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Abstract

The structural properties of nanomaterials play a crucial role in determining their performance in various applications. This study
investigates the effect of pH variation on the structural properties of ZnS nanocrystals synthesized via low-temperature chemical
deposition. ZnS nanoparticles were prepared in a polyvinyl alcohol (PVA) host matrix, with pH values ranging from 2.2 to 2.8.
X-ray diffraction (XRD) analyses reveal that an increase in pH enhances crystallinity, resulting in narrower peaks and larger
grain sizes. The average grain sizes of the films with varying pH values are found to range from 4.63 nm to 6.37 nm. The lattice
constant evaluated using Nelson Reiley plot (N-R plot) ranges from 5.363 A to 5.420 A (pH 2.2-2.8), which slightly deviates
from the standard 5.406 A, suggesting compressive strain in the films, possibly due to sulfur deficiency. It was also observed that
as pH decreases, there is an increase in microstrain and dislocation density probably due to lattice contraction. Results from the
Williamson-Hall analysis confirm these trends, showing reductions in both average grain size and lattice strain at lower pH.
These findings highlight the critical role of pH in controlling the structural characteristics of ZnS thin films, providing insights
for optimizing ZnS properties for specific technological applications.
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1. Introduction

Zinc sulfide (ZnS) is a widely studied material known for
its semiconducting properties and has gained significant at-
tention because of its diverse applications in areas like opto-
electronics, photocatalysis, and sensing [1-3]. The properties
of ZnS, such as its optical and electronic characteristics, are
highly dependent on its size, shape, and crystalline structure
[4-6]. These structural properties, in turn, are influenced by
the synthesis conditions, which include factors like tempera-
ture, precursor concentration, and pH Among these, pH is a

critical parameter that can profoundly influence the processes
of nucleation and growth during the synthesis of ZnS nano-
crystals, thereby altering their structural and morphological
features [7-9].

ZnS quantum dots can be prepared using a variety of ap-
proaches, including screen-based patterning, electrodeposi-
tion, vapor-phase condensation, sol-gel techniques, molec-
ular beam epitaxy (MBE), and physical vapor deposition
(PVD) and etc. [10-13]. However, these techniques often
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require complex and expensive equipment, and issues such
as thermal expansion mismatch between the film and the
substrate can lead to the formation of microcracks. In con-
trast, low-temperature chemical deposition methods, like
chemical bath deposition (CBD), offer a simpler and more
economical approach to produce ZnS nanocrystals with
controllable properties [14-16]. In these methods, the pH of
the deposition solution is a key factor that governs the pre-
cipitation process of zinc and sulfide ions, thereby influ-
encing the nucleation and growth of ZnS nanocrystals.
Changes in pH can significantly affect the size, shape, and
crystallinity of the resulting nanocrystals, which in turn
modifies their optical, electronic, and mechanical properties
[17]. Therefore, understanding how pH variation impacts the
structural characteristics of ZnS nanocrystals is essential for
optimizing their performance in various technological ap-
plications.

This study investigates how pH modification influences the
structural characteristics of ZnS nanocrystals synthesized via
low-temperature chemical deposition. By exploring the im-
pact of pH on the synthesis of ZnS nanoparticles, this paper
aims to provide insights into how pH influences the size, and
crystallinity of ZnS nanocrystals.

2. Experimental

The ZnS nanoparticles examined in this study were syn-
thesized within a polyvinyl alcohol (PVA) host matrix. A 2%
PVA concentration was used for the bath solution to deposit
all the ZnS films. To synthesize ZnS nanoparticles, 1.0 M
ZnCl; solution was prepared in distilled water and was mixed
with freshly prepared PVA host matrix. The solution was then
stirred at 70°C until a clear solution was achieved. A solution
of Na;S in equimolar proportions was then slowly added drop
by drop to the mixture while stirring continuously, until the
solution became milky. The pH of the solution was adjusted
by slowly adding the required amount of HNO; drop by drop.
Four different pH value (2.2, 2.4, 2.6, 2.8) was prepared. The
as prepared solutions were then casted over cleaned glass
substrates to prepare thin films and dried under vaccum to
remove the residual water. The structural properties of the
films were analyzed using a Philips X’pert Pro X-ray dif-
fractometer (XRD) and a Seifert X-ray diffractometer
(303TT). Monochromatic CuKa radiation with a wavelength
of 1.54056 A was employed during the X-ray scan. The op-
erating voltage of the X-ray tube was set to 40 kV — 30 mA for
the X’pert Pro and 40 kV — 20 mA for the Seifert diffractom-
eter.

3. Results and Discussions

Figure 1 displays the X-ray diffraction patterns of the ZnS
films synthesized by varying the pH from 2.2 to 2.8. As ob-
served in Figure 1, the crystalline quality of the films en-

hances with an increase in the pH of the solution. The XRD
patterns in Figure 1 (a) show broad peaks at 26 = 28.85°,
47.74°, and 56.83°, indicating the formation of nanostructures
at pH = 2.2. Similarly, in Figure 1 (b), for pH = 2.4, broad
peaks are observed at 20 = 29.04°, 48.02°, and 56.72°. In
Figure 1 (c), corresponding to pH = 2.6, the peaks are ob-
served at 20 = 29.19°, 48.18°, and 56.65°, while in Figure 1
(d), for pH = 2.8, the peaks appear at 20 = 28.83°, 47.74°, and
56.52°.
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Figure 1. X-ray diffraction patterns of nanocrystalline ZnS thin films
as a function of pH variation (a) 2.2, (b) 2.4, (c) 2.6, (d) 2.8.

The X-ray diffraction peaks observed for the planes (111),
(220), and (311) of ZnS quantum dots incorporated in PVA
polymer matrix indicate the presence of a cubic zinc blende
structure (JCPDS card no. 5-0566). It is also evident that as
the pH decreases, the diffraction peaks become broader and
shift to higher angles, which is associated with decreasing
the crystallite size [18-21]. The observed shift to a higher
diffraction angle is attributed to lattice contraction, which
occurs as a result of the increased surface-to-volume ratio at
smaller crystallite sizes. [22]. Our study on the effect of pH
variation by adding concentrated HNOs reveals that a pH of
2.2 is optimal for the growth of high-quality nanocrystalline
films. At this pH, the ZnS samples predominantly exhibit the
cubic ZnS phase [23, 24], and the peak positions align well
with the values reported in the standard JCPDS card no.
5-0566.
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Under acidic conditions, OH™ ions act as a catalyst in the
growth of ZnS nanoparticles. These OH™ ions may enhance
the ionization of Zn?*, promoting a faster reaction with S?”
ions, which accelerates the formation of ZnS nuclei. As the
number of nucleation sites increases, smaller particles tend to

merge, leading to the formation of larger particles [25]. A
diffraction peak at 20 = 19.5° can be also observed in the XRD
pattern that in all the spectra due to PVA. No undesired peaks
corresponding to impurity phases were observed in the XRD
pattern.

Table 1. Calculated structural parameters of ZnS nanocrystalline thin films at various pH values.

d value
pH [hKI] val- 26 (de- o " YRD F(0) acat (A)
ues gree)
A)
[111] 28.53 3.128 1.583 5.419
2.2 [220] 48.05 1.893 0.567 5.355
[311] 57.16 1.611 0.322 5.344
[111] 28.48 3.133 1.586 5.428
2.4 [220] 47.97 1.896 0.569 5.364
[311] 57.05 1.614 0.325 5.354
[111] 28.20 3.164 1.610 5.480
2.6 [220] 47.82 1.902 0.574 5.379
[311] 57.53 1.601 0.314 5.313
[111] 28.72 3.108 1.567 5.383
2.8 [220] 48.12 1.891 0.564 5.348
[311] 57.26 1.608 0.320 5.336
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Figure 2. Nelson-Riley plots for ZnS nanocrystalline films, prepared
at different pH values (a) 2.2, (b) 2.4, (c) 2.6, (d) 2.8.

a cor- Av. Internal  Av. Internal Dislocation Grain
rected  stress (S)x  strain () x density (px size (D)
A) 10° N/m?) 1073 1016/ m?) (nm)
5.363 1.721 8.41 8.89 4.63
5.390 1.608 7.88 8.01 4.99
5.408 1.373 6.54 7.70 5.69
5.420 1.220 4.39 5.87 6.37

The diffraction peak positions, along with their associated
crystallographic planes, interplanar spacing, and the com-
puted values for lattice constant, average stress, microstrain,
and grain sizes, are summarized in Table 1. The lattice pa-
rameter 'a' for the cubic phase is calculated using Equation (1),
as detailed below:

a

A = e (1)

The corrected values of the lattice constant are determined
from the Nelson-Riley plots, as illustrated in Figure 2. The
calculated lattice constant varies between 5.363 A and 5.420 A,
showing a small deviation from the standard value of 5.406 A
(JCPDS card No. 5-0566). This variation indicates that the
as-deposited films are subjected to compressive strain. A
lower lattice constant could also indicate a sulfur deficiency in
the films.

The average grain size 'D' was determined by analyzing the
prominent peaks corresponding to the (111), (220), and (311)
reflections using Equation (2), as follows:

KA
Bag Cos 6

@

Dy =


http://www.sciencepg.com/journal/ajpc

American Journal of Physical Chemistry

http://www.sciencepg.com/journal/ajpc

The average grain sizes of the films with varying pH values
are found to range from 4.63 nm to 6.37 nm. It is observed that
the grain size decreases as the pH value decreases, reaching its
smallest size at pH 2.2. The presence of broad diffraction
peaks further confirms the dominance of the nanocrystalline
phase in these films.

We have also investigated the impact of pH on the average
stress (S), strain (¢) and dislocation density (p) in different
ZnS nanocrystalline thin films by the using equation (3), (4)
and (5) respectively.

Y 0o~
S= 5 [Fo] 3)
_ (ap—a)
e=] o] )
]
Enkl = ﬁw% 4)

Here, a, and a (from the N-R plot) represent the lattice
parameters of the film samples and bulk samples, respectively.
"Y' denotes Young's modulus, and '’ refers to Poisson's ratio of
the samples. f5,¢ is the full width at half maximum (FWHM)
of the peaks, and 6 is the Bragg angle. It is also observed that as
the pH of the nanoparticle solution decreases, both microstrain
and dislocation density tend to increase. Figure 3 Illustrates the
variation of lattice constant, average stress, average strain,
dislocation density, and average grain size across different pH
levels in ZnS nanocrystalline thin films.

The grain size and the average strain in the as prepared ZnS
films are also calculated by Williamson and Hall method
using equation (6) as follows:

2
Py— + 4etanéd (6)

B =

Here, 0 represents the Bragg angle of the XRD peak, and A
is the wavelength of the X-ray used, which is CuKa radiation
(A=1.542 A), 'D' denotes the effective particle size, and €
refers to the effective strain. To obtain the corrected values,
the full width at half maximum (FWHM) of the fitted dif-
fraction peak was determined by subtracting the instrumental

broadening from the experimental integral width. A plot of

B cosé@ 2 sin@
versus

was then constructed for each film, as
shown in Figure 4.

The average grain size (D) was determined from the inverse
of the intercept on the y-axis, while the average strain (€) was
calculated from the slope of the linear plots. The calculated
values for the average grain size (D) and average strain (€) for
different films are presented in Table 2 and illustrated in
Figure 5. The results derived from the W-H plot also indicate
a decrease in both the average grain size and strain as the pH is
reduced.
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Figure 3. Variation of (a) Lattice constant, (b) Average stress, (c)
Average strain, (d) Dislocation density and (e) Average grain size
with different pH value of ZnS nancrystalline thin films.
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Figure 4. W-H plots for ZnS nanocrystalline thin films for different
pH value (a) 2.2, (b) 2.4, (c) 2.6, (d) 2.8.
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Figure 5. Change in (a) average grain size and (b) average strain
from the W-H plot for ZnS nanocrystalline films at varying pH val-
ues.

Table 2. Estimated values of grain size and lattice strain evaluated
from the W-H plots for ZnS nanocrystalline thin films for different pH
value.

Different pH of ZnS thin films

Parameters

2.2 24 2.6 2.8
Grainsize D 4 g 489 5.81 6.28
(in nm)
Average lattice  7.97 x 6.89 x 6.14 x 3.71x
strain (&) 1073 1073 1073 107

4. Conclusion

In conclusion, the study demonstrates that pH variation
significantly impacts the structural properties of ZnS nano-
crystalline thin films. X-ray diffraction (XRD) analysis
indicates that higher pH levels improve crystallinity, pro-
ducing narrower peaks and larger grain sizes, which range
from 4.63 nm to 6.37 nm across the samples. The lattice
constant, determined using the Nelson-Riley (N-R) plot,
spans from 5.363 A to 5.420 A (for pH 2.2 to 2.8), slightly
below the standard 5.406 A, suggesting compressive strain

likely due to sulfur deficiency. Additionally, as pH decreases,
microstrain and dislocation density increase, likely caused
by lattice contraction. Williamson-Hall analysis supports
these findings, revealing decreases in both average grain size
and lattice strain at lower pH levels. Optimal nanocrystalline
film growth, with favorable cubic ZnS phase formation, was
observed at pH 2.2. These findings contribute to a deeper
understanding of pH effects in ZnS synthesis, providing
valuable insights for synthesizing ZnS nanocrystals for en-
hanced performance in optoelectronic, catalytic, and sensor
applications. Expanding the study to a broader pH range
could provide deeper insights into its effects on ZnS nano-
crystals beyond the investigated values. Exploring different
stabilizing agents or deposition conditions may further en-
hance crystallinity and structural properties. Additionally,
advanced  characterization  techniques  such  as
high-resolution transmission electron microscopy (HRTEM)
or Raman spectroscopy could offer a more detailed analysis
of defects, strain, and phase stability. These investigations
would contribute to a comprehensive understanding of
pH-dependent modifications in ZnS nanocrystals, facilitat-
ing their applications in optoelectronic and sensing tech-
nologies.

Abbreviations

XRD X-ray Diffraction

N-R Plot Nelson Reily Plot

W-H Plot Williamson Hall Plot

ZnS Zinc Sulfide

MBE Molecular Beam Epitaxy
PVD Physical Vapour Deposition
CBD Chemical Bath Deposition
PVA Polyvinyal Alcohol

FWHM Full Width at Half Maximum
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