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Abstract—The growth mechanism of PbSe,S; _ , films has been studied upon chemical deposition from
aqueous solutions using scanning probe microscopy. A comparative morphological analysis of layers depos-
ited at the initial growth stages and the use of fractal formalism shows that the formation of films of PbS,
PbSe, and PbSe S, _,, substitutional solid solutions involves cluster—cluster aggregation with self-organiza-

tion elements.
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Progress in the field of micro- and nanoelectronics
is due to the creation of novel semiconductor materials
and the development of methods for controlling their
functional properties. One very promising method for
manufacturing chalcogenide material films is hydro-
chemical deposition thanks to its high economy, tech-
nological simplicity, productivity, and flexibility in the
context of controlling the composition and properties
of deposited layers. Furthermore, this method, which
represents soft chemistry, allows synthesizing com-
pounds of complex composition, in particular, substi-
tutional solid solutions [1].

Substitutional solid solutions in the PbS—PbSe sys-
tem are of most applied importance. PbSe,S, _, (0 <
y < 1) solid solution films are useful as materials for
detectors and photoreceiver devices having a spectral
sensitivity range (0.4—4.5 pm), semiconductor lasers
of the infrared range, and chemical sensors [2—4].
However, most publications concerning the hydro-
chemical deposition of metal chalcogenide films pri-
mary deal with electrophysical properties. Proper
attention has not been paid to film nucleation and
growth mechanisms, which meanwhile have a very
important effect on the composition, structure, and
functional properties of the resulting materials, in par-
ticular in the PbSe,S, _ , system.

Currently, researchers consider the formation of
films and their growth upon hydrochemical deposition
of metal sulfides and selenides by thio- and selenoam-
ides mainly in the frames of the following two mecha-
nisms: an ion—molecule mechanism and an adsorp-
tion-aggregation mechanism [5—7]. The opposition of
these mechanisms is likely due to the great diversity of
factors that influence hydrochemical deposition. In
our opinion, an operation of either of the two mecha-
nisms cannot be ruled out in film nucleation and
growth, and the only what can be told about is the
dominant role of either under some settings.

The existing classical theories of crystal formation
developed by Kossel [8], Stranski [9], Frank [10], and
Volmer [11], which study the process under near-equi-
librium conditions, virtually ignore the role and com-
position of the medium and do not explain a consider-
able divergence of experimental data on phase forma-
tion in reaction mixtures. Operating with discrete
atoms and molecules in considering crystal growth
mechanisms is valid in models for initial stages that
involve weak interactions and occur under low super-
saturations as regards the newly forming phase.
Heavily nonequilibrium conditions that appear in
reaction systems during the hydrochemical synthesis
of metal chalcogenide films and their base solid solu-
tions cannot rule out coming into play of other growth
mechanisms. It is important to recognize that the film
growth process is to be classified as a volume phenom-
enon, rather than a surface one, because of an active
participation of the bulk of the reaction mixture. It had
been established [12, 13] that the formation of a metal
chalcogenide phase in the solution bulk during hydro-
chemical synthesis is accompanied by the accumula-
tion of their colloidal fraction in the bath. Proceeding
from the physicochemical contents of the process, one
may assume that they would also play an active role in
further film formation.

A considerable promise in disclosing the formation
mechanism of a new phase under settings far from
thermodynamic equilibrium have recently been
opened due to the use of fractal formalism [14]. Frac-
tal formalism has been used to consider films forma-
tion for metal sulfides and their base solid solutions
during hydrochemical deposition [15, 16]. In terms of
fractal formalism, we may suggest that the key role in
the hydrochemical deposition of films belongs to pri-
mary structural units that are formed in the system,
namely fractal clusters which can be structured and
compacted colloidal solution species. These species
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constitute the base for the newly forming phase. In this
context, nanosized colloidal particles should be
regarded as the major primary unit in the hydrochem-
ical synthesis of metal sulfides and selenides. Their
aggregation and reorganization give rise to a branched
structure that fully corresponds with the principles of
fractality. We will also take into account that colloidal
particles themselves correspond with all properties of
fractal elements.

Here we study the formation mechanism of
PbSe S, _, (0<y<1) films during hydrochemical dep-
osition by means of a comparative morphological
analysis of layers deposited at the initial growth stages
and in terms of fractal formalism.

EXPERIMENTAL

The subjects of our study were thin films of lead sul-
fide, lead selenide, and their substitutional solid solu-
tions PbSe,S, _ . The hydrochemical deposition was
carried out at 353 K for 90 min from a citrate—ammo-
niate system that comprised a lead salt, sodium citrate,
ammonium hydroxide, ammonium iodide, sodium
sulfide, and thio- and selenocarbamides. When initial
film growth stages were studied, the deposition time
was varied from 10 to 600 s. The substrates used in film
deposition were ST-150-1 pyroceram platelets with
sizes of 30 x 24 mm. The substrate surface was
degreased with a hot (323—343 K) chromate solution
and slightly etched with dilute (1 : 20) hydrofluoric
acid. Then the substrates were placed into a reaction
mixture contained in a molybdenum glass reactor. The
reactor was mounted inside a LOIP L'T-112a thermo-
stat where the temperature maintenance accuracy was
+0.1 K. A strictly definite order of combining the
reagents was provided in all experiments.

Film surfaces were studied with a FemtoScan scan-
ning probe microscope (Advanced Technologies Cen-
ter, Moscow State University, Moscow) in the reso-
nance atomic-force microscopy mode. Silicon canti-
levers fpN11 with a curvature radius of the probe tip of
less than 25 nm and a resonance frequency of 152 kHz
were used in surface scans.

RESULTS AND DISCUSSION

The composition, structure, and morphology of
deposited PbSe,S, _ , films are considered elsewhere
[17]. As a result of X-ray analysis, we discovered that
the deposited layers consist of two phases, i.e., contain
simultaneously PbSe,S, _, (0 <y <0.9) solid solutions
based on both PbS and PbSe. The lead selenide con-
tent of the PbSe S, _, solid solution was an extreme
function of the chalcogenizer concentration in the
reaction mixture. In addition, an increase in seleno-
carbamide concentration in the reaction mixture, with
thiocarbamide content therein being constant,
resulted in a change in the phase ratio in the films: the
PbS-based solution decreased in concentration,
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whereas the PbSe solid solution increased in concen-
tration.

As the selenocarbamide concentration in the reac-
tion mixture increased, the deposited layers experi-
enced a considerable morphological alteration, in par-
ticular, a reduction in surface roughness and mean
grain size. To exemplify, Fig. 1 show 2 x 2 um surface
scans of a PbS film (Fig. 1a), a PbSe film (Fig. 1c), and
a codeposited film containing PbSe ;S o5 solid solution
(75 wt %) and PbSe¢sS, 5 solid solution (25 wt %)
(Fig. 1b). The deposition time was 90 min. The frac-
tal-cluster architecture of the layers is distinct, imply-
ing the aggregation mechanism of their formation.

In order to study the film growth mechanism upon
hydrochemical deposition, comparative studies of sur-
faces of PbS, PbSe, and PbSe,S, _, substitutional solid
solution layers deposited at the initial synthesis stage
were carried out using a scanning probe microscope.
Figure 2 shows the surface morphology evolution of a
film in the PbS—PbSe system deposited from the cit-
rate—ammoniate system within a period from 10 to
120 s.

One can easily see that, in 10 s from the onset of the
process, a layer of uniform spherical particles 100—200 nm
in size is formed on the surface of a pyroceram sub-
strate; by the 20th second, these particles are joined
together to form aggregates of 300—400 nm in size. In
the scan that demonstrates the formation of a PbS—
PbSe film by the 45th second of the process, some
grains experience a considerable shape distortion.
These grains acquire extended shapes reaching 350—
600 nm in length. Simultaneously, globules with diam-
eters of about 50—70 nm are observed in the plane of
the substrate.

As estimated by the 60th second, spherical aggre-
gates in the film increase to 60—240 nm. An apprecia-
ble surface leveling of the layer (the appearance of
continuity) is noticed for a film that has been formed
by the 90th second of the synthesis. The surface of this
film is formed by grains tightly adhering to one
another and having sizes of 50—100 nm. In 120 s of
hydrochemical synthesis, particles 35—90 nm inclined
to faceting and larger aggregative entities of up to 300—
500 nm may be recognized on the surface.

In terms of the fractal-cluster approach to metal
sulfide and selenide film formation, the fractal dimen-
sion D is known to be an important tool to characterize
the layer growth mechanism in hydrochemical deposi-
tion [1]. This parameter characterizes the degree of
substrate surface coverage by the film material. In
order to determine the fractal dimensions of films, we
carried out computer processing of micrographs of
PbS, PbSe, and PbSe,S, _, substitutional solid solu-
tion layers during the active growth period using Frac-
talyse-2.4 software. The fractal dimension calcula-
tions comprised the division of the field of a macro-
graph into cells with a side a having various sizes and
counting their number occupied with clusters N. The
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Fig. 1. AFM surface images of (a) a PbS film, (c) a PbSe film, and (b) a film containing PbSe (7S 93 solid solution (75 wt %)
and PbSe 55 ;5 solid solution (25 wt %). Deposition time: 90 min. Scan size: 2 x 2 pm.
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Fig. 2. AFM surface images of PbSe, S| _, solid solution films synthesized with the synthesis time, in seconds, of (a) 10, (b) 20,
(c) 45, (d) 60, (e) 90, and (f) 120. Substrate: pyroceram. Scan size: 2 x 2 pm.

value of D was found as the slope of the log N versus a codeposited PbS—PbSe layer (deposition time: 60 s).
loga plot [18]. The resulting fractal dimension values, which are

To exemplify, Fig. 3 shows the graphical determi- found in the table, are less than two for all of the afore-
nation of fractal dimensions for a PbS film (deposition ~mentioned films and fall within the range D = 1.76—
time: 5 min), a PbSe film (deposition time: 45 s), and  1.78. These values for film formation, according to
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Fig. 3. 2 x 2 pum AFM images of (a) a PbS film synthesized in 5 min, (c) a PbSe film synthesized in 45 s, and (b) a PbSe,S; _,,
solid solution film synthesized in 60 s, and determination of their fractal dimensions.

[14], correspond to the cluster—cluster (CCA) aggre-
gation mechanism with Brownian motion with a stick-
ing probability close to unity. This model suggests a
scaled hierarchy of film formation: rather small fractal
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clusters are formed at the first stage to be joined into
larger aggregates at subsequent stages.

Some oscillations in fractal dimension can be
noted depending on the synthesis time, which consist

No. 7 2013



838

Fractal dimension of films, D

PbS PbSe,S; _, PbSe
s.ynthes@s D sypthesis D sypthesis
time, min time, s time, s
1 1.83 10 1.84 10 1.88
2 1.76 20 1.78 15 1.67
3 1.62 30 1.64 20 1.72
5 1.75 45 1.82 30 1.80
7.5 1.78 60 1.77 45 1.83
10 1.80 90 1.85 60 1.69
120 1.73
Average 1.76 1.78 1.77

in an alternation of periods of some increase and some
decrease. This can be associated with the operation of
other film growth mechanisms, in particular, aggrega-
tion by the cluster—particle aggregation (diffusion
limited aggregation (DLA)) mechanism, or with a
reduction in the particle sticking probability upon
mutual touching (reaction-limited cluster aggregation
(RLCA) model). The results are convincing in that
aggregation is the dominant film formation mecha-
nism during hydrochemical deposition.

In light of the above results and those from [1, 15,
16], we may infer that following film growth mecha-
nism is involved in the hydrochemical deposition of
lead sulfide and lead selenide. Primary clusters that
have been formed in the bulk of the reaction mixture
are anchored to the non-uniform substrate surface to
progressively cover the entire surface. Then, these
clusters are enlarged due to joining together of
adsorbed particles and attachment of new cluster spe-
cies from solution. As a result, the substrate surface is
entirely covered with cluster species of higher scaled
hierarchy. In this way a continuous layer is formed for
microparticles from solution to be deposited over it.
The process has a well-defined periodical self-organi-
zation character.
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