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Abstract Thin films of polycrystalline lead sulfide (PbS)
have been deposited on glass substrates by chemical bath
deposition at 20 £+ 1°C in alkaline solutions. Aqueous
solutions of lead nitrate (Pb(NO3),), potassium hydrox-
ide (NaOH), thiourea (CS(NH;);) and sodium thiosulfate
(NazS>03) were used together for the first time to obtain
thin films of PbS. The chemical kinetics was investigated
according to the amounts of Pb>* concentrations measured
by atomic absorption spectroscopy during the precipitation
of PbS. It was found that sodium thiosulfate had an inhibitor
effect for alkaline solutions. The structures of the films were
characterized by X-ray diffractometer and showed that all
the films had a galena-type cubic structure. The morpho-
logical characteristics of the PbS thin films were studied by
scanning electron microscope and revealed that when the
NaS>03 compound was used, the shape of the nanoparti-
cles changed from the polymorphic form to the pyramidal
form and pinhole-free PbS thin films could be produced.

Keywords Chemical bath deposition - Lead sulfide -
Inhibitor - Thin film

1 Introduction

In the last few years, nanocrystalline thin films have been
investigated due to their various applications [1]. One of
these thin films is lead sulfide which is an important narrow-
band IV-VI compound semiconductor material [2]. Due to its
unique properties, it is mostly utilized as an infrared sensor
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and for mid-infrared lasers [3]. In addition to these devices,
PbS is widely used for solar absorbers, optical switches,
heavy metal concentration monitoring, electrochemical sen-
sors for hydrogen sulfide (H,S), semiconductor active layers
in common-gated thin film transistors [4] and decorative
coatings [5].

The electrical and optical characteristics of grain bound-
ary regions are altered by exposure to impurities, diffusion
and field effects. Stoichiometric excess of lead in PbS (bulk)
imparts n-type character, whereas deficient lead makes it p-
type [6]. PbS has small direct optical band gap energy of
0.41eV for bulk at room temperature [7] and relatively large
bulk exciton Bohr radius (18 nm) [4]. PbS forms in galena
structure which is a lead sulfide mineral with a chemical
composition of PbS [8].

There are several methods to deposit PbS thin films.
Some of the methods require high temperature such as spray
pyrolysis (SP), chemical vapor deposition (CVD) and ther-
mal evaporation (TE). On the other hand, hydrothermal,
solvothermal and chemical bath deposition (CBD) gener-
ally require lower temperatures and allow synthesizing of
PbS thin films of a good quality [9]. Among these meth-
ods, the CBD has many advantages such as being a low-cost
method and easy to handle, and allowing large area deposi-
tion of highly homogeneous films [10]. In the CBD method,
successive absorption and reaction take place on the sur-
face of substrate in aqueous solution containing Pb>t and
2= [11]. If aqueous solution of lead nitrate, thiourea and
sodium hydroxide is used, the reaction process for forming
PbS films is considered as follows [12].

Pb (NO3), + NaOH — Pb (OH), + 2NaNO; (1

Pb (OH), + 4NaOH — NasPb (OH); 2)
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Table 1 The summary of the deposition conditions and final concentrations of chemical compounds

Experiments Pb(NO3)> (M) NaOH (M) NaS,03 (M) CS(NH,)> (M) Temperature (°C) Deposition time (min)
Runl 0.0089 0.146 0 0.051 20+ 1 50
Run2 0.0089 0.146 0.0034 0.051 20+ 1 90
Run3 0.0089 0.146 0.0068 0.051 20+ 1 125
Run4 0.0089 0.146 0.0102 0.051 20+ 1 160
Run5 0.0089 0.146 0.0136 0.051 20+ 1 230

NasPb(OH)6 — 4Na™ + HPbO; + 30H + H,0 (3)  obtained by using only Pb(NOs),, CS(NH,), and NaOH.

When low magnification of surface image of this film was

_ _ analyzed, it was observed that there were many pinholes

CS(NHp)2 + OH™ — CH;N; + H0 + SH @) and voids. When Na,S,03 was incorporated into final solu-

tions, very interesting results were observed at high- and

HPbO; + OH™ — PbS(sonia) + 20H™ 5) low-magnification surface images, for example the shape of

There are many studies on chemically deposited PbS thin
films carried by using sodium thiosulfate [13—15], but all of
the depositions of PbS in the mentioned studies were car-
ried out in acidic bath since sodium thiosulfate decomposes
only in acidic medium [16]. However, there is no study in
the literature on CBD of PbS carried by using Pb(NO3),,
CS(NH>)», NaOH and Na;S,03 together. It was concluded
in one study [17] that reaction rate prevented pinhole for-
mation of PbS thin films but film morphology and pinhole
formation were investigated at relatively high magnification
(10,000 x) of surface images. In recent studies [6,7,10,17],
it was reported that pinhole-free and void-free PbS thin films
could be obtained by CBD but high-magnification (10,000-
20,000 x ) surface images were investigated in the mentioned
studies. However, pinholes and voids may not be observed
on high magnification of surface images but they may be
observed on relatively low-magnification surface images. In
the literature, relatively low-magnification surface images
of PbS films were not investigated. However, poor growth
regions, pinholes and voids allow shunt path in the bilayer
and multilayer film devices [18].

In this work, Pb(NO3),, CS(NH;)», NaOH and Na;S,03
aqueous solutions were used together for deposition of PbS
by CBD for the first time. It was found that NayS,0O3 had an
inhibitor effect for this bath condition. The reaction kinet-
ics was investigated according to Pb>* concentrations in
the final solutions during the depositions. It was determined
that reaction rate had a great effect on crystallization and
film morphology. The structures of the films were studied
by using X-ray diffractometer (XRD) patterns. When the
observed reaction rate constant was decreased from 62 up
to 23 L1 min~! mol~1-¢7, the peak intensities increased
directly proportional. The film morphologies were investi-
gated at both high (30,000 ) and low magnification (100x)
of SEM images. Pinholes and voids were not observed on
high magnification of surface image of the PbS thin film
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crystal particles shifted from the polymorphic form to pyra-
midal form and pinholes and voids were not observed on
surface images.

2 Experimental Details

The PbS thin films have been deposited on glass substrates
by CBD. Before the deposition, both deposition bath and the
glass substrates were rinsed with 10% (w/w) hydrochloric
acid and deionized water, respectively. Thereafter, the depo-
sition bath and the glass substrates were left to dry at room
temperature.

Experiments were grouped into five groups named as
runl, run2, run3, run4 and run5. In a previous detailed
study [19], in order to obtain compact and dense PbS film, the
Pb(NO3),, NaOH and CS(NH;),were used as 0.0089, 0.146
and 0.051 M in final solution, respectively. Therefore, these
concentrations were chosen in all experiments in the presence
of different Na;S,Osconcentrations. The deposition condi-
tions are summarized in Table 1. In the experiments, the
chemical aqueous solutions of Pb(NO3)2 NaOH, Na»S,03
and CS(NH;3), were added to the deposition bath in order.
All the experiments were carried out at a constant tempera-
ture of 20 &= 1°C. The depositions were completed in various
deposition times according to the Pb>* concentration which
is given in Table 1.

The thicknesses of PbS thin films were found to be approx-
imately 700 nm by applying the gravimetric method.

pHs of the final solutions were measured by HANNA HI
83141 pH meter. Pb?>* concentrations in final solutions have
been measured by a GBC 933AA atomic absorption spec-
troscopy (AAS) during the depositions. The structures of the
films were studied by a PANalytical Empyrean XRD. Dif-
fraction patterns of the films were recorded as a function of
26 angle. Morphologic characterizations of the films were
performed without coated by a Zeiss supra 40VP SEM.
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3 Results and Discussion
3.1 The Reaction Kinetics

Figure 1 shows the time dependence of Pb>+ concentrations
as measured by AAS during the depositions at different con-
centrations of sodium thiosulfate. After some time, the Pb>+
concentrations decreased sharply indicating that the reaction
of Pb>t + S2~ is an autocatalytic reaction. This situation
indicates that the reaction of Pb>t + S2~ is an autocat-
alytic reaction. Besides, it is seen from the Fig. 1. that when
the Na;S,03 was used in the depositions, the decrease in
Pb*t concentrations slowed down. Thus, it can be said that
NajS;03 has an inhibitor effect in CBD of PbS for alkaline
solution. It was reported that using an inhibitor in CBD of
PbS increased the film quality [17].

It was seen in Table 1 that Pb>* ion is the limiting reactant
to obtain PbS. The chemical reaction of Pb>* + S~ without
an inhibitor is stated as follows:

A+BYR 6)

where A is the Pb>*, B is the S°~, R is the solid PbS, and
k1 is the reaction rate constant. It was reported from Ref. [3]
that the formed PbS particles in final solution accelerated the
precipitation of PbS. Therefore the reaction between Pb>+
and S2~ was an autocatalytic reaction. Under this condition,
the rate expression is written as [20].

dc
(——A) = k1 CRCeCh 7)

where Cr = C 4o — Cj4 is the concentration of PbS particles.
It was reported that the values of reaction order r, a and b
were 2/3, 1 and 1, respectively [20].
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Fig. 1 Pb?" concentrations, measured by atomic absorption spec-
troscopy, versus time
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Fig. 2 Z(«, 1) versus time, the slopes calculated from left side of Eq. 12
divided ¢

When an inhibitor is used in the deposition, the reaction
mechanism is written as seen in Eq. 8 [17].

k
A+B+C3R+C (8)

where C is the inhibitor. Thus the rate expression in the pres-
ence of an inhibitor can be written as seen in Eq. 9.

dc .
(_d_tA) = ke CECH P CaC ©
2

where C¢ is the concentration of the inhibitor, and ¢ is
the reaction order. In this study, Cc¢ is the concentration
of NayS,03 and its value is constant because thiosulphate
decomposes only at pH < 4.0 [16]. In this work, pHs of the
final solutions were measured to be about 12.2. In this case,
areaction is both autocatalytic and includes an inhibitor, and
the total rate expression is written as:

dCc
(———ﬁ) = kobsCy>CaCp (10)
dr total

where kqps 1s the observed reaction rate constant and it is
equal to k| + ko C(.. The integrated form of Eq. 10 has been
given by Ref. [20] in Eq.11.

1 (1=-(-w'P)
n—

Z(a,t) = 51 "
LB -a-0'7)
TR B—(l-w)
_ 173
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Table 2 The values of observed

Experiment

. Runl Run2 Run3 Run4 Run5
reaction rate constant at
different sodium thiosulfate Ce (molL~1) 0 0.0034 0.0068 0.0102 0.0136
concentrations 6 67
kobs. (L' min~" mol~1-67) 62.05 31.55 2291 16.76 11.81
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Fig. 3 Comparison of the kinetics model with experimental data for Na;S,O3 with different concentrations: a 0, b 0.0034M, ¢ 0.0068 M, d

0.0102M and e 0.0136 M
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Fig. 4 The XRD patterns of the PbS thin films deposited at various

NayS;03 concentration of a 0M, b 0.0034 M, ¢ 0.0068 M, d 0.0102M
and e 0.0136 M

2(1—a)'? + g173
B33

1 5/3
——arctg§=CA0 (1=PB)kobs.t  (11)

where « = C4/Cyo and B = Cpo/C40- A graphic repre-
sentation of Eq. 11 in the coordinates Z («, t) vs. tis a straight
line which is shown in Fig. 2. The slopes of this straight lines
are equal to the Ci{f (1 = B) kobs., where the values of C 49
and B are constant. Thus kops, can be obtained easily.

The values of the observed reaction rate constants are

given in Table 2. When the concentration of sodium thiosul-

fate is zero, the kops. is equal to the k1. In this study, the value
of k1 was calculated as 62.5 L'¢7 min—! mol =17 In a previ-
ous study, k1 was calculated as 60.5 L167 min~!mol—1-67 [17].

The values of k, and reaction order ¢ were calcu-
lated as —236 L% min~'mol~17 and 0.36, respectively.
In a previous study, in which sodium sulfite was used as
an inhibitor, the values of k» and ¢ were calculated as
—92.5L"% min~! mol~!-%7 and 0.1, respectively [17]. These
results show that sodium thiosulfate is a weaker inhibitor than
sodium sulfate for CBD of PbS.

The measured Pb?>* concentrations by AAS and theoret-
ical Pb%* concentrations, which are calculated from the left
side of the Eq. 11, are shown in Fig. 3.

The theoretical and the measured results are nearly same.
These results are acceptable.

3.2 Structural Properties of PbS Thin Films

The XRD patterns of the PbS thin films are shown in Fig. 4.
All XRD patterns show three intense peaks at around 26 =
26.00°, 30.00° and 43.06°. All of these peaks were related to
the galena-type cubic structure of PbS which matched well
with the ASTM card no (98-060-0243).

The preferred crystallographic orientations of all films are
(002). It is also seen from the XRD patterns that the ratio of
intensities of the (002) peak to the (111) peak of the films
obtained in runl to run5 is 1.52, 3.04, 3.26, 1.66 and 1.39,
respectively. When the concentration of the Na;S,0Os3in the
final solution was gradually increased up to 0.0068 M, then
the intensities of (002) peak of the obtained films gradually
increased. On the other hand, when the concentration of the
Na;S,03in the final solution was more than 0.0068 M, the
intensities of (002) peak of the films decreased.

The crystallite sizes of the PbS thin films were calculated
by applying Scherrer formula;

KA
cs =
Bcos6

12)

where cs is the crystallite size, K is the constant, A is the
wavelength of X-ray radiation (1.54 A), B is the full width at
the half maximum peak height, and 6 is the Bragg’s angle [7,
11,17,21-31]. The calculated crystallite sizes of the PbS thin
films are given in Table 3. The average crystallite size of the

Table 3 The calculated

crystallite sizes of the obtained Experiments cs (nm) (111) ¢s (nm) (002) ¢s (nm) (022) cs (nm) (113) Average cs (nm)
PDS thin films Runl 83.0 83.6 68.9 51.0 71.6

Run2 65.9 83.6 86.7 51.0 71.8

Run3 83.0 83.6 86.7 51.0 76.1

Run4 65.9 83.6 86.7 124.4 90.2

Run5 82.9 66.4 68.9 124.3 85.6

@ Springer
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Fig. 5 Relatively low-magnification (x 100) SEM images of a typical top-view of the surface of the PbS thin films obtained in various Na;S,03
concentration of a 0M, b 0.0034 M, ¢ 0.0068 M, d 0.0102M and e 0.0136 M

thin films obtained in run4 and run5 is higher about 20nm
than that of the other films.

The lattice parameter ‘a’ was calculated as to be 5.9454 A
which is nearly matched with the reported value of 5.9315 A.

3.3 Surface Morphology of PbS Thin Films

The surface morphology and particle (grain) sizes of the PbS
thin films were determined from the SEM images. The accel-
erating voltage was varied between 10—15kV for the all SEM

images. Figure 5 shows the relatively low-magnification
(100x) SEM images of a typical top-view of the surface
of the films. It is seen from the Fig. 5a which is the surface
image of the film obtained in the absence of the Na;S, O3 that
there are plenty of pinholes, voids and spots. The surfaces of
the other films are very smooth and pinhole free as shown in
Fig. 5b—e.

These results are very important since in the latest
studies [32-35], various chemicals such as lead acetate
(Pb(CH3C0OO0);-3H,0), ammonia (NH3), tricthanolamine
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Fig. 6 Relatively high-magnification (x30,000) SEM images of a typical top-view of the surface of the PbS thin films obtained at various NayS,03
concentration of a 0M, b 0.0034 M, ¢ 0.0068 M, d 0.0102M and e 0.0136 M

(N(CH2CH;0H)3), thiourea, sodium hydroxide, ethylenedi-
amine (Co,H4(NH3)2), diethanolamine (HN(CH,;CH,>OH),)
and hexamine (CqH2N4) were used for deposition of com-
pact PbS but in these mentioned studies, low-magnification
surface images were not obtained and investigated. The rela-
tively higher-magnification (30,000 x) surface images of the
PbS thin films are shown in Fig. 6. The particles of the film
which were obtained in the absence of Na;S,03 formed in

polymorphic shape as shown in Fig. 6a and its particle sizes
vary between 180 and 590 nm.

When the Na;S,O3was included in the final solutions, the
particles changed in shape from the polymorphic form to the
pyramidal, which is shown in Fig. 6b—e. The surfaces of the
films obtained in run 2 and 3 shown in Fig. 6b, c, respec-
tively, are very uniform and their particle sizes are roughly
215nm.

@ Springer
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4 Conclusions

In this study, PbS thin films have been deposited on glass
substrates by the CBD. In the traditional method, aqueous
solutions of lead nitrate, sodium hydroxide and thiourea are
used together for deposition of PbS films [7,12,36,37]. How-
ever in this work, sodium thiosulfate was incorporated into
these compounds. It was found out from the Pb>* concentra-
tions measurements obtained by AAS that sodium thiosulfate
had an inhibitor effect. Thus, chemical kinetics was investi-
gated and the reaction rate constants k1,k» and reaction order
¢ were calculated as to be 62.5, —236 L% min—! mol—1-67
and 0.36, respectively. The measured Pb>* concentrations
were compared with the theoretical ones, and the experi-
mental error ratio was calculated as to be average 10 % for all
experiments. Structural analyses were investigated by means
of XRD patterns. Using a certain amount of sodium thiosul-
fate increased peak intensities and crystallization according
to the XRD patterns. Surface morphologies of the films were
analyzed by using SEM images. When surface image of the
film obtained by traditional method magnified 30,000 times,
pinholes and voids were not observed. But it magnified only
100 times and then pinholes and voids appeared. This result
shows that pinhole and void formation should be researched
both relatively low- and high-magnification surface images.
However, pinholes and voids formation were completely pre-
vented by using sodium thiosulfate and compact thin films of
PbS could be produced. Besides, sodium thiosulfate turned
polymorphic particles to the pyramidal form.
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