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Effect of Na.SQOs inhibitor on the structural and morphological properties of
PbSe thin films prepared by chemical bath deposition
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This study investigates the effects of using inhibitors during the deposition of PbSe films by Chemical Bath Deposition method.
No prior research has addressed the role of inhibitors in the chemical bath deposition of PbSe films. In this study, the effect
of the inhibitor on PbSe films was investigated for the first time. Structural characterization was performed using the data
derived from XRD analysis. Analyses showed that inhibitor addition significantly reduced the sizes of crystallites in deposited
films, with sizes varying between 45.44 nm and 33.94 nm. The four-probe method was employed to measure the surface
resistivity of the films, and it was observed that the resistance increased by up to 30-fold depending on the presence of the
inhibitor. SEM and EDX measurements were employed to investigate the surface morphology and chemical composition of
the films, respectively. While the use of inhibitors was found to influence the grain structure, EDX analysis indicated that
the films were selenium-rich in terms of atomic percentage. Images of the films demonstrated that PbSe adhered uniformly
and compactly to the surfaces of the glass substrates.
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Introduction (RF) magnetron sputtering, photochemical approaches,
molecular beam epitaxy, and pulsed laser deposition [8,
Nanocrystalline semiconductors have attracted con- 9]. These methods used to produce PbSe offer various
siderable attention for technological applications owing advantages, including cost, applicability to large surfaces,
to their remarkable chemical and physical properties [1]. crystallinity, and improved film quality, enabling its
Although significant progress has been achieved in use in electronic and optoelectronic applications [9-11].
thin-film synthesis, the development of cost-effective, Among existing deposition techniques, CBD is preferred
scalable, and high-efficiency deposition techniques due to its advantages, such as the ability to produce
continues to represent a major challenge in materials homogeneous films at low temperatures, at low costs,
science [2]. Various metal-chalcogenide semiconductors, and in a scalable manner, and the ability to improve the
including cadmium sulfide (CdS), lead sulfide (PbS), crystallographic quality of the films [12-14].
cadmium telluride (CdTe), cadmium selenide (CdSe), PbSe has a direct optical band gap of approximately
indium arsenide (InAs), antimony trisulfide (Sb2S), and 0.27 eV at room temperature. Because it exhibits
lead selenide (PbSe), have been extensively employed in strong quantum size effects, the energy band gap of its
the synthesis of thin films for solar cell applications [3]. nanocrystals can be tuned to different values between
Consequently, metal-chalcogenide semiconductors have 0.27 eV and 4.5 eV [15]. Lead chalcogenides crystallize
numerous applications in electronics, optoelectronics, in a face-centered cubic (fcc) structure with the space
and thermoelectrics, including infrared (IR) light emitters group Fm3m, which is analogous to the crystal structure
and lasers, as well as mid-IR detectors [4-6]. By focusing of sodium chloride (NaCl) [16].
more on semiconductor materials, researchers are striving The mechanism underlying the formation of PbSe
to further exploit the properties of metal chalcogenide thin films can be described by the following chemical
materials and expand their practical applications [7]. equations.
Several fabrication methods are used for the production
of lead selenide thin films, including electrodeposition, Pb(NO3), + H,0 — Pb** + 2NO5~ 1)
chemical bth. deposition (CBD), elg:ctroche}rnical atomic Pb2* + TEA — [Ph(TEA]2* @)
layer deposition, thermal evaporation, radio frequency
NH3 + H,0 - NH, + OH™ 3)
*Corresponding author: CSe(NH,), + OH™ - HSe™ + CN,H, + H,0  (4)
T Somliis usssie HSe + OH™ = 0 + 567 ®
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[Pb(TEA]** + 4NH; — [Pb(NHs),]2* + TEA  (6)
[Pb(NH3),)?* + Se?~ — PbSe + 4NH, (7)

The literature review showed that numerous variables
affecting the fabrication of PbSe films have been
systematically investigated. Some of the research themes
are summarized below. Using sodium hydroxide (NaOH)
as a complexing agent, the effects of concentration on
the thickness, energy band gap, optical properties, and
microstructure of PbSe films were analyzed [17]. The
effect of extended holding time on the crystal structure
and optical properties of PbSe films was investigated by
selecting deposition times of 30, 60, 90, and 120 min on
Si(100) substrates at a deposition solution temperature of
70 °C [7]. The effects of increasing the bath temperature
from 20 °C to 85 °C on the efficiency of PbSe films
were investigated [8]. The composition, structure, and
functional properties of annealed PbSe films chemically
deposited in the presence of various antioxidants and
ammonium iodide were investigated [11]. The structural
and optical properties of PbSe thin films produced in a
chemical bath with pH values ranging from 5 to 8 were
analyzed [18]. PbSe films were deposited at constant
bath temperature and deposition periods ranging from 3
to 5 hours, and the effect of deposition periods on the
structural and thermoelectric properties was investigated
[12].

No studies have been identified in the literature that
specifically address the reaction rate on PbSe films.
However, studies investigating the effects of reaction
rate on PbS, ZnS, and CdS thin films produced using
the CBD method have appeared in the literature [19-22].

The impact of reaction rate on PbSe films produced
using CBD was investigated in my study. Na:SOs was
utilized as an inhibitor to reduce the reaction rate. This
is the inaugural study in the literature regarding the
synthesis of PbSe films with Na.SOs as an inhibitor. The
use of an inhibitor slowed down the deposition of PbSe
films, leading to a reduction in crystallite size from 44
nm to approximately 34 nm. Additionally, the average
surface roughness of the films decreased from 27 nm to
17 nm, while the surface resistance increased from 0.207
kQ cm to 6.585 kQ cm. It was also observed that the
addition of an inhibitor changed the surface morphology
of the films. These results indicate that inhibitors can
play critical roles in controlling film growth mechanisms
and optimizing material properties for optoelectronic
technologies.

Experimental Details

PbSe films were synthesized using CBD. Glass
substrates were cleaned with alcohol, rinsed with
deionized water, and immersed in 100 mL of deionized
water in the bath vessel. The precursor solution was
prepared by dissolving 300 mg of Pb(NO:s)., followed
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Table 1. Experimental details.

Exp Pb(NO;), TEA CSe(NH,, NH: NaSO;
(mg) (ml) (mg) (m)  (mg)
Set 1 300 1 70 0.5 0
Set2 300 1 70 0.5 5
Set 3 300 1 70 0.5 10
Set4 300 1 70 0.5 15
Set 5 300 1 70 0.5 20

by the sequential addition of 1 mL triethanolamine
(TEA), 0.5 mL ammonia (NHs), and 70 mg selenourea
(CSe(NHz)2). The first film was synthesized without an
inhibitor, whereas subsequent films were produced by
adding Na:SOs in amounts of 5, 10, 15, and 20 mg. The
produced films were named as Set 0, Set 1, Set 2, Set
3, and Set 4 according to the concentration of Na.SOs
added to the solution. For all films, the deposition
periods were 60 minutes, the solution temperature was
23 °C, and the pH was 10.5. A summary of the reaction
parameters is provided in Table 1.

In the reference experiment (Set 0), the addition of
selenourea caused the solution to turn black within
5 seconds, indicating that the reaction and hence the
coating process had begun. In contrast, when an inhibitor
was introduced, the blackening of the solution was
delayed, occurring within 5-15 minutes, depending on
the inhibitor concentration.

Na:SOs acts as a reducing and complexing agent in the
bath. Sulfide ions can interact with intermediate selenium
species, partially suppressing the rapid decomposition of
selenourea and slowing the availability of free Se*” ions in
solution. This delayed ion release reduces homogeneous
nucleation in the bulk solution, consequently delaying
the bath's noticeable darkening [23].

Structural characterization was carried out using
X-ray diffraction (XRD) with a BRUKER AXS DS
ADVANCE diffractometer. Film thickness and surface
morphology were determined from SEM images, and
elemental composition was analyzed with a Zeiss
SUPRA 40VP SEM equipped with EDS. The roughness
of film surfaces was evaluated from SEM images using
Imagel software, while the surface resistivity of the thin
films was determined by the four-probe method.

Results and Discussion

Structural analysis of PbSe films

Film thicknesses obtained from SEM images are
presented in Fig. 1, with the minimum thickness of
855 nm observed in the reference experiment and the
maximum thickness of 2955 nm observed in Set 3.
At the end of the experiment, a substantial amount of
chemical residue was observed in the reference bath. The
residue decreased noticeably in the bath containing 10
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Fig. 1. PbSe film thicknesses measured using SEM.

25

20 3
15 4 |
104 o |

Set4

Set3

Set 2

Intensity (counts/sec.*10%)
=]
-

Set 1

'1
L
/

|Set 0

-

{002)
(022)

/ASTM 98-007-6644

+— (111)

(]
(=]
[\

26 (Degree)
Fig. 2. XRD patterns of PbSe films.
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mg of inhibitor; however, further increasing the inhibitor
concentration resulted in an increase in residue formation.
This phenomenon is attributed to heterogeneous
nucleation occurring when 10 mg of Na.SO; is used,
which is consistent with literature reports emphasizing
the role of surface energy manipulation in improving
crystallization outcomes [24].

Fig. 2 presents the XRD patterns, showing that all
films crystallized in a cubic phase consistent with the
ASTM reference card No. 98-007-6644. Examination
of Fig. 2 reveals a correlation between film thickness
and peak intensity, as expected. The crystallographic
parameters derived from the XRD data are presented
in Table 2. Table 2 also presents the FWHM values
obtained with Origin software and the crystallite sizes
estimated using the Debye—Scherrer equation, provided
in Eq. (8) [25-27].

_ KA
- [cosO (8)

Here, D denotes the crystallite size, k is Scherrer’s
constant, A is the X-ray wavelength (1.5405 A for the
present CuKa radiation), B represents the full width at
half maximum (FWHM), and 0 is the Bragg diffraction
angle. The crystallite size obtained in Set 2 was found
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Table 2. Crystallographic parameters of PbSe films.

. 20 D (nm) Disloce?tion
Experiment FWHM hkl D (nm) Density d (&) a(A)
(degree) (Average) (line/m?)<10'*
0.148 24.71 (111) 57.44 3.592
Set 0 0.206 28.71 (002) 41.61 45.44 0.484 3.105 6.204
0.238 41.25 (022) 37.28 2.186
0.196 24.81 (111) 43.37 3.588
Set 1 0.193 28.75 (002) 44.42 40.05 0.623 3.102 6.197
0.274 41.27 (022) 32.38 2.183
0.220 24.81 (111) 38.64 3.586
Set 2 0.250 28.75 (002) 34.29 33.94 0.868 3.102 6.178
0.307 41.25 (022) 28.90 2.164
0.168 24.76 (111) 50.6 3.591
Set 3 0.221 28.75 (002) 38.79 40.59 0.606 3.104 6.201
0.274 41.29 (022) 32.38 2.184
0.194 24.81 (111) 43.82 3.583
Set 4 0.204 28.77 (002) 42.02 41.52 0.580 3.099 6.146
0.229 41.29 (022) 38.74 2.134

to be 25% smaller than that in the reference experiment
(Set 0). A low crystallite size is particularly desirable
for certain applications. This is because crystallite
size directly determines electrical, optical, and surface
properties. As crystallite size decreases, the surface-to-
volume ratio increases. P-type films with a high surface
area become more sensitive in gas sensors. Furthermore,
as the crystallite size decreases, the band gap increases.
Therefore, PbSe can be used not only in the mid-IR
but also in near-IR detectors, optoelectronic devices, and
photovoltaics.

Dislocation density (&) was calculated using Equation
(9) [28, 29], and the value obtained in Set 2 was 1.8
times higher than that of Set 0.

1
*=or ©
Eq. (10) was employed to determine the lattice

parameters of the cubic phase. This equation is given

below:

a=dJ(hZ+ K2+ 2) (10)

Here, (hkl) are the Miller indices, d is the interplanar
spacing, and a is the lattice parameter [30]. As given in
Table 2, the parameter values of the lattice of the films
were calculated to be between 6.146 and 6.204. Since
these values exceed the standard value of 6.122 provided
by the ASTM card, it can be inferred that the films are
under stress.

Surface properties of the PbSe films
A magnification of 50 kX was used to analyze the

SEM images of the PbSe films, as shown in Fig. 3. The
images revealed that all glass substrate surfaces were
homogeneously coated and free of structural defects such
as cracks or pinholes. The average grain size of the film
obtained from Set0 was determined to be approximately
100 nm. The grain sizes observed in the films obtained
with inhibitors were larger. However, these structures
exhibited a cauliflower-like morphology and were

Fig. 3. SEM images of PbSe films at 50 kx magnification.
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Fig. 4. Elemental analysis results of PbSe films obtained from EDX.

composed of smaller grains. This finding is supported
by the consistency of the crystallite size values obtained
from the XRD results. SEM images of PbSe films with
a cauliflower structure obtained with CBD have not been
found in the literature. Therefore, this study can be said
to be the first time that films with this structure have
been produced.

Elemental analysis of the films was performed using
EDX to determine the conductivity type of the films.
It is known that the type of conductivity of PbSe films
depends on their elemental content. Films with a high Pb
content are n-type, while films with a high Se content are
p-type [31]. This analysis showed that the produced films
were Se-rich and concluded that the films had p-type
conductivity. Furthermore, as the amount of inhibitor
used increased, the Se/Pb ratio almost approached 1.
Graphs showing the Se/Pb ratio are given in Fig. 4.

ImagelJ software was used to process SEM pictures

in order to examine the materials’ surface roughness.
ImageJ software was used in numerous research in
the literature to analyze surface morphology [32-34].
The average and rms surface roughness values of the
films were calculated and are given in Table 3. Surface
roughness graphs were also obtained, and these graphs
are presented in Fig. 5. Ra values vary between 17 nm

Table 3. Surface roughness values of PbSe films.

Experiments Na.S0, Ra Rq
(mg) (nm) (nm)

Set 1 0 27 32
Set 2 5 17 23
Set 3 10 20 26
Set 4 15 22 29
Set 5 20 18 24




94
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Fig. 5. Surface roughness images of PbSe films obtained from
Image] software.

and 27 nm, and Rq values vary between 23 nm and 32
nm. There is only one study producing PbSe under the
same conditions [35]. In that study, surface roughness
values for Ra and Rq were given as 18-26 nm and 22-
29.9 nm, respectively. The very similar results obtained
in both studies indicate that the use of inhibitors did not
alter the roughness of the films.

Sheet resistivity characteristics of PbSe films

The four-probe method was used to determine
the surface resistivity values of PbSe films, and the
measurement results are shown in Fig. 6. Analysis of
the measurement results revealed that surface resistivity
values increased by up to 30-fold due to inhibitor
use. Thicker films generally provide more continuous
transmission paths, which can reduce resistance; however,
in this study, the observed increase in resistance despite
thickness suggests that microstructural factors play a
dominant role. Specifically, point defects or structural
abnormalities, which can act as trap states, can have an
effect that further increases resistance. This increase is
believed to be due to the reduction in crystallite size
due to inhibitor use. It is concluded that decreasing
crystallite size increases grain boundaries, which in turn
causes electron scattering, leading to increased surface
resistivity values. Lower conductivity (high resistivity)
results in less leakage current and thus better detector
sensitivity. It also reduces dark current, resulting in lower
noise and higher sensitivity.
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Fig. 6. Surface resistivity results of PbSe films measured by
the four-probe method.

Visual analysis of the PbSe films

When the images in Fig. 7 are examined, it is seen
that the films are coated homogeneously onto the glass
substrate. It is assumed that the darkness on the film
surface obtained in Set 2 arises due to the relatively high
thickness of the film, which is 2955 nm. Furthermore,
it is noticeable that all of the films were coated quite
homogeneously and smoothly on their surfaces. No
defects are observed on the sample surfaces, especially
those using 15 mg and 20 mg inhibitors.
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Conclusions

In my study, PbSe films were produced using CBD.
The effects of using an inhibitor (Na.SOs) in the
production of PbSe films were investigated for the first
time. In addition to the chemicals Pb(NOs)., TEA, NHs,
and CSe(NH:): used to form the precursor solution, 5
to 20 mg of Na-SOs was added to decrease the reaction
rate. It has been observed that incorporating inhibitors
is effective, leading to an enhancement in film thickness
by up to 3.5 times. XRD analysis indicated that all films
formed in a cubic crystal structure, and the use of an
inhibitor reduced the crystallite size and increased the
dislocation density value. SEM images indicate that all
film surfaces were uniformly coated. The morphology of
the films was noted to transform into a cauliflower-like
structure as a result of the application of inhibitors. It
was also calculated that the use of an inhibitor reduced
the films’ average surface roughness from 27 nm to 17
nm. According to the EDX analysis of the films, the Se/
Pb ratio was observed to approach 1 in correlation with
the rise in inhibitor content. Surface resistivity values
obtained with the four-probe method also revealed that
the use of an inhibitor increased them up to 30 times.
The tone change in the photographs of the films is
an indication of the change in film thickness and the
homogeneous coating of the glass substrate.
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