20 10 6 5 4 D (nm)
30 T T T T T

- Iy PbS

Eqy (eV)

0 0.05 0.10 0.15 0.20 0.25 0.30
1/D (nm™)

Fig. 2.40 Dependence of the band gap E, on the PbS nanoparticle size D, plotted as the function
Ey(D) 1/D?. Filled circle the results [97, 100] obtained on the PbS films, Open circle data
reported in [158] for the PbS film, inverted open triangle, filled triangle, and inverted filled
triangle data obtained for isolated PbS nanoparticles in [141, 143, 159], respectively. In [159], the
average size of particles is estimated with methodical errors. For reduction of these errors all data
[159] on the particle size D on this figure are increased in 1.5 times. Solid lines show the parabolic
approximations of the dependences Eg(Df'), obtained in the present study and in [159]. The
extremely large values of E, determined in [143] are doubtful. Reprinted from [100] with
permission from Elsevier

size Ry = (nzgmo/uex)aB of the Wannier-Mott exciton where ag = hz/moe2 =
0.053 nm is the Bohr radius. A pronounced localization is best achievable for
narrow-gap semiconductors with a high dielectric constant; this weakens consid-
erably the electron-hole electrostatic interaction and, as a result, the exciton radius
increases (the exciton size may far exceed the crystal lattice constant)., respectively,
For lead sulfide at 4 K, the electron and hole effective masses are equal m, =
(0.092 + 0.012)mg and my, = (0.090 £ 0.015)mg [160] therefore, the exciton
mass iS fex = (0.045 £ 0.006)m,. For this p., value and dielectric constant
epps ~ 18 for lead sulfide [138, 160], the radius R, of the first exciton state with
n=11is (22 £ 3)eag or 18-24 nm.

Despite the fact that the average PbS particle size in the films studied by
Sadovnikov et al. [97, 100] and Kumara et al. [158] is 2—4 times as large as the
exciton size, the band gap is much wider that that in the bulk 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 [97, 100].

The band gap E, found for the isolated PbS particles which were dispersed in a
polymeric film matrix (Fig. 2.41) is, most often, greater than E, of nanofilms (see
Fig. 2.38). According to Jana et al. [143], the E, values for 8, 12 and 18 nm
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nanoparticles are 2.81, 2.62 and 2.40 eV, respectively. The isolated PbS
nanoparticles of ~ 13 nm size distributed in a copolymer matrix have E, = 3.36 eV
[161]. For isolated PbS particles of 1.5-12.5 nm size dispersed in a polymeric film
matrix, E, was found to be from 2.4 to 0.5 eV [159]. However, the size of PbS
nanoparticles in the cited study [159] is apparently underestimated. In the case of
0.8-2.8 nm PbS nanoparticles dispersed in a polyacrylamide film, the blue shift of
absorption band to 2.6-2.8 ¢V is observed [162]. An E, value of 3.76 eV was
reported for isolated PbS nanoparticles not exceeding 15 nm size coated by thio-
glycerol and dispersed in polyvinyl alcohol [163] (Fig. 2.42). According to
Chakraborty and Moulik [12], colloid PbS nanoparticles of 2.4-3.0 nm size syn-
thesized in an aqueous heptane microemulsion are characterized by E, ranging from
3.45 to 3.30 eV.

Yucel et al. [111] determined the band gap of nanostruc-tured PbS films pre-
pared 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 E, value was found as a function of conditions of synthesis (pH
and the number n and duration ¢ of cycles of substrate dipping into the reaction
medium) (Fig. 2.43).

According to the study [111], a PbS film with the greatest band gap of 2.24 eV
can be synthesized by the SILAR method at pH = 9.1 using ten dipping cycles,
10 s each.
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Fig. 2.41 Absorption spectra and band gap of isolated PbS nanoparticles. a Polyvinyl alcohol
matrix; the deposition temperatures for (/) 18, (2) 12, and (3) 8 nm particles are 303, 293 and
283 K, respectively [143]. b Copolymer matrix with PbS nanoparticles of ~ 13 nm size; the inset
shows the presumptive molecular structure of the copolymer [161]
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Fig. 2.42 Formation mechanism of thioglycerol-coated PbS nanoparticles in a polyvinyl alcohol
matrix [163]

Fig. 2.43 Band gap of PbS films obtained by the SILAR process versus pH of the reaction
mixture, duration ¢ and number n of dipping cycles of the substrate into the reaction mixture [111]

2.3.2 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 selection of substrates with similar thermal expansion coefficients. It was
found [164, 165] that the thermal expansion coefficient of polycrystalline PbS at
300 K is (19-20) x 10 KL According to study [165] the Griineisen constant
of polycrystalline PbS monotonically decreases from ~2.2 to ~1.9 as the tem-
perature is raised from 20 to 340 K, while according to the other study [164] the
constant y, 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 func-
tional theory in the quasiharmonic approximation [166]. At 300 K, the thermal
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expansion coefficient « and the Griineisen constant y of lead sulfide were found to
be 29.8 x 107 K™ and 2.50-2.52, respectively [166].

The thermal expansion coefficient of a nanostructured PbS film has been mea-
sured by Sadovnikov et al. [96, 167]. According to study [96], 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 (423 K) = ~40 x 10~ K™*. 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 2(393 K) = ~28 x 107° K",

The first study of the thermal expansion of the PbS nanofilm in situ at tem-
peratures of up to 473 K was reported by Sadovnikov et al. [167]. The measured
linear thermal expansion coefficient of the PbS nanofilm was (37—
39) x 107° K™', which is close to the o value determined in another publication
[96]. Note that the o value of nanofilms [96, 167] is approximately twice as high as
o of the bulk PbS. The authors of study [167] 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 precision diffraction measurements of the PbS films [167] were carried out
in situ at temperatures from 293 to 473 K on a Philips X’ Pert automated diffrac-
tometer 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 demonstrated [167] that reflection
positions and intensities correspond to cubic (space group Fm3m) lead sulfide with
D05 type structure, which is in line with the results of other publications [95, 96,
100]. The crystal lattice constant a.,;, of the PbS film is 0.59335 £ 0.00005 nm.
All of the observed diffraction reflections were substantially broadened. Estimation
showed that the average coherent scattering region (CSR) in the film is ~40 nm.

According to the results of measurements [167], the dependence of the lattice
constant ¢ on the annealing temperature 7 is non-linear and in the range of 293—
473 K, it is described by a polynomial

a(T) = ap+a;T + arT* + a3 T?, (2.41)

with a¢ = 0.59057 nm, a; = -8.1896 x 107® nm K™, a, = 7.9452 x 10~® nm
K2, and as = ~6.5455x10""'7° nm K™>. The nonlinear character of the a
(T) dependence means that the thermal expansion coefficient o is not constant
and it also changes with the temperature.

Figure 2.44 shows the found temperature dependence of the thermal expansion
coefficient o(T) for the nanostructured PbS film.

The experimental linear thermal expansion coefficient « is determined as the
average expansion coefficient in the temperature interval between the initial tem-
perature 293 K and measured temperature 7, i.e.
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where a(T) and ayo3 k are the crystal lattice constants of PbS film measured at
temperature T and at the initial temperature 293 K, respectively. As is seen from
Fig. 2.44a, during slow heating of PbS film from 323 to 473 K the thermal
expansion coefficient o increases nonlinearly from ~37 x 107° to
~39 x 107® K™'. The dependence of the thermal expansion coefficient o on the
annealing temperature 7 in the range 323-473 K can be represented through
coefficients of the polynomial (2.41) as

OC(T) = [(611 +axT)y +a3T§) + (Clz —|—a3To)T—|—a3T2]/a293 K

-6 -8 ~1172 (2.43)

=9.4705 x 107" +6.0273 x 107°T—6.5455 x 107" T~.

According to [167], on the scale of the performed experiments the relaxation

processes are very slow and equilibrium values of the lattice constant a and thermal

expansion coefficient o are achieved only after many-hour annealing. The measured

thermal expansion coefficient o of PbS nanofilms is much greater than that reported
in the literature for bulk lead sulfide [164—-166].
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In the most general case, the difference in the coefficients o« of nanofilm and
coarse-grained PbS can be caused by four reasons [168, 169]: (1) the substrate
influence, (2) the method of measurement, (3) different crystal structure of the
nanofilm and coarse-grained PbS, and (4) the small size of the particles in nanofilm
which leads on to change of phonon spectrum and its edges. The thermal expansion
coefficient o of the glass substrate in the temperature range between 293 and 473 K
is measured in study [167] by the dilatometry method and is equal to
125 x 107 K_l, which is a third of that for the PbS nanofilm. Therefore, the effect
of the substrate on o of PbS can be excluded. Different methods of measurements of
the thermal expansion coefficient used in work [167] and in studies [164, 165] can
lead to quantitative differences in the values of the coefficient o, but no more than
5%. Thus, the main reason of the difference in the coefficients o for the PbS film
and the coarse-grained PbS are different crystal structure (DO type for the PbS
nanofilm and Bl type for the bulk coarse-grained PbS) and the small size of
particles in the nanostructured film.

It is known from the literature that a decrease in the size of particles (grains,
crystallites) to the nanometer scale is accompanied by an increase in the thermal
expansion coefficient as compared with conventional polycrystals [81, 82]. It is
exactly this effect that is observed in study [167]. This effect was explained by
Sadovnikov and Guseyv in studies [168, 169].

Thermal expansion of a solid state is due to anharmonicity of vibration of atoms.
In case of small deviations of r of atoms from the equilibrium position r, the
potential energy U(r) of a system of interacting atoms can be expanded into a
Taylor series according to the displacement value u = (r — rg). In the equilibrium
position r = rg, the energy is minimal; therefore (OU/9r) _. = 0. By limiting the
expansion to the third-order terms, which is sufficient for qualitative description of
thermal expansion of solids, the energy U, being a function of the displacement
value u, can be written in the first approximation as

r=rp

Uu) = Uy +Api® )2 — Bt /3, (2.44)

where A, = (0°U/0r?)
coefficient allowing for the anharmonicity of vibration of atoms.

According to Boltzmann distribution, the probability f{ir) of deviation of an atom
from the equilibrium position by the value u is equal to f(u) = (A,/2mkgT)?exp[-U
(w)/kgT), therefore the time-average deviation (u) of an atom from the equilibrium

position is
+ 00
(u) = / / /f kBTﬁ a“h. (2.45)

—00

is a some constant and S, = 4°U/0r),_, is a

r=rg =7

The linear expansion coefficient has the form
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a(T) = (1/ax3k)d{u)/dT = kBﬁanh(AIZﬂZ%K)a (2.46)

where a,93 K 1s the crystal lattice constant at 293 K. Thermal expansion (or com-
pression) of solid can be explained only with allowance for anharmonicity of
atomic vibrations, i.e. at § # 0, since in harmonic approximation, when f§ = 0, the
linear thermal expansion coefficient is equal to O and thermal expansion is lacking.
From (2.46) it is clear that the observed enhancement of the thermal expansion
coefficient during transition from bulk to nanocrystalline lead sulfide can occur only
when the coefficient f§ increases, i.e. when anharmonicity of atomic vibrations takes
place.

The linear thermal expansion coefficient o(7) is related to specific heat capacity
Csp = Cylvy, per unit volume of substance and measured in J m > K! by [170]:

7 Cv(T)
3B vp

a(T) = yCyp(T)/3B = (2.47)

where B is the bulk modulus, y = [>, 7Cv(k)]/[>k Cv(Kk)] is the Griineisen
constant, v, = —(V/og)[0(wg)/dV]} = —9(Inmg)3(InV) is the Griineisen parameter for
the vibrational mode with wave vector k and angular frequency oy = ck, c is the
velocity of propagation of elastic vibrations in the lattice, k = |k|, and vy, is the
molar volume.

If the temperature dependences of the Griineisen constant and the compression
modulus are neglected, then in the zeroth approximation the thermal expansion
coefficient «(7) in the low-temperature region should exhibit the same temperature
dependence as the specific heat capacity C,,. However, in a real solid the values of
v are not similar for all normal modes, therefore the Griineisen constant y, which
can be considered as a measure of anharmonicity, depends on temperature.

The electronic contribution to heat capacity of dielectrics and semiconductors at
10 K< T < 04Tere (Tinere s the melting temperature) is small, and in this
temperature region lattice heat capacity plays the leading role.

If the lattice heat capacity Cy of monoatomic substance is represented in terms of

the average energy &(w, T) = (hw/2)coth(hw/2kgT) of a linear oscillator and the
frequency distribution function g(w) as Cy(T) = [ % g(w)dw, then the

expression (2.47) takes the form

AT) = 3‘;;3 / %g(w)dc& (2.48)

From (2.48) it is clear that the temperature dependence of the thermal expansion
coefficient depends directly on the spectral distribution of frequencies g(®).

Thus, the main reason of variation of the lattice properties of nanocrystals in
comparison with bulk substances is variation of the shape and boundaries of the
phonon spectrum, i.e. change of the frequency distribution function of atomic
vibrations.
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The main idea of the majority of models for modification of the phonon spec-
trum of small particles and/or nanostructured systems consists in the appearance of
low-frequency modes in the phonon spectrum, which are absent in the spectrum of
the bulk crystal [80-82]. According to [81, 171], waves can occur in the
nanoparticles, whose length does not exceed the doubled maximum size of the
particle D, i.e. 4 < 2D; so, on the side of low-frequency vibrations the phonon
spectrum 1is limited by a certain minimal frequency wmi, > 27 ZC—b, where ¢, is the
velocity of propagation of transverse elastic vibrations (i.e. transverse velocity of
sound). In bulk crystals, there is no limitation like this. Besides, the phonon
spectrum is limited on the side of high frequencies. Taking into account the low-
and high-frequency restrictions of the phonon spectrum, the molar heat capacity of
a substance, whose molecule contains n atoms, is equal to

Dmax

cory=n [ 2420

5T g(w)dow. (2.49)

The distribution of natural vibrations in the presence of low-frequency restric-
tions was discussed in studies [172-174]. In work [174], expressions for the fre-
quency distribution function g(w) and the upper boundary wp,.x of the phonon
spectrum of small rectangular particle have been obtained:

g(w) = Va? /213 + Sw/8mcy + L/ 167cy, (2.50)

1872Nes\ /* S 187%¢3\ */*
max X | ——— 1- AN23 2.51
ma ( % > 144nc2N1/3<V) FANTO @251

where V, S and L are the volume, surface area and the total edge length of small
particle, N is the number of atoms in the particle, and A(N~?/3) is the correction
term of the order N *. The quantities c;, ¢, and c; are effective propagation

velocities of elastic vibrations determined through the velocities of longitudinal and

. . _ _ _ _ 2¢4—3c2¢2 + 3¢*
transverse vibrations, ¢, and ¢ o' =¢; ' +2¢1, o ==L 5
g G\ ™6

and
gl =c 427

Considering (2.50) and (2.51), it was shown in studies [168, 169] that the molar
heat capacity (2.49) of a nanocrystalline substance with particles of a right-angled
shape can be written upon mathematical transformations as a function not only of

the temperature 7, but also of the size D of the small particle:

C\/<T,D) =n

127T4NAkB < kB T
5

= C'™(T) +n(kiLsT + kySsT?),

hwmax

(2.52)

3
) +kLsT + kZSzTQ]
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where the first summand represents the Debye heat capacity of bulk crystal in the
low-temperature region, Ly and Sy are the total edge length and the total surface
area of small particles. If we assume that small particles have a cubic shape with
edges in length D, then the number of such particles in the volume vy, is equal to
n, = vp/D’. In this case Ly = 12n,D = 12v,,/D* and Ss = 6n,D> = 6v,,/D. The
values k; = (kicy'/8nh)l, and ky = (kjc;'/2nh?)[; are positive constants,
Iy = (dm!/2" SN N = @ m!2 "™"(m), {(m) is the Riemann zeta
function (I3 = 1.8031; I, = 7%/6). It is clear from (2.52) that the heat capacity
contribution AC\(T, D) caused by the small size of particles, is equal

ACy(T,D) = n(kLsT + kySs.T?). (2.53)

With allowance for (2.48), (2.52) and expressions for Ly u Sy, the thermal

expansion coefficient of nanocrystalline substance was be presented in studies [168,
169] as

yC T .
«(T,D) = V;z“‘k};( ) n = (LT + oSsT?)
m m ) (2.54)
o (T) 4 (12T OT
— Ybulk 3B D2 D )

where contribution Aa(7, D) in the thermal expansion coefficient, which is caused
by small size of particles, is equal to

(2.55)

3B

26T 6k T
Ax(T,D) = n— (221 2.
D? D

Let us determine the theoretical value of the contribution Aw(7, D) for
nanocrystalline PbS with cubic structure. For lead sulfide, n = 2, the average par-
ticle size D in PbS nanofilm at 300 K is ~50 nm, and the density of cubic lead
sulfide is assumed to be equal to 7.5 g cm . Sadovnikov and Gusev [168, 169]
calculated the coefficients k; and k,, necessary for quantitative estimation of Ax(T7,
D), using the propagation velocities of longitudinal and transverse elastic vibrations
¢; and ¢, or elastic constants c¢q1, 1o, and c44 for lead sulfide [166, 175-178].

In high-symmetry crystals, completely longitudinal or completely transverse
atomic vibrations propagate only in those directions that correspond to synchronously
moving atomic planes. For cubic crystals, such crystallographic directions are [100,
110, 111] and their equivalents. According to calculation [168, 169] with using data
[175], at ~300 K ¢; and ¢, are ~3975 and ~ 1881 m s~ '. These values are in good
agreement with experimental data [179], according to which the velocities ¢; and ¢, at
room temperature are equal to 4080 and 1840 m s™'. Figure 2.45 demonstrates the
calculated changes in the velocities of transverse ¢, and longitudinal ¢; elastic
vibrations versus the crystallographic direction for a single crystal of cubic lead
sulfide PbS at 300 K. The distances from the figure center (Fig. 2.45) are
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(a) [001] (b) [001]

[100] [100]

Fig. 2.45 The calculated velocities of transverse ¢, (a) and longitudinal ¢; (b) elastic vibrations
versus the crystallographic direction for cubic lead sulfide PbS at 300 K [168]. The distance from

the figure center is proportional to the velocity value (cl[loo] = 61[010] = 4001] =19 x 10°ms™
and cL'OO] = c[[O'O] :c[[OO'] = 4.0 x 10> m s™'). Reprinted from [168] with permission from
Elsevier

proportional to the corresponding velocity value
@ =" = ¢ = 1.9 x 10°ms ™! and

0 = M= O — 4.0 % 10°ms ).

According to estimations performed with taking into account these values of ¢;
and c, the low and upper boundaries ,;, and w,.x of the phonon spectrum of a
small cubic particle of PbS with edges in length D = 50 nm are equal to
~1.18 x 10" and ~2.76 x 10" rad s™', respectively [168, 169]. At 300 K, the
constants k; and k, are equal to ~1.55x 10 I m'K? and
~6.00 x 108 Tm™2 K73, i.e. kp > k;. With increasing temperature to 500 K, the
constants k; and k, increase weakly up to ~1.67 x 107°Jm™' K2 and
~7.06 x 1078 T m™? K2, respectively [168, 169]. Since k» > k;, from (2.49) it
follows that in the case of small particles, essentially, an additional contribution
appears in the thermal expansion coefficient, which is proportional to Ss7” and is
due to large surface area of small particles. Therefore reduction of the particle size
to the nanometer scale should be accompanied by the thermal expansion coefficient
growth.

Exactly this effect, namely, ~ 1.7 time greater coefficient o of nanostructured
PbS film as compared with bulk PbS, has been found in studies [167-169].

Figure 2.46 shows the dependence of the thermal expansion coefficient of PbS
nanofilm in the temperature region between 300 and 500 K calculated as
ol (T, D) = oy (T) + Ao (T, D) with allowance for the derived coefficients &,
and k,. The experimental results [162] were used as the oy, (7) dependence. The
variation of the equilibrium particle size in PbS nanofilm versus the temperature
was taken into account in the calculation (see Fig. 2.44). It was also considered that
with an increase in temperature a small linear growth of the Griineisen constant 7 is
observed [164] and the compression modulus B calculated from data [175]
decreases. The experimental linear thermal expansion coefficient o of PbS
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Fig. 2.46 The linear thermal expansion coefficient o of lead sulfide: Filled square PbS film [96],
Inverted open triangle bulk coarse-grained polycrystalline PbS [164], Filled circle bulk
coarse-grained polycrystalline PbS [165], Open circle experimental data of studies [167, 168]
for nanostructured PbS film. The dotted line shows calculated dependence
prcale (T,D) = opu(T) + A(T, D) of thermal expansion coefficient for PbS nanofilm. Reprinted

nano

from [168] with permission from Elsevier

nanofilms [167], as well as the literature data [164, 165] on the coefficient « for bulk
coarse-grained lead sulfide and the data [96] for the nanofilm are given in Fig. 2.46
for comparison.

The calculated dependence o3¢ (T, D) for a PbS nanofilm is slightly lower than
the experimental dependence oSP (T, D): in the examined temperature region, 300—
473 K, the difference in the coefficients o is (5-6) x 10° K™'. Apparently, this
difference is due to the approximations of the model [174], which is the basis of the
calculation [168, 169]. Besides, the experimental data [175] used for the estimation
of effective propagation velocities of elastic vibrations cl’l, cy L cy ! and for sub-
sequent calculation of the Aa (7, D) value, as well as the data [164] taken as ok
(T) of lead sulfide can be not quite accurate. In particular, the compression modulus
B calculated from the data [175] is half as much again the modulus B measured in
study [180]. Besides, the nonstoichiometric distribution of sulfur atoms S in the
nanofilm and the difference in the crystal structures (D03 type for the PbS nanofilm
and Bl type for the bulk coarse-grained PbS) can make a small, about a few
percents, additional contribution to the thermal expansion coefficient of the nano-
film. Therefore the calculated dependence of the thermal expansion coefficient of
PbS nanofilm agrees rather well with the experimental dependence aixb (7', D)
(Fig. 2.46).

The thermal expansion coefficient « of PbS film at 423 K estimated from data
[96] on lattice constant variation during cooling of the film from 423 to 293 K is
~40 x 10°° K™ ! and agrees well with the results obtained in studies [167, 168].
Estimation of o from data [96] obtained during cooling of the film from room
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temperature to 393 K yields a smaller value, ~28 x 107® K™'. This can be caused
by the circumstance that in work [96] the annealing duration of PbS film at 393 K
was insufficient for attaining the equilibrium value of the crystal lattice constant.
Indeed, the equilibrium values of the lattice constant and thermal expansion coef-
ficient (see Fig. 2.44) are achieved only after long-term 40 h exposure of films.

Since S, = A,zlazgn(ot/ kg, then with allowance for (2.49) the dependence
between the coefficient of anharmonicity of atomic vibrations and the particle size
can be expressed as

Y

2
Ajarg3k "
3vmB

(kiLsT + krSsT?)|. (2.56)

Bann(T, D) = buik () + 7

According to (2.56), reduction of the particle size that leads to the growth of
their surface area Sy, should be accompanied by an increase in the anharmonicity of
atomic vibrations.

According to [49, 95-97, 100, 123, 181], the lattice constant of lead sulfide
remains unchanged when its particle size decreases. If we assume that the coeffi-
cient A;, also remains constant when the particle size decreases, then the ratio of
anharmonicity coefficients of nanofilm and bulk PbS is S.ih-nano/Panh = %nano/%
hence fanhnano = (Gnano/®)Pann. At 293 K, the coefficient o of bulk PbS is
~21 x 107® K~! [160, 165], while the measured thermal expansion coefficient of
nanofilm is tyane = 36 x 107° K™'. Therefore fannnano = 1.7 fanh-

Thus, the linear thermal expansion coefficient « of a PbS nanofilm in the tem-
perature range of 293-443 K is approximately 1.5-2 times as high as the a of bulk
PbS. The observed difference between the coefficients « 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 increase in the vibration anharmonicity.

2.3.3 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; therefore, the thermal and oxidation
stabilities of the nanostate largely determine the application of nanostructured PbS
in this type of devices. However, nanoparticles and quantum dots are metastable
materials and are prone to recrystallization and oxidative degradation, which is
promoted by their large surface area. Therefore, extensive use of nanostructured
PbS requires the knowledge of 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 [123]. The annealing of
films in air demonstrated that upon temperature rise to 375 K, the intensity ratio of
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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 [123] to the fact that a phase transition from the
B1 structure to the high-temperature cubic B3 structure (space group F43m) takes
place in the PbS film at 375 K.

From the XRD patterns of the vacuum-annealed nanostructured PbS powders
and films, the particle size, lattice microstrain, and lattice constant of the powders
and films were determined as functions of temperature.

The vacuum annealing of PbS nanopowders at a temperature of up to 700 K
leads to minimization of microstrains and a slight growth of nanoparticles
(Fig. 2.47a); 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 collective recrystallization of PbS
nanopowder. The vacuum annealing 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. 2.47b). The
recrystallization in nanofilms starts at a lower temperature than the recrystallization
of nanopowders. This is a consequence of tighter contact of crystallites in nanofilms
compared with the particle contact in nanopowders.

According to [82, 185], collective recrystallization in nanocrystalline materials
starts, most often, at the temperatures Tie.; = (0.30-0.35)T e In other studies
[182, 183], the recrystallization temperature of PbS nanopowders and nanofilms

Fig. 2.47 Effect of the
vacuum annealing
temperature on the particle
(crystallite) size in 600 E 60
nanostructured PbS

a powders and b films [182,
183]. The temperature of the
onset of recrystallization is 200 -
marked by the dashed line
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D
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was found to be ~700 K, which is half the melting point of bulk PbS (1391 K).
Thus, PbS nanopowders and nanofilms have higher relative recrystallization tem-
perature Tiee = 0.5T e, 1.€, they differ from other nanomaterials by a higher
thermal stability of particle (crystallite) size.

Analysis of phase composition of the annealed PbS powders shows that
annealing at 930 K is accompanied by changes in phase composition: the formation
of metallic lead Pb in addition to PbS.

The oxidation of PbS nanopowders with atmospheric oxygen was studied on
samples with a particle size of 10-20 nm [183]. The XRD patterns of the initial PbS
nanopowder with a particle size of 15 nm and of the same powder after annealing at
a temperature from 473 to 623 K are presented in Fig. 2.48. The XRD pattern of
the initial PbS nanopowder shows only reflections from cubic lead sulfide. Small
increasing anneling temperature up to 423 K initiates the reaction between PbS and
0,, as is indicated by the appearance of strong diffraction reflections from
oxygen-containing phases on XRD patterns.

Annealing of PbS nanopowder at 473-523 K does not cause any narrowing of
the diffraction reflections (Fig. 2.48). Therefore, the lead sulfide particles retain
their small size in this temperature range. After annealing of the nanopowder at
T > 523 K, weakening of an intensity of all diffraction reflections from cubic lead

Fig. 2.48 XRD patterns of
the initial PbS nanopowder
with a particle size of 15 nm 623 K
and of the same nanopowder
after annealing in air at a
temperature from 423 to

623 K. Long and short ticks 573 K
indicate reflections from PbS
and PbSOy,, respectively =
[183]. The XRD patterns are = 523 K
recorded in CuKuo, , radiation :
s
k2]
% 473 K
O

26 (degrees)
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sulfide is observed (Fig. 2.48). It is a consequence of decreasing content of PbS
phase in annealed nanopowder.

Most of the nanopowders annealed in air at a temperature from 423 to 523 K
contain lead sulfite PbSO;. The absence of the PbSO, lead sulfate phase in the
oxidation products does not mean that this phase does not form at all. It is likely
that, under the given conditions, the PbSO, disappearance rate is higher than the
rate of formation of this phase and, accordingly, this phase does not accumulate in
the reaction products. As the temperature is raised to 573 K, the PbO-PbSO, phase
appears along with lead sulfate. When the temperature increases to 623 K,
PbO-PbSO, phase disappears and PbSO, lead sulfate starts to accumule.

Figure 2.49 presents the XRD patterns of the initial nanostructured PbS film
with particle size of 70 nm and of the same film after annealing in air at a tem-
perature from 473 to 773 K [183].

The XRD pattern of the initial PbS film shows only reflections from cubic lead
sulfide. Annealing of the film at 473-573 K leads to a narrowing of the diffraction

Fig. 2.49 XRD patterns of

the initial PbS film with thick
of ~100 nm and particle size
of 70-80 nm on a glass 773K MM
substrate and of the same film N——
annealed in air at a
temperature from 473 to 723 K M\/\W‘}/\A
773 K. Long and short ticks ™
indicate reflections from cubic
PbS and the oxide-sulfate 673 K
PbO-PbSO, phase, B
respectively [183]. The XRD g
patterns are recorded in o | 623K
CuKu, , radiation E SN
C
3 | 573K
[@ J NSRSV
523 K JL’J\\’\
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273 K
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reflections of cubic lead sulfide because of the growth of the PbS nanoparticles from
70 to 90 nm.

Annealing of the PbS film at 7 < 623 K does not change its phase composition;
that is, no oxidation takes place. The film annealed at 623 K is partially oxidized,
and its XRD pattern shows reflections from the surface oxide-sulfate PbO-PbSO,4
phase (Fig. 2.49). According to XRD data, the size of the PbS particles decreases
from 90 to 50 nm in the temperature range from 573 to 673 K because of their
surface oxidation. The formation of the loose PbO-PbSO, phase on the surface
increases the film thickness to 420 nm. As determined by XRD, the particle size of
the surface PbO'PbSO, phase is about 12 nm, and the particle size remains
invariable as the temperature is further raised up to 773 K [182].

According to XRD data, the content of the oxide-sulfate phase in the film
increases as the annealing temperature is increased, and no other oxidation products
appear in the film up to 773 K.

Thus, the nanostructured lead sulfide film is stable in air up to 573 K.

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
nanopowders than for the bulk coarse-grained sulfide, these processes being
facilitated by oxygen-containing impurities [183, 184]. A decrease in the particle
size is accompanied by a shift of the onset of oxidation to lower temperatures, while
the ox idation of bulk lead sulfide starts at about 800 K [7].

The sequence of transformations involved in the oxidation of lead sulfide is
illustrated in Fig. 2.50 in relation to PbS nanopowder with a particle size of 15 nm
[183].

The presence of a small amount (~ 10 wt%) of PbSO; lead sulfite in the initial
nanopowder is due to its formation at the PbS synthesis stage. As the temperature is
raised from 423 to 473 K, the amount of PbSOj; 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
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Fig. 2.50 Content of the PbS phase in a PbS nanopowder with a particle size of 15 nm as a
function of annealing temperature in air [183]. A minor amount of PbSO; is present in the
synthesized nanopowder as an impurity. The vertical dashed lines mark the conventional
temperatures of transitions from one phase to the other
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this oxide as the final product proceed at higher temperature > 700 K. The tem-
perature 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 study [123]. Annealing at
T > 623 K leads to partial film oxidation to give the PbO PbSO, 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 nanopowders [183].

The results obtained by Mikhlin et al. [186] are useful for the understanding of
the oxidation pattern of nanostructured PbS. According to [186] s, the surface of a
single-crystalline sulfide is oxidized in air only an increased relative humidity
reaching ~90%. The oxidation products form ~20-nm protrusions on the PbS
surface. Water condensed on the protrusions promote the oxidation of PbS. Over a
period of three to five days, the protrusions uniformly cover the surface and them
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 Thly et al. [187], keeping PbS quantum dots in air is accompanied
by a blue 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 accomplished by dipping the substrate into a colloid
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 amor-
phous Al,Oj layer [187]. A 18-nm thick Al,O3 layer completely prevents the
oxidation of PbS nanofilms and prevents the growth of nanoparticles in the films.

Fig. 2.51 Photograph of
flexible photodetector made
of PbS quantum dots on a
paper substrate [192]
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2.4 Applications of Nanostructured Lead Sulfide

Traditional applications of lead sulfide, in particular nanostructured one, in devices
such as broad-band photodetectors, high-efficiency solar cells, thermoelectric
transducers, optical switches, fire alarm sensors and photovoltaic, photonic and
optoelectronic cells are known and have been repeatedly described [188—196]. The
application of nanostructured lead sulfide is exemplified in Fig. 2.51, which shows
a photograph of a flexible photodetector based on paper covered by a layer of PbS
quantum dots [192]. Nanostructured 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, CO,, SO,, N,, NO and especially NO, and NH; [197-201],
for monitoring of heavy metals, including lead, in aqueous media [202, 203].
Polymeric matrices with PbS nanoparticles are used for protection from y-radiation
[204, 205].

As a result of active integration of the achievements of chemistry, biology and
medicine, a background for biomedical applications and development of more
perfect tools for medical diagnosis and therapy [206] 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 [58]. Of interest is the drug
delivery to injured organs and tumour cells, which is a prerequisite for more suc-
cessful therapy. For this purpose, it is especially promising to use core-shell sulfide
heteronanostructures [207].

Enhancement of the luminescence intensity of the hybrid sulfide heteronanos-
tructures 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 [207-210]. Furthermore,
the design of hybrid nanomaterials involving lead sulfide promotes elaboration of
new analytical methods for the detection and identification of impurities, precon-
centration and separation of compounds and visualization of biological action [211-
213]. For example, in recent years, many reports have appeared about the suc-
cessful synthesis and application in vivo of multifuctional hybrid nanostructures for
the targeted drug delivery to damaged cells. Apart from other compounds, lead,
cadmium and zinc sulfides are used in these structures as luminescent markers.

Lead sulfide nanoparticles embedded in multi-walled carbon nanotubes have
been proposed as highly sensitive genomic sensors for the detection of pathogenic
bacteria [214].

In parallel with the studies devoted to biomedical applications of PbS
nanoparticles, the toxicity of nanostructured lead sulfide was studied [215, 216]; the
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results confirmed the applicability of these particles in living organisms provided
that the PbS particles are coated by protective biologically harmless shells.

Controllable self-assembly of star-shaped PbS nanocrystals into large-scale
ordered close-packed arrays was demonstrated in study [217]. The obtained arrays
of star-shaped PbS nanocrystals can be used as anisotropic nanostructured materials
for photoelectronic and photonic nanodevices.

The key principles and approaches developed for the synthesis and investiga-
tions of various forms of nanostructured lead sulfide are used in relation to other
nanocrystalline compounds ranging from sulfides to oxides and carbides. For
example, the effect of the small particle size on the thermal expansion and
non-stoichiometry of nanocrystalline Ag,S has been considered in studies [218—
220] using an approach proposed previously [168, 169] for nanostructured PbS.
Modification of optical and electronic properties of indium and gallium oxide
nanofilms has been considered by Chen et al. [221], who took into account data of a
study of PbS films [100].

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.

The conversion and storage of clean and sustainable energy are major challenges
that we are facing today under the background of the energy crisis. As the per-
formance of energy conversion and storage devices depend significantly upon the
advancement of their materials, many new energy materials including nanostruc-
tured PbS have been developed to meet these challenges. Based on its unique
physical and chemical properties, nanostructured lead sulfide and modified lead
sulfide nanomaterials promise many advanced applications in the development of
technologies of conversion and storage of energy. Moreover, lead sulfide nano-
materials possess such advantage as low cost, which is of great importance for their
practical applications.
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