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Abstract—Thin films of polycrystalline cadmium sulfide (CdS) were deposited on polyimide sub-
strates using the chemical bath deposition method at a fixed solution temperature of (62 ± 1)°C. The
influence of deposition time on the structural and optical properties of the resulting thin films was
studied in detail. X-ray diffraction (XRD) revealed that the films predominantly consist of the hexag-
onal phase of CdS, with a crystallite size of approximately 10 nm, which slightly decreases with
increasing deposition time. The surface roughness of the films was measured using atomic force micros-
copy. Scanning electron microscopy showed a uniform, compact, and smooth film surface. Raman mea-
surements revealed three main peaks corresponding to the 1LO, 2LO, and 3LO modes in CdS. Optical
measurements showed a high transmittance coefficient (~85%) and a low reflectance coefficient (4–7%)
in the spectral range of 520–1000 nm. Due to changes in the stoichiometry of the CdS films, the opti-
cal band gap varied within the range of 2.30–2.37 eV with increasing deposition time. Room tempera-
ture photoluminescence spectra of the films exhibited two emission peaks located at 500 nm (2.49 eV)
and 708 nm (1.75 eV), which can be attributed to free carrier recombination and excitonic or radiative
transitions involving donor and acceptor levels, respectively. The obtained results demonstrate that by
controlling only the deposition time, it is possible to deposit CdS thin films on polymer substrates at a
relatively low chemical bath temperature. These films, without any post-growth treatment, possess suf-
ficiently good physical properties, making them suitable for use in various flexible optoelectronic devices.
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1. INTRODUCTION

Recently, cadmium sulfide (CdS) thin films have attracted the attention of researchers due to their
fairly good optical and electronic properties, as well as high chemical stability [1]. In most cases, CdS is
an n-type semiconductor, with conductivity resulting from intrinsic donor defects such as sulfur (S)
vacancies and cadmium (Cd) interstitial atoms. CdS is characterized by a wide direct band gap of approx-
imately 2.4 eV at room temperature. This compound is considered one of the most promising materials for
thin-film solar cells, serving as a wide-bandgap window layer in combination with absorber layers such as
cadmium telluride (CdTe), copper indium gallium sulfide (or selenide) (CIGS(Se)), kesterites (CZTS),
or perovskites [2].

Various physical and chemical deposition methods can be used to obtain CdS thin films, including
electrodeposition [3], chemical bath deposition (CBD) [4–6], thermal evaporation [7], chemical vapor
deposition (CVD) [8], pulsed laser deposition [9], RF magnetron sputtering [10], close-spaced sublima-
tion [11], metal-organic chemical vapor deposition (MOCVD) [12], chemical pyrolysis [13], and others.
Among these technologies, the CBD method offers several advantages for growing CdS thin films, includ-
ing low cost, environmental friendliness, high purity, compositional stability of the film, and simplicity of
the method. In addition, this method enables growth at relatively low temperatures, making it possible to
use inexpensive polymer substrates.
210
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Currently, the deposition of CdS films on polymer substrates such as polyimide (PI) is of great interest
[14–17] due to their f lexibility, lightweight, low cost, high transparency in the visible light range, high
thermal stability (up to 400°C), low coefficient of thermal expansion, and excellent electrical properties.

In this study, CdS thin films were deposited on polyimide (PI) substrates using the chemical bath depo-
sition method at a fixed solution temperature of (62 ± 1)°C [18], but with varying deposition durations. The
main goal was to optimize the processing conditions for producing CdS films with improved physical prop-
erties, enabling their use as a buffer layer in thin-film solar cells, as well as an active layer in lightweight and
flexible optoelectronic devices. The study provides a detailed discussion of the effect of deposition time on
the structural, morphological, and optical properties of CdS films deposited on PI substrates.

2. METHODOLOGY AND EXPERIMENTAL DETAILS
2.1. Deposition Process

CdS thin films were deposited on PI substrates using the CBD method, with thicknesses ranging from
40 to 85 nm. The samples were formed in a solution containing 90 mL of deionized water, 30 mL of
25% aqueous ammonia solution, 40 mL of cadmium sulfate (0.0096 M CdSO4) as the cadmium source,
and 40 mL of thiourea (0.8 M CS(NH2)2) as the sulfur source. The pH of the resulting solution was 10.7.
The CdS layer was grown on PI substrates, which were vertically immersed in the prepared solution, at an
experimentally determined optimal temperature for stable CdS layer deposition of (62 ± 1)°C. Through-
out the entire deposition process, the solution was stirred using a magnetic stirrer.

The substrates were pre-cleaned using ultrasound in acetone and ethanol, then rinsed with deionized
water and dried with a stream of nitrogen. After deposition, the CdS films were rinsed in an ultrasonic bath
for 10 minutes to remove any adhering CdS particles and then dried with a stream of nitrogen. Three series
of CdS films were obtained: CdS: CS5, CS10, and CS15, corresponding to deposition times of 5, 10, and
15 min, respectively.

2.2. Methods for Studying Thin Films
Due to the flexibility of the PI substrate, measuring the thickness of thin films using optical methods or

a profilometer presents certain difficulties and uncertainties. Therefore, the thickness of the CdS films was
estimated based on SEM cross-sectional images of the thin films deposited on the substrates. The obtained
thickness values for the CS5, CS10, and CS15 samples were 46.2, 62.8, and 82.7 nm, respectively.

Various analytical methods were used to characterize the deposited CdS films. The crystal structure
was examined using an Ultima IV X-ray diffractometer (Rigaku) with a CuKα radiation source (λ =
1.5406 Å) in grazing incidence X-ray diffraction (GIXD) geometry, with a grazing angle of 1° and a 2θ
range from 20° to 80°.

The elemental composition of the synthesized films was studied using energy-dispersive X-ray micro-
analysis with an INCA Energy system (Oxford Instruments), offering a resolution of 1.0 μm and a sensi-
tivity of 0.1 at %. Surface and cross-sectional topography were analyzed using a scanning electron micro-
scope (SEM) H-800 813 (Hitachi, Japan) with a resolution of no worse than 0.2 nm. The topographical
properties of the films were examined by atomic force microscopy (AFM) using a Solver Nano system
(NT-MDT) at a resonance frequency of 227 kHz in semi-contact mode, with a probe tip radius of 10 nm.
For each sample surface, at least five areas with a scan size of 5 × 5 μm2 were selected. For each selected
area, the arithmetic average and root mean square roughness values, as well as the maximum height of the
surface profile roughness, were determined; the results were then averaged for each sample.

Raman scattering (RS) and photoluminescence (PL) spectra of CdS thin films were recorded at room
temperature using a Nanofinder HE confocal spectrometer (LOTIS TII, Belarus–Japan). The measure-
ments were performed in a backscattering geometry without considering the polarization of the scattered
radiation. A continuous-wave solid-state laser with a wavelength of 473 nm was used as the excitation source.
A 100× objective lens (NA = 0.95) provided an excitation spot size of approximately 0.7 μm. The backscat-
tered light was dispersed using diffraction gratings with 1800 lines/mm (for RS) and 600 lines/mm (for PL),
with spectral resolutions of no worse than 1 and 3 cm−1, respectively. Signal detection was carried out
using a thermoelectrically cooled CCD array with an integration time of 30 s. To prevent thermal damage
to the samples, the incident laser power was set to 64 μW for RS measurements and 24 μW for PL mea-
surements. Transmission and specular reflection spectra of the films at an incident–reflection angle of 8º
were measured using a Photon RT spectrophotometer (Essent Optics) with a spectral resolution of no
worse than 4 nm, using unpolarized light in the wavelength range of 400–1000 nm.
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Fig. 1. EDS spectrum of the CS10 thin film deposited on a PI substrate.
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3. EXPERIMENTAL RESULTS AND DISCUSSION
The CdS films deposited on PI substrates were transparent with a slight light-yellow tint and had a uni-

form surface without visible pinholes. The adhesive tape test demonstrated good adhesion of the layers to
the substrate surface.

3.1. Elemental Composition Analysis of the Films
The composition of the CdS films after deposition was analyzed using energy-dispersive X-ray spec-

troscopy (EDS). A typical EDS spectrum, representative of all CdS films obtained at different deposition
times, is shown in Fig. 1.

The spectrum shows peaks corresponding to cadmium (Cd), sulfur (S), carbon (C), nitrogen (N), oxy-
gen (O), and aluminum (Al). The presence of C, O, and N is associated with the polyimide substrate. The
Al peak is attributed to the sample holder. The atomic concentrations of elements in the deposited films
and the variation of the Cd/S ratio with deposition time are presented in Table 1.

It was found that the composition of the films deviates from the stoichiometric ratio, with all films
being sulfur-rich. As the deposition time increases (from 5 to 15 min), the atomic concentration of Cd in
the CdS films increases significantly, while the sulfur content correspondingly decreases. This suggests the
presence of either interstitial atoms or Cd vacancies in the film, which act as acceptors and lead to a reduc-
tion in the free carrier concentration due to a high degree of compensation.

3.2. Analysis of SEM Results
To investigate the effect of deposition time on the morphological characteristics of CdS thin films, an

analysis of SEM images was conducted. It was found that the duration of the deposition process (5, 10,
and 15 min) does not play a significant role in the morphology of the thin films. As an example, Fig. 2 pres-
ents SEM images of the surface and cross-sectional views of CdS films deposited for 10 and 15 min,
respectively. The micrographs show a dense film structure with a smooth surface that is relatively free of
JOURNAL OF CONTEMPORARY PHYSICS (ARMENIAN ACADEMY OF SCIENCES)  Vol. 60  No. 2  2025

Table 1. Elemental composition of CdS thin films obtained at different deposition durations

Sample Cd, at % S, at % Cd/S Compound

CS5 28.26 71.74 0.39 Cd0.56S1.44

CS10 43.87 56.13 0.78 Cd0.88 S1.12

CS15 41.29 58.71 0.70 Cd0.83 S1.17
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Fig. 2. SEM micrographs and cross-sections of CdS thin films obtained at deposition durations of: (a, b) 10 and
(c, d) 15 min.
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voids, holes, and cracks. All samples exhibit well-defined spherical grains that are approximately uniform in
size, which is attributed to the relatively low deposition rate and the ion-ion film formation mechanism.

The appearance of spherical granules in the SEM image may be attributed to the spheroidal structure
of sulfur ions. Meanwhile, the presence of several white, agglomerated particles with well-defined bound-
aries on the surface of the films, as seen in the SEM image, indicates the presence of sulfur [19, 20].

It should be noted that increasing the deposition time does not have a significant effect on the grain
size. In all samples, uniformly distributed nanometer-sized grains evenly cover the substrate surface. The
SEM images show that the grains have well-defined boundaries and are size-distributed within the range
of 124–132 nm.

3.3. Analysis of AFM Images
AFM is one of the most effective methods for analyzing nanostructured thin films. This technique allows

for the determination of various parameters characterizing the film surface, such as grain size, root mean
square roughness ( ), average roughness ( ), surface profile skewness ( ), and kurtosis ( ) [21].
Two-dimensional and three-dimensional AFM images of CdS films on PI substrates are shown in Fig. 3.

In Figs. 3a, 3c, and 3e, the 2D images scanned over an area of 5×5 μm2 show the presence of spherical
particles in all films. The grains grew with various orientations, indicating the polycrystalline nature of the
films. The images reveal that the particles are uniformly distributed across the film surfaces, which consist of
nanoscale grains. As seen, the deposition time has a significant effect on surface roughness. Various surface
topography parameters calculated from the AFM data are presented in Table 2. The obtained values for both
average and root mean square roughness indicate that the films exhibit a nanotopographic surface texture.

CdS films grown with a deposition duration of 5 minutes showed a higher Ra value compared to films
deposited for longer times. This is likely due to insufficient thermal energy available to the adsorbed atoms
for surface diffusion and the formation of a larger number of nucleation centers. As a result, atoms con-
tinuously arriving from the solution attach to existing centers, leading to the formation of more hill-like
structures during the shorter deposition time, and the films therefore exhibit higher surface roughness. As
the deposition time increases, the surface roughness decreases. This may be attributed to the formation of a
greater number of nucleation centers over a longer period, promoting the development of a more uniform
film on the substrate surface. It is known that the surface roughness parameter called skewness (Rsk) charac-
terizes the symmetry of the amplitude distribution function of the surface profile around the mean line,
while kurtosis (Rku) characterizes the sharpness of the probability density of the profile amplitude [21].

The Rsk value of the deposited CdS films was found to be positive (Table 2), indicating a predominance
of valleys over peaks on the film surface, as well as a slight asymmetry in the distribution of peaks along

rmsR aR skR kuR
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Fig. 3. 2D and 3D AFM images of CdS films obtained at different deposition durations: (a, b) 5 min; (c, d) 10 min; and
(e, f) 15 min.
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the surface profile. At the same time, the skewness of the profile decreases with increasing deposition
time, indicating a change in the height amplitude distribution of the profile from slightly asymmetric to
more symmetric. As for kurtosis, when Rku < 3, it is considered that the surface contains relatively few high

peaks and deep valleys, resulting in an almost f lat (platykurtic) surface [21]. If Rku = 3, the surface profile

is characterized by a Gaussian amplitude distribution (mesokurtic). In our case, for all CdS films depos-
ited on PI substrates, Rku was found to be greater than 3 (Table 2), indicating the presence of relatively

many high peaks and shallow valleys in the surface profile (leptokurtic).

It should be noted that increasing the deposition time to 15 min does not result in a noticeable change
in the average crystal size. AFM images show that the film surface has a mosaic structure with large sur-
face structural features averaging around 100 nm in size. This value exceeds the average grain size calcu-
lated from X-ray diffraction (XRD) data (see below).
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Fig. 4. Diffraction patterns of CdS films depending on deposition time: CS5—5 min; CS10—10 min; CS15—15 min.

2�, deg
20 30 40 50 60 70 80

CS15

*– CdS hexagonal
*

* *

**
*

*
* *

CS10

CS5

Substrate

In
te

ns
ity

, a
.u

.

It is well known that AFM imaging does not allow for the determination of the average crystallite size
obtained from XRD analysis, since in the latter case, the crystallite size is determined based on the small-
est crystallites distributed throughout the entire thickness of the film (see below).

3.4. Analysis of XRD Results
Figure 4 shows the diffractograms of the deposited CdS thin films. It can be seen that the X-ray dif-

fraction analysis of various CdS film samples deposited for different durations yields diffractograms of
similar appearance.

All diffractograms indicate the polycrystalline nature of the films, with dominant diffraction peaks at
angles of approximately 26.6°, 44.4°, and 52.2°. The prominence of the (002) peak suggests that the c-axis
texture of the wurtzite film is predominantly oriented perpendicular to the substrate surface. The obtained
results are in good agreement with previously published literature data [22, 23].

The presence of additional diffraction peaks and the relatively large full width at half maximum
(FWHM) of the main (002) peak, approximately 1.2°, indicate a polycrystalline nature with the possible
presence of amorphous regions. The results also confirm that CdS films deposited by the CBD method
do not require a crystalline substrate to form a highly ordered texture. This conclusion is particularly note-
worthy, as the PI substrates were at a relatively low temperature during deposition.

The average crystallite size (L) was calculated using the Scherrer equation [19, 24]:

(1)

where λ is the wavelength of the incident X-ray radiation (λ = 1.5406 Å), β is the FWHM of the peak in
radians, and θ is the Bragg diffraction angle.

The interplanar spacing (d), lattice parameters (a and c), lattice microstrain (ε), and dislocation den-
sity (δ) for the dominant (002) peak were calculated using the equations [19, 25, 26]:

(2)

( )= λ β θ0.9 / cos ,L

θ = λ2 sin ,d n
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Table 2. Surface topographic parameters of CdS thin films obtained at different deposition times

Parameters t = 5 min t = 10 min t = 15 min

Ra, nm 9.2 5.2 6.9

Rrms, nm 12.8 6.8 9.1

Rsk 1.16 0.52 0.71

Rku 6.36 3.84 5.18
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Table 3. Calculated structural parameters of CdS thin films based on the (002) H peak data

Sample (002) Peak 
Position, 2θ, deg

FWHM, β, 
deg

Crystallite Size, 
L, nm

Dislocation 
Density,

 ×10–3 m–2

Microstrain, 
 ×10–3

Lattice Parameters

a, Å c, Å c/a

CS5 26.42 1.063 10.29 9.401 4.73 3.981 6.533 1.64
CS10 26.64 1.062 10.31 9.401 4.59 4.051 6.610 1.63
CS15 26.60 1.084 10.11 9.791 4.91 4.121 6.610 1.62

δ  ε
(3)

(4)

(5)

Here, h, k, l are the Miller indices.
It is well known that CdS has two crystalline structures: a metastable cubic phase (zinc blende) and a

highly stable hexagonal phase (wurtzite), which can form during the CBD process depending on the growth
conditions. We found that for all samples CS5, CS10, and CS15, an intense diffraction peak is observed at a
Bragg angle (2θ) of about 26.5°, corresponding to the (002) plane of the hexagonal phase of CdS (H) or the
(111) plane of the cubic phase (C). However, the appearance of peaks corresponding to the (110)H plane at
around 44.4° and the (112)H plane at around 52.2° indicates that the crystalline structure of the films
belongs to the hexagonal phase or represents a mixture of hexagonal and cubic phases. The absence of other
phases indicates the high quality of the synthesized thin films. The diffractograms also show that the inten-
sity and height of the dominant (002)H peak at 26.5°, as well as the (110)H and (112)H peaks at around 44.4°
and 52.2°, respectively, increase with longer deposition times. This is associated with an increased amount
of deposited material, which in turn leads to an increase in the thickness of the CdS film.

The position of the (002)H peak at 2θ = 26.42° for films deposited for 5 minutes shifts toward higher
angles, reaching 26.64° as the deposition time increases to 15 minutes. This indicates the stable formation
of the crystalline structure of CdS films even at a relatively short deposition time (5 min).

Table 3 presents the results of the structural parameter calculations based on the (002)H peak data,
performed using the FullProf program. The hexagonal crystal lattice of the synthesized CdS films was
confirmed according to JCPDS data No. 80-0006, with lattice constants: a = 4.1002 Å, c = 6.6568 Å, and
c/a = 1.62, which are in good agreement with the calculated values shown in Table 3.

As already noted above, there is some discrepancy between the average size estimates of structural ele-
ments obtained from SEM, AFM, and the Scherrer formula based on XRD data, with the latter typically
yielding sizes several times smaller. This apparent inconsistency arises because SEM and AFM cannot
reveal the substructures of the polycrystalline film; they provide the average grain (cluster) size, which in
turn consists of smaller crystallites distributed throughout the film volume. It is the smallest size of these
crystallites that is detected in XRD analysis [27, 28].

3.5. Raman Spectroscopy
Figure 5a shows the Raman spectra of CdS thin films deposited on PI substrates. Table 4 presents the fre-

quencies and full width at half maximum (FWHM) values of the observed scattering peaks, obtained from
measurements at two different locations on the samples. Each spectrum has three peaks: an intense peak at
approximately 302 cm−1 corresponding to the first-order longitudinal optical mode (1LO), accompanied by
second-order (2LO) and third-order (3LO) overtones at approximately 604 and 912 cm−1, respectively.

It should be noted that in the Raman spectra of bulk CdS samples with a wurtzite structure, the dom-
inant 1LO phonon peak at 305 cm−1 and its first overtone at 611 cm–1 are also frequently observed [6, 29].

As a result of the decomposition of the Raman scattering spectrum of the CS10 film using Gaussian func-
tions (Fig. 5b), it was established that the asymmetric 1LO peak in the region of approximately 302 cm−1

consists of several components with maxima at 254, 289, 302, 335, and 392 cm−1. The components of the
scattering spectrum observed below 302 cm−1 are interpreted by various authors as the presence of surface
phonons (SP) and/or transverse optical phonons (TO) [30–33].

 + += + 
 

2 2 2

2 2 2
1 4       ,

3
h hk k l

d a c

( )ε = β θcos 4,

δ = 2
1  .
L
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Fig. 5. (a) Raman spectra of CdS thin films obtained at different deposition durations, and (b) deconvolution of the 1LO
peak for the CS10 sample.

Raman shift, cm–1
200 400 600 800 1000

1LO

1LO

1LO

2LO

2LO

2LO

3LO

3LO

3LO

CS15

(a)

CS10

CS5

In
te

ns
ity

, a
.u

.

Raman shift, cm–1
200 400300 500

1LO1400

1200

1000

800

600

400

200

0

(b)

In
te

ns
ity

, a
.u

.

It is known that in films thicker than 100 μm, in the backscattering geometry where the z-axis is
directed perpendicular to the (001) surface of the sample, according to selection rules, only longitudinal
optical (LO) phonons can be observed in the Raman spectra. In contrast, transverse optical (TO) and sur-
face phonon modes usually do not appear due to symmetry restrictions and their low intensity [30].
Accordingly, if additional components are observed in the Raman spectra of thin CdS films, it can be
assumed that these are nanostructured films, in which surface and confined phonon modes, LO and TO
phonon modes of the cubic phase of CdS, and so on, may be present [34, 35].

A slight (~2–3 cm−1) shift of the modes toward lower frequencies relative to the 1LO mode of the bulk
CdS sample is likely caused by strain effects or spatial confinement of phonons. It is also known that
mechanical stresses occurring at the film–substrate interface can cause the observed peak shifts [33].
However, since all deposition processes were carried out at the same temperature and on substrates of the
same type, this effect can be neglected.

3.6. Optical Properties

Figure 6 shows the transmission (T) and reflection (R) spectra of thin CdS films in the wavelength
range from 420 to 1020 nm. The synthesized samples demonstrate a high transmission coefficient (up to
80–95%) and a low reflection coefficient (less than 9%) in the visible and near-infrared regions of the
spectrum, as well as a sharp optical edge around ~520 nm. The high transparency and absence of interfer-
ence fringes in all CdS films indicate significant light scattering during interaction with the film, caused
by surface roughness and inhomogeneity.
JOURNAL OF CONTEMPORARY PHYSICS (ARMENIAN ACADEMY OF SCIENCES)  Vol. 60  No. 2  2025

Table 4. Frequency and Full Width at Half Maximum (FWHM) of Raman Modes of thin CdS films

Sample

1LO 2LO 3LO

Peak Frequency, 
cm–1

FWHM,
cm–1

Peak Frequency, 
cm–1

FWHM,
cm–1

Peak Frequency, 
cm–1

FWHM,
cm–1

CS5 302 20.9 604 25.5 912 –
302 20.3 603 27.9 912 –

CS10 302 21.5 603 28.1 912 –
303 21.6 604 30.9 913 –

CS15 302 20.1 604 23.6 917 –
302 20.6 605 28.8 916 –
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Fig. 6. (a) Transmission and (b) reflection spectra of CdS films at different deposition times: (1) CS5; (2) CS10; (3) CS15.
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Fig. 7. Optical band gap width of CdS films calculated using Tauc method for: (1) CS5; (2) CS10; (3) CS15.
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Based on the transmission and reflection spectra, the absorption coefficient (α) was calculated taking
into account multiple internal reflections within the plane-parallel sample at the interface boundaries,
according to the expression [18]:

(6)

where d is the film thickness, T and R are the light transmission and reflection coefficients, respectively.
The optical band gap (Eg) of CdS films can be estimated by assuming the presence of direct allowed

transitions between the valence band and the conduction band, using the dependence (αhν)2 =
A  for the intrinsic light absorption coefficient as a function of photon energy, where A is a con-
stant and ℎν is the photon energy. By extrapolating the linear portion of the (αhν)2 =  plot to the
photon energy axis, according to Tauc method, the band gap was determined to be 2.37, 2.30, and 2.32 eV
for the CS5, CS10, and CS15 films, respectively (Fig. 7). This non-monotonic variation in the band gap
may be caused by several factors [4, 14], but in our case, it is apparently due to a change in the stoichiom-
etry of the synthesized films. As the deposition time increases from 5 to 15 minutes, the Cd/S ratio first
increases from 0.39 to 0.78, then decreases to 0.7 (see Table 1).

The quality of polycrystalline CdS thin films, in terms of their photoelectric properties, is largely deter-
mined by the presence of recombination centers associated with impurities, lattice defects, grain boundary,
and surface states, and can be assessed through the study of their photoluminescence (PL). In addition, such
studies provide information about localized energy states caused by deviations from stoichiometry, which
lead to the formation of vacancies or interstitial cadmium and/or sulfur atoms. These defects are mainly
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Fig. 8. PL spectra of CdS films after background subtraction of the PI substrate emission and their peak deconvolutions:
(a) CS5; (b) CS10; (c) CS15.
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responsible for the radiative recombination of nonequilibrium charge carriers. There are many studies on the
PL of CdS crystals and films [36, 37]. It is known that the PL emission bands observed in the photon energy
range of 2.18–2.54 eV (close to the band gap of CdS) are called “green” bands. Emission bands in the range
of 2.07–2.18 eV are usually referred to as “yellow” bands, the “orange” band is located in the range of 2.00–
2.07 eV, and PL observed in the range of 1.54–2.00 eV is referred to as “infrared/red” emission.

Figure 8 shows the PL spectra of CdS thin films deposited at a constant temperature (62°C) for various
durations ranging from 5 to 15 min.

The recorded PL spectra for all deposited CdS films (after subtracting the background emission from
the PI substrate) exhibit two main peaks: a “green” peak at a photon energy of approximately 2.49 eV and
a broad “red” peak with a maximum near 1.75 eV. It should be noted that similar PL spectra have been
reported in many other studies for polycrystalline CdS layers grown by the CBD method on various sub-
strates [36, 37].

When interpreting the obtained spectra, it should be taken into account that the CdS films were not
intentionally doped, and the films likely contain intrinsic defects caused by deviations from ideal stoichi-
ometry. EDS results indicate sulfur enrichment in the samples, which may suggest the presence of domi-
nant acceptor levels associated with interstitial sulfur atoms or cadmium vacancies.

The red PL band clearly shows a substructure. Peak decomposition and approximation using a sum of
individual Gaussian-shaped bands [38] revealed several emission sub-bands concentrated in the energy
regions indicated in Fig. 8.

The origin of the infrared PL peak at 1.48 eV is assumed, as suggested in [37], to be associated with iso-
lated Cd vacancies. The red emission sub-band in the range of 1.68–1.79 eV is attributed to electron tran-
sitions from the conduction band to acceptor levels of interstitial sulfur atoms [4, 36, 37]. The yellow sub-
band in the range of 1.87–2.08 eV is likely due to radiative transitions of electrons from donor levels to
acceptor levels, indicating a donor–acceptor recombination mechanism. It is worth noting that the posi-
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tion of the green emission peak near 2.48–2.50 eV, within the range of the average thermal energy, coin-
cides with the optical band gap value of polycrystalline CdS. This band may be associated with radiative
transitions of free electrons from the conduction band to the valence band, or with transitions from shal-
low donor levels to the valence band. The presence of an intense green emission band in the PL spectra
indicates better crystallinity of the material synthesized over a longer deposition time, which is character-
ized by fewer grain boundaries and a minimal density of intrinsic defects.

4. CONCLUSION
CdS thin films with good structural and morphological quality were successfully synthesized on PI

substrates using the CBD method at various deposition times without any post-growth treatment. The
obtained polycrystalline films are characterized by cadmium deficiency, a hexagonal structure with a pre-
ferred orientation along the (002) direction, and crystallite sizes ranging from 10.1 to 10.3 nm.

SEM images show a dense structure with a relatively smooth, void-free surface without holes or cracks;
the grain size ranges from 124 to 132 nm. The root mean square roughness of the CdS films, determined
by AFM, is in the range of 9–13 nm, indicating compactness and uniform grain distribution.

The Raman scattering spectra revealed three peaks corresponding to the optical 1LO lattice vibration
mode of CdS and its overtones, 2LO and 3LO. The optical band gap of the films was in the range of 2.30–
2.37 eV, and their transmittance in the visible range was between 80 and 95%. The PL spectra of all CdS
thin films deposited on PI substrates showed a relatively narrow peak at 2.49 eV (green emission band) and
a broad defect-related emission band with a maximum of 1.75 eV (red emission band). As the deposition
time increases, the intensity ratio of the green to red peaks also increases, which confirms the improve-
ment in the crystallinity of the material.

The main conclusion of this work is that the CBD method, at a relatively low temperature (62°C),
enables the growth of high-crystalline-quality CdS thin films on PI substrates. We believe that this low-
cost technology offers promising opportunities for the deposition of thin layers on various f lexible sub-
strates suitable for use in f lexible solar cells and optoelectronic devices.
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