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principle of doping: realizing of
silver incorporation in CdS thin film via doping
concentration effect

A. S Najm, *ag Abdulwahab Aljuhani, b Hasanain Salah Naeem,c K. Sopian,d

Raid A. Ismail,e Araa Mebdir Holi,f Laith S. Sabri,g Asla Abdullah AL-Zahrani,h

Rashed Taleb Rasheede and Hazim Moria i

A high-quality buffer layer serves as one of the most significant issues that influences the efficiency of solar

cells. Doping in semiconductors is an important strategy that can be used to control the reaction growth. In

this study, the influence of Ag doping on the morphological, optical and electrical properties of CdS thin

films have been obtained. Herein, we propose the mechanism of CdS film formation with and without

Ag ions, and we found that changes in the reaction of preparing CdS by the chemical bath deposition

(CBD) method cause a shift in the geometric composition of the CdS film. XRD showed that the position

of peaks in the doped films are displaced to wider angles, indicating a drop in the crystal lattice constant.

The optical analysis confirmed direct transition with an optical energy gap between 2.10 and 2.43 eV.

The morphological studies show conglomerates with inhomogeneously distributed spherical grains with

an increase of the Ag ratio. The electrical data revealed that the annealed Ag-doped CdS with 5% Ag has

the highest carrier concentration (3.28 � 1015 cm�3) and the lowest resistivity (45.2 U cm). According to

the results, the optimal Ag ratio was obtained at Ag 5%, which encourages the usage of CdS in this ratio

as an efficient buffer layer on photovoltaic devices.
Introduction

Environmental regulation and the rapid depletion of fossil
resources have forced us to explore eco-friendly energy sources.1

Recently, II–VI group based semiconductor nanomaterials have
expected a lot of attention owing to their prospective applica-
tions in electronic and optoelectronic elds. Cadmium sulphide
(CdS) is an essential II–VI compound semiconductor, with high
transparency, direct bandgap transition (Eg � 2.4 eV), high
electron affinity (4.2 eV) and n-type conductivity.2 CdS is the
most commonly implemented n-type buffer layer for thin-lm
solar cells with excellent performance.3 As a buffer layer, for
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optimum minority carrier transport, CdS ought to be as thin as
possible to ensure low series resistance, as a thicker lm might
reduce the Schottky barrier's effectiveness. Consequently to
enhance the CdS conductivity, a specic process called doping
is achieved by introducing impurities into the semiconductor
crystal intentionally, which can be either acceptor or donor
atoms in their crystalline lattice.4

Doping was achieved chemically throughout the process of
growth, it is possible to carry out the procedure on-site by
simply adding controlled quantities of a solution of a salt of the
doping atom to the reaction solution, without any sensitive
damage to the lattice.5 Even though, there are some research
reports on many elements doped CdS, most of the studies are
focused on nano-powders and the reports on thin lms are very
limited and require more understanding. Chandramohan et al.
(2009) claried that the considerable inuence of Co, alters the
optical band gap of CdS by generating localized energy states at
the band boundaries.6 While, Sebastian (1993) showed that
utilizing Cu as a doping element during the CBD process
resulted in a drop in CdS bandgap energy of as little as 2.0 eV.7

Identical outcomes for the bandgap energy were reported by
Portillo-Moreno et al. (2006), it has been obtained that the
resistivity of CdS increases with doping of Cu.8 Sánchez et al.
(2014) described how the voltage of the solar cell is increased by
using doped-Cu CdS as the window layer in CZTS; this could aid
in resolving the decit voltage issue in this type of device.9 In
RSC Adv., 2022, 12, 29613–29626 | 29613
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View Article Online
addition, it has been shown by Challa et al. (2012) that adequate
boron doping may substantially lower the dark resistivity and
improve the photosensitivity of CdS thin lms.10

Hani Khallaf investigated the effect of four elements namely
(Al, Ga, B, and In) by in situ doping of CdS using CBD, and
proved it to be successful.11–13 The bandgap of CdS-doped lms
was observed to drop considerably when the [Al, Ga, B, and In]/
[Cd] ratio in the solution increased in all cases. Alhammadi
et al. (2018) study the impact of Ga doping of the CdS buffer
layer on the performance of CIGS solar-cell. The photo electro-
chemical results revealed that, the density of photocurrent was
enhanced, and the efficiency of CIGS cell fabricated using
CdS : Ga was slightly improved from 9.69% to 10.37%.14

Ag, a group I element, improves the electrical characteristics
of (II–VI) semiconductors by acting as a donor dopant. The
transport of the electron between the doped metal and the
semiconductor matrix is facilitated by the differences in
potential between the cadmium sulphide conduction band and
the silver Fermi level.15 Taur and co-workers examined the
inuence of annealing on optoelectronic and physicochemical
properties and revealed that the response of the I–V achieved
from as grown and annealed thin lms exhibit an increase in
photosensitivity from 72 to 96% upon illumination to 100 mW
cm�2 light source.16 While Ferrá-gonzález et al. (2014) noticed
that the roughness and bandgap energy increase slightly with
the silver concentration, and silver sulphide (Ag2S) starts
forming when the cadmium is consumed and no longer
replaced, the bandgap and roughness of the lms now start to
diminish as the AgNO3 concentration increases.17 Pacheco et al.
(2017) found that the presence of a polycrystalline structure for
the Ag+ doped had an impact on quantum connement, with
Fig. 1 CBD doping of CdS thin film synthesis: experimental steps.

29614 | RSC Adv., 2022, 12, 29613–29626
the average particle size decreasing from (5.46 to 4.12) nm,
leading to higher-energy emissions as the particle size
decreased below the effective CdS exciton Bohr radius.18

Lots of techniques are available in the recent times and used
by researcher's in the doping deposition of CdS thin lms of
different materials on various substrates. Although, many
researchers study the effect of Ag doping using different depo-
sition methods, by CBD method is still limited reports has been
achieved. In our case, the CBD growth process was utilized to
deposit and to dope CdS thin lms at the same time. Through
the relatively simple process, CBD yields well adherent and
homogeneous thin lms with good reproducibility. We have
observed from that compare with other methods, in situ doping
by CBD has been extensively utilized to reduce the dark resis-
tivity of CdS thin lms grown and maintain the CdS lm quality
and transparency for electronic and optoelectronic
applications.19

Hence, in this work, improvement of the CdS thin lm
doping concept by a fundamental understanding of the impact
of doping on optical, morphological, structural, and electrical
characterization was studied in detail and discussed. Also, we
provide the mechanism that affects the formation of CdS thin
lm. The crystalline size and CdS thin lm surface morphology
were identied to have great understanding of the effect
different doping concentration ratios.
Methodology
Methods and experiments

CdS thin lm was prepared according to our previous work.20

Ultrasonically cleaned and degreased soda-lime glass substrates
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of size 5 cm � 5 cm. The key precursors for CdS are aqueous
solutions from Cadmium Sulfate, (CdSO4, Aldrich, purity 98%)
and Thiourea, (SC(NH2)2 Merck, $98%), and Silver Nitrate
(AgNO3, Alfa Aesar, purity 99.99%).

For silver doping stock, Silver Nitrate (AgNO3) was dissolved
in deionized water (DI) to obtain 0.01 M solution.

Firstly, we placed �350 ml of DIW in the clean growth
beaker. Then, it was added 20 ml of NH4OH solution to the
growth beaker. A magnetic stirrer is placed inside the growth
beaker and the stirring speed was set to 360 rpm, and heated
until reached 80 �C. The substrates were introduced to the bath
once its temperature is stabilized. Secondly, in a separate
beaker that contains CdSO4 powder, 20 ml NH4OH solution was
added and placed in the ultrasonic bath for 10minutes. Thirdly,
in another separate beaker, 10 ml DI water was added to the
thiourea powder and also put in the ultrasonic bath for 10
minutes.

Then Cd salt beaker was added to the growth beaker. Aer 3
minutes, the thiourea solution was then added to the chemical
bath. The nal solution volume was 400 ml (350 ml DIW + 20ml
NH4OH mixed with CdSO4 + 10 ml DIW mixed with thiourea +
20 ml NH4OH added to growth beaker). The pH is set to 9. Then
aer, the reaction time was set to 30 minutes.

This is for preparation of CdS undoped Ag. In the following
step, AgNO3 solution has been mixed with the CdSO4 salt before
adding to growth beaker and placed in the ultrasonic bath for
10 minutes. (The concentration was varied by 1, 5, and 10% of
0.002 M cadmium sulfate concentration to adjust the molar
ratio of silver within CdS lattice). Then aer, the remaining
steps are repeated as the same as in the method of preparing of
CdS undoped. An annealing process in air was performed aer
the deposited CdS layer was completely dry. This air annealing
Fig. 2 Hall effect device.

© 2022 The Author(s). Published by the Royal Society of Chemistry
process was carried out for 10 minutes at different temperatures
from (150–450) �C. Fig. 1, shows the schematic diagram of the
synthesis process for CdS thin lm.
Characterization

A Lambda 950 UV/vis/NIR spectrometer was used to test optical
characteristics in the range of 300 nm to 600 nm (PerkinElmer,
USA). At room temperature, an AXS-D8 Advance Cu-K diffrac-
tometer was used to investigate the lms' structural character-
istics (Bruker Corp., USA). XRD patterns examined in a 2q range,
with a step size of 0.02�, which ranged between 10� and 80�,
using the Cu-Ka radiation wavelength, l, of 1.5408 Å. FEI
Quanta 400F eld emission scanning electron microscope
(FESEM) equipped with Oxford-Instruments INCA 400 X-Max
detector for energy-dispersive X-ray spectroscopy (EDX)
measurement at �300 magnication (spot size 1 mm � 1 mm)
and an accelerating voltage of 20 kV. Finally, the electrical
properties of lms were measured using the HMS ECOPIA 3000
Hall Effect measuring device with a 0.57 T magnetic eld and 45
nA probe current, Fig. 2, showed the Hall effect device.
Results and discussion
Analysis of optical properties

UV–vis absorption spectrum of CdS lm before and aer doping
with Ag in the range (300–600) nm is shown in Fig. 3. This gure
showed that the undoped CdS lm has higher absorbance than
those of the doped lms. The reduction in absorbance may be
ascribed to the defect states resulting from the imperfections in
the lattice structure caused by the varying Ag concentrations.17

Essentially, there are fewer defects and impurities in a sharper
edge in the undoped CdS sample, because the higher rates of
impinging particles led to increased lm growth. It could be
seen that the uniformity of the lm causes these variations.21 By
Fig. 3 Optical absorbance spectra of undoped CdS film and CdS film
doped with Ag.

RSC Adv., 2022, 12, 29613–29626 | 29615
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Fig. 4 Tauc plot of (ahn)2 versus hn for: (a) CdS undoped, (b) CdS doped films.

Fig. 5 Urbach energy of undoped and doped CdS films with different
percentage ratios of Ag.
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applying Tauc's gure and the essential absorption edge that
corresponds to the semiconductor direct energy gap, the values
of the optical energy gap are obtained,22 as shown in Fig. 4. The
optical energy gap (Eopt) and optical absorption coefficient (a)
are related in the direct transition semiconductor, as:

ahv ¼ B
�
hv� Eg

�1
2 (1)

where B is a constant that varies depending on the material, Eg
is the direct energy gap, hv is the photon energy and a is the
coefficient of absorption and the value 0.5 is assumed for direct
energy gap material.

Regarding the extrapolation of the linear region of the curves
to the horizontal axis intercept, the recorded values of energy
gap were 2.43, 2.16, 2.10, and 2.28 eV for undoped CdS, CdS: 1%
Ag, CdS: 5% Ag, and CdS: 10% Ag, respectively. As shown, the
doping decreases the energy gap of the CdS lm because of
forming of trap states and impurities in the region of the energy
gap of the lm. During the preparation of thin lms, a variety of
defects may be created, such as voids, interstitials, dislocations,
strains, etc. These defects play a vital role in the variation of the
optical absorption as centers of the trap. Hence, due to the
formation of localized energy states along the band edges,
a reduction in the energy gap may mostly be attributed to the
defect band tailing. The results conrm that Ag substitutes Cd
sites more as compared to interstitially at lower doping and Ag
enters interstitially more as compared to substitutional at
higher Ag doping. In the substitutional position.

Essentially, it acts as an accepter and at the interstitial
position, it acts as a donor. Consequently, it produces donor
and accepter levels below and above the conduction and valence
band, respectively. Thus, the decrease in energy gap of the lm
aer Ag doping is attributed to the creation of additional energy
levels in the CdS lm's energy gap, which results in the broad-
ening of the band of the lm and hence decreases its energy
gap. A similar decrease in the bandgap aer doping of Ag in CdS
thin lms prepared by closed space sublimation (CSS) tech-
niques has been observed by Rehman et al. (2003).23 It takes
29616 | RSC Adv., 2022, 12, 29613–29626
longer for photon energies to drop below the bandgap energy
for absorption to decrease than it does for higher energies.24

Similar to the absorption in a severely doped crystalline
semiconductor, sub-band absorption is determined by the
Urbach law, which is based on the typical distribution or width
of band tail states.25 Urbach tail is achieved at low crystalline,
disorderly and amorphous substances because they are located
in states which extend the bandgap.26,27 The spectral depen-
dency of absorption coefficient (a) and photon energy (hv) is
known as the empirical rule for Urbach in the low photon
energy range as follows:

a ¼ a� exp(hv/EU) (2)

where a� is a constant and the energy of the tail or, occasionally,
of Urbach is indicated by EU, which is dependent on the
temperature.28 By taking the two-sided logarithm of the last
equation, a straight-line equation can be obtained.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Direct energy gap (Eg), and the Urbach energy (Eu)

Samples Eg (eV) Eu (eV)

CdS 2.43 0.18
CdS + 1% Ag 2.16 0.50
CdS + 5% Ag 2.10 0.60
CdS + 10% Ag 2.28 0.40
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ln a ¼ ln a� þ
�
hv

EU

�
(3)

Hence, the EU of CdS thin lms can be obtained from the slope
of the straight line of plotting of ln (a) against the incident
photon energy (hv) as shown in Fig. 5.

The lowest Urbach energy was found to be 0.18 eV for
undoped CdS, which indicates that the high crystallinity and
low defects deposited CdS lm. While, the Urbach energy
Fig. 6 XRD patterns of (a) undoped CdS, Ag-doped CdS at (b) 1%, (c) 5%

© 2022 The Author(s). Published by the Royal Society of Chemistry
increases with increasing the doping concentration such as
0.50, 0.60, and 0.40 eV for Ag-doped CdS lms with 1, 5, and
10% respectively, the increased disorder in the lm might be
related to surface roughness arising as shown in Table 1.29
Structural properties

The impact of doping on the crystallization behavior of the
examined thin lms is explored by using X-ray diffraction.30 The
lms were scanned from 10� to 80�. The XRD patterns of
undoped and Ag-doped CdS thin lms are revealed in Fig. 6. The
CdS lm mainly forms cubic and hexagonal phases based on
the conditions of the deposition. Besides, it is difficult to detect
the precise crystal structure of a CdS thin lm, whether the lm
is mostly hexagonal, predominantly cubic, or a combination of
both, because both lm phases have the same XRD diffraction
peak angles.31
, (d) 10%.

RSC Adv., 2022, 12, 29613–29626 | 29617
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Simply, each sample shows different behaviors relevant to
the concentration of Ag add in this situation. For the basic CdS
pattern Fig. 6(a), the main strong peak was found at 2q ¼ 26.78�

indexed to both (002) and (111) planes, which corresponds to
the hexagonal phase of CdS follow to JCPDS-01-080-0006 and
the cubic phase of CdS and according to JCPDS-89-0440,
respectively. Many strong diffraction peaks oriented along the
(100), (002) and (101) planes show that the deposited lms are
polycrystalline, which has been appearing at Ag ratio of 1%, 5%
and 10%, respectively. These diffraction planes belong to the
CdS crystal hexagonal phase (JCPDS card no. 06-0314). Indeed,
as the ratio of Ag dopant increased, the hexagonal phase is more
stable and the favored orientation.

The relative intensity of all CdS characteristic peaks has been
signicantly changed from their previous positions to that of
Fig. 7 FESEM images with EDX spectra as; (a, b, c and d) for basic CdS,

29618 | RSC Adv., 2022, 12, 29613–29626
before doping. This is attributed to the interest doping, which is
favorable when the ion radii between two elements are
comparable. The ionic radius of Ag2+ is around 0.94 Å, which is
more comparable with Cd2+ with ionic radius of 0.95 Å,
however, there is a signicant difference with S2� (1.84 Å).
Therefore, there is a possibility in lattice sites of an electron
transfer from Ag2+ to Cd2+ resulting in a decrease of the lattice
constant and the crystalline plane distance. Since there is no
peak of pure metal silver, the possibility of silver doping is
because of the interstitial sites of principle components in CdS
layer structure. As a result, Ag-doping will induce a small change
towards lower diffraction angles relative to pure CdS thin lm.

In Ag-doped CdS lms, the smaller shis in the peak posi-
tion led to more the incorporation of Ag2+ into the CdS lattice,
contributing to the formulation of Ag1.04Cd0.96, only in the case
CdS:Ag 1%, CdS:Ag 5%, and CdS:Ag 10%.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of doping with Ag 5%, and Ag2S for Ag 10%. The diffraction
peaks for Ag1.04Cd0.96 at Ag 5% which is corresponding to 51.8�,
matching the hexagonal phase (JCPDS-03-065-5678). While Ag2S
at 2q ¼ 34.6 and 61.3� indexed to both (110) and (310) planes,
matching the cubic phase of (JCPDS-00-001-1151).
Morphological analysis

The morphology of chalcogenide lms can have a signicant
inuence on their properties. This is especially relevant for solar
cells, as grain boundary and surface roughness have a direct
effect on lm recombination. As a result, surface morphology
and the presence of impurities will inuence photovoltaic
device operating conditions.36 The micrograph reveals that the
deposited lm without doping has spheroid-like grains, and the
glass substrate is well covered without pinholes or cracks, as
shown in Fig. 7(a).
Fig. 8 The electrical properties of undoped CdS and Ag-doped CdS film

© 2022 The Author(s). Published by the Royal Society of Chemistry
FESEM images conrm that Ag-doping has a major impact
on the morphology of CdS lm, the granular structures of CdS
seem to be randomly distributed along the substrate. And there
is no uniformity, which led to a tendency to agglomerate with
each other to form clusters with many voids, which might be
due to the lack of reactivity. This could be attributed to the ionic
radius difference between Ag dopant and Cd. Once Ag is
introduced to CdS thin lm, it can be integrated into the CdS
lattice and thus the morphology of CdS lm has changed. The
heterogeneous growth dynamics of Ag-doped CdS depend on
the concentration of doping in solution. However, the electronic
properties of doped CdS are related to the actual content of Ag
particles.

Fig. 7(b–d) display the FESEM micrographs of CdS:Ag lms
with different percentage of Ag dopant. A non-uniform distri-
bution of particles and non-densely packed structures is
observed in all three samples prepared with varying doping
s; (a) carrier concentration, (b) carrier mobility, (c) resistivity.

RSC Adv., 2022, 12, 29613–29626 | 29619

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04790j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/5
/2

02
4 

9:
30

:3
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
ratios, which indicates that the component crystals grow
particularly poorly and have a low crystallinity. The Scherer
formula, for instance, is useful for estimating the diffraction
prole, and although they can all approximate the exact value of
crystallite size, they cannot be compared. XRD determines the
size of crystalline domains, while FESEM reveals the physical
grains. A single grain may include many domains with various
orientations. Consequently, the size measured by FESEM will
either be bigger than the size predicted by XRD or, in the case of
perfect grains, equal to it. Therefore, grain size measured by
FESEM is an average value, while crystallite size is determined
using the Scherrer method utilizing diffraction data from
a single plane at specic 2q and FWHM. For basic CdS and CdS
+ Ag 10%, the grain size decreased from (34.4 to 13.3) nm,
respectively. It has been observed that when the Ag ion
concentration rises from 1% to 5%, the voids between the CdS
particles gets increased and uniform deposition of CdS is
minimized. The number of particles increases slightly as 10% of
Ag is deposited on the CdS, and with sufficient adhesion of
material particles, the surface becomes denser. Adhesion has
a crucial part in the growth of thin lms, which has a direct
effect on power conversion efficiency. The uniform distribution
of Ag dopant in between the nanoparticles on the surface of CdS
may contribute to uninterrupted passing of electron transport
to the back contact of the conducting ITO glass plates and
correspondingly result in a substantially improved charge
carrier density for electron conduction.

EDX analysis was used to nd out the purity and exact
chemical composition of both undoped and Ag-doped CdS thin
lms. This showed that Cd and S are the basic elements, and
that the substrate is the source of the other peaks. The typical
EDX spectra of each case with the quantitative atomic
percentage of the compositional elements have been shown in
Fig. 6. From the XRD and EDX results, Ag 1% properly does not
include in the Cd–S matrix. Although the XRD results indicate
that Ag atoms are replacing Cd atoms substitutional in CdS
lattice when the ratio is changed from Ag 1% to Ag 5% and Ag
10% doping but did not detect in EDX, probably due to that
even aer increasing Ag quantity it is not enough to appear in
EDX. It is worth noting, the Cd/S ratio changes signicantly for
Ag 1% to 10% doping. It shows that for high doping, Ag atoms
enter more at interstitial sites than at substitution sites.
Electrical measurements

To improve the device design and thermal stability of micro-
electronic components, it is essential to have a fundamental
understanding of the impact of annealing on the electrical and
optical properties of the host material.32 The presence of a large
density of localized states with high activation energy is
a popular factor in all nano-crystalline semiconducting mate-
rials. The electrical conductivity studies of these nano-
crystalline materials are important both, the point of view of
application and for the analysis of the mobility gap of these
materials in localized states. Since CdS thin lm is used as
a buffer layer, the high conductivity value of CdS lm helps to
effectively separate the generated charge carriers through the
29620 | RSC Adv., 2022, 12, 29613–29626
conversion of photovoltaic energy and hence improves the solar
cell's performance.33

The inuence of air annealing on the electrical properties is
also well discussed in correlation to lm structural alterations.
Thus, to study the maximum signicant changes that might be
happened in the material properties, the air annealing
temperature has been selected to be from 150 �C to 450 �C with
10 minutes as annealing time. By matching with Akbarnejad
et al., 2017, who choose the variation of annealing temperature
between 300 �C to 500 �C.34 In all cases, the n-type conducting
nature of CdS thin lms was conrmed by the existence of Hall
coefficient negative values. The electrical characteristics of
chemically deposited CdS, with and without Ag doping, is
involving the carrier concentration, mobility, and resistivity.
The ndings showed that both carrier concentration and
mobility are found to improve with a decrease in resistivity
when the CdS lms are doped with Ag during deposition. Hall
measurements of the CdS lm showed that the Hall coefficient
is negative, which indicates that the CdS lms are n-type,
Fig. 8(a–c).

The X-ray diffraction patterns also display the presence of
effective Ag-doped by shiing diffraction angle. Due to the
introduction of Ag concentration into CdS lattice, the
enhancement in electrical properties aer Ag doping can be
claried by considering the increase in Cd and Ag vacancies. In
the CdS matrix, the Ag vacancies associated with the Cd and S
vacancies result in the creation of photosensitization centers.
Since the Cd and S vacancy sensitization centers are found in
the untreated lms because of the lattice defects, the rise in
photosensitivity in the lm may be due to the formation aer
doping of additional Ag vacancies in the lms. Further increase
of Ag concentration ratio led to deteriorate the electrical prop-
erties with a particularly drastic degradation at 10% Ag. The
resistivity is changing from 1513.46 U.cm as deposited without
doping to 1088.25 U cm with 1% Ag, while sever increased to
reach 3543.93 U cm at 10% Ag. This is because of two possible
reasons, rst, the concentration of traps resulting from crystal
defects and increasing with doping dominates the concentra-
tion of the carrier above a critical silver content. Therefore,
when the concentration of Ag has risen, silver atoms serve as
traps instead of donors. Secondly, it is attributed to the satu-
rated concentrations of the free carrier and potential declines in
mobility due to the formation of Cd–Ag complexes that induce
a rise in resistance.35 This may have been induced by the
formation of AgxCd(1�x)S complex rather than the doping effect.
XRD conrm this explanation through appearing Ag2S with CdS
structure. A related nding was previously recorded by Lee et al.
(2003) on CdTe/CdS heterojunction solar cells utilizing Boron
(B)-doped CdS lms prepared with different B concentrations by
the CBD technique. The usage of 1 mol% Br for doping CdS
lms increased the efficiency parameters of the cells (e.g., JSC
and FF), but 10 mol% Br decreased the performance of the
cells.36

The enhanced conductivity of the lms can be associated at
annealing temperatures with the enhanced crystallinity of the
material. Due to grain growth, the higher conductivity aer
annealing could be linked to the chemisorbed oxygen at the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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grain boundaries of the lm. As oxygen diffuses through the
substance due to the temperature, it integrates to create
a conductive CdO with Cd vacancies resulting from lattice
defects or thermal breakdown of CdS. Impurities such as oxygen
are known to inuence the band structure of lms by the
creation of both trapping and recombination centers. The
photo-response of the lms under illumination is dened by
this balance between trapping and recombination centers.
Furthermore, because of the annealing conditions, the
dramatic change in resistivity at 450 �C suggests the probability
of a change in the structure of the lm and composition owing
to oxidation. It is evident that lms at 5% Ag doping exhibit
lower resistivity and higher carrier concentration with little
change in terms of mobility, compared with the other doping
samples and with the untreated lm. As a consequence, it can
be deduced that these studies support the general characteristic
of photoconductors that the predominance of recombination
centers is correlated with a decline in photosensitivity.

Mechanism

Researchers have studied the CBD method for preparing CdS in
an alkaline medium. Complexing agents liberate hydroxyl ions
from water to control ion precipitation (cadmium and sulphur
ions). The CBDmethod can deposit thin lms depending on the
type of precursor material, its concentration, the bath temper-
ature, the time of deposition, the solubility equilibrium, the pH
of the solution, the stirrer speed, and the substrate.37,38 When all
Fig. 9 The mechanism of CdS formation in reaction solution.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the precursor solutions are mixed, cadmium and sulphur ions
react, and the solution turns yellow, indicating CdS synthesis.
Cadmium and sulphur ions are slowly and evenly released and
deposited on the substrate in an aqueous alkaline bath solu-
tion,39,40 forming adherent and uniform CdS thin lms.
Combining a complexing agent (ligand) with Cd salt creates
a cadmium complex that releases Cd2+ ions. Ammonium
hydroxide aqueous solution as a complexing agent.41 It prevents
the coordination of thiourea's nitrogen atoms with Cd2+ ions
and maintains the balance with Cd(OH)2 complex.42

Ammonia molecules interact with cadmium ions Cd2+ to
form stable quaternary complexes [Cd(NH3)4]

2+, which disso-
ciate when sulphur ions S2� are added to the reaction
medium.43–45 Cd(II) has four 5s and 5p empty orbitals. When
four ammonia molecules interact with cadmium ions, their
orbitals hybridise to give sp3 hybridization, resulting in
[Cd(NH3)4]

2+ complexes' tetrahedral geometry. Electronic
displacement from 4d to 5p orbitals hybridised to form
[Cd(NH3)4]

2+ square planar complexes. Combining orbits (dsp2

hybridization) reduces electrons' electric repulsion (4d orbital).
Negatively charged sulphur S2� ions attack the positively
charged ionic nucleus of Cd2+ complexes [Cd(NH3)4]

2+ and
replace ammonia ligands. With the given information, reaction
mechanisms can be predicted. First, in the reaction solution,
three expected reactions occurred. Third, is the CdS lm growth
mechanism. Fig. 9 shows homogeneous and heterogeneous
nucleation in reaction solutions.
RSC Adv., 2022, 12, 29613–29626 | 29621
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The collisional interaction of free cadmium ions and sulphur
led to the formation of the ion-by-ion mechanism, but most of
the cadmium ions were converted to [Cd(NH3)4]

2+ complexes or
adsorbed by the substrate before adding thiourea to the reac-
tion mixture. Primary CdS molecules interact with [Cd(NH3)4]

2+

complexes, forming a cluster. The cluster-by-cluster mechanism
governs these collisions. The cluster-by-cluster mechanism is
largely responsible for the formation, nature, and shape of the
CdS lm. Heterogeneous nucleation occurs when cadmium or
sulphur ions interact with [Cd(NH3)4]

2+ complexes or CdS
clusters. [Cd(NH3)4]

2+ complexes with CdS clusters also inter-
acted with gather. Lowering electrostatic repulsion between
these molecules and CdS cluster surfaces aids nucleation. As
the cluster's positive charge increases, the attraction between
the negatively charged sulphur ions increases, and their repul-
sion decrease.

The second proposed mechanism starts on the substrate
surface, as shown in Fig. 10. The ends of the soda-lime glass
substrate SiO2 contain hydroxyl groups (–OH), which are
attracted to the surrounding materials via hydrogen bonds
formed with polarised ions and negative ions, as well as elec-
trostatic forces of the oxygen atom.46
Fig. 10 Mechanism of CdS (a) deposition and (b) growth on substrate.

29622 | RSC Adv., 2022, 12, 29613–29626
Adsorption of free cadmium ions in the reaction solution
occurs rst, followed by Cd(OH)2 complexes formed from the
rst dissociation of ammonium hydroxyl, where oxygen atoms
(in –OH groups) on substrate attract free cadmium ions and
Cd(OH)2 complexes ((OH)2Cd-OH-Site).47 [Cd(NH3)4]

2+. Electro-
static forces between the oxygen atom and the cadmium ion in
[Cd(NH3)4]

2+ form square-planar and tetrahedral complexes. In
comparison to [Cd(NH3)4]

2+ tetrahedral complexes,
[Cd(NH3)4]

2+ square-planar complexes have higher adsorption
due to lower steric hindrance.48 To adsorb on a substrate
[(NH3)4Cd]

2+–OH-Site, the tetrahedral complex must replace
one ammonia group with a hydroxyl group. Aer adding thio-
urea, a portion of it combines with Cd(OH)2ads complexes to
form [Cd(OH)2SC(NH2)2]ads, which are attached to the
substrate. This new intermediate dissociates into CdS.49

The CdS lm growth mechanism describes the layer forma-
tion of CdS lm. It has four stages.43,50 Both stages involve
synthesis by the reactants. Reactant attraction, repulsion, and
collisions prepare the substrate's surface and solution. At this
stage, CdS molecules grow compactly and coherently to form
the lm's initial layers. These layers have low-porosity layers
with regularly arranged molecules. It forms from cadmium and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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sulphur ions and intermediate compounds. During this growth
phase, only the primary molecules (CdS, Cd(OH)2[Cd(NH3)4]

2+,
and [Cd(OH)2SC(NH2)2]ads) and reactants are in their ionic
states; their lifetimes for these stages are short. Before they form
clusters and particles, they need reactants (ions and molecules
in solution). Porosity layer growth occurs in stages 3 and 4.
These two stages (3 and 4) have a long life due to increased
solution density and mass repulsion from continuous reac-
tions. Third-stage CdS layers form when reaction solution
clusters agglomerate and adhere to initial CdS layers. Their
adhesion is determined by the relative abundance of the initial
CdS layers' general surface charge (whether they have more Cd2+

than S2�, or vice versa) versus the cluster surface charge. Uneven
cluster distribution on initial CdS layers increases porosity. This
stage focuses on the CdS lm's surface topography and
morphology and has high adhesion to these layers. In the fourth
stage, weak, porous layers' form and can be removed by soni-
cation or mechanical rubbing.

Doping involves adding impurity atoms to semiconductor
crystals, which creates an extra energy level near the conduction
or valence band edges. Doping semiconductors with acceptors
or donors reduced electrical resistivity.4 Doping involves adding
a specied volume of a salt solution containing doping atoms to
the reaction solution during crystal growth without affecting the
crystal lattice structure. In fact, Ag+ ions can help form n-type
Fig. 11 Mechanism of CdS formation doping with different ratios of Ag(

© 2022 The Author(s). Published by the Royal Society of Chemistry
materials with mostly electron carriers. In our work, we used
different concentrations of Ag, which caused a change in the
data for samples with an increasing gradient of silver ions based
on doping sample analyses. Because the d10 conguration lacks
stereo-chemical directionality and silver(I)–ligand interactions
are weak, silver ions favour a linear structural geometry.51

Linear geometry with stable excited state energies was the most
stable geometrical structure.52,53 In this case, Ag+ donated an
electron to Cd2+. As a result of the charge transition from Ag+

ions to Cd complexes, the [Cd(NH3)4]
2+ complexes (with

a square planar geometry) were transformed into the
[Cd(NH3)4]

+ complex (with a tetrahedral), resulting in the
formation of unstable [Ag(NH3)2]

2+ linear complexes. The elec-
tron transition from Ag+ to Cd2+ or square-planar [Cd(NH3)4]

2+

intermediate complexes changes the shape and charge of
cadmium ions. The 4d electrons destroyed [Cd(NH3)4]

2+ square-
planar's structure. The linear shape of [Ag(NH3)2]

+ molecules
allowed them to interact with [Cd(NH3)4]

2+ complexes and
transfer electrons Fig. 11.

Cd(II) cations form more stable complexes with NH3 ligands
than Cd(I) cations.54 Ag(II) quickly absorbs a single electron from
the reaction medium, reducing it to Ag(I). Experiments showed
that S8-orthorhombic XRD patterns emerge at concentrations
above 1%.
I) ions (1, 5, and 10%) in the solution and on the substrates.

RSC Adv., 2022, 12, 29613–29626 | 29623
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Silver increases electronic transmission to cadmium inter-
mediate complexes with increasing Ag(I) ion concentration.
When 10 and 5% silver is added, cadmium surrounds the silver
ions. The electronic transition from silver to cadmium
continues with 10% Ag+ ions until thiourea is added. Thiourea
forms orthorhombic structures that block silver ions.55 S8
orthorhombic has a crown-like structure, with all atoms form-
ing a single di-sulphide bond using 3py, 3pz electrons.56 Thiol
ions SH� and S2� are released in cadmium-equivalent amounts
(and containing silver ions). Silver is 2+ and ready to accept
a single electron from SH� thiol ions and S2� sulfur in solution.
Cd(I) ions are repelled by the electronic density of sulphur ions,
preventing them from forming CdS. Ag(II) ions in the reaction
mixture solution coordinated with sulphur ions (HS�) (S2�).
Because Ag(II) complexes were unstable, thiol groups and/or
sulphur ions (S2�) could easily dissociate and release radical
mono-anions Sn�.57 These radical mono-anions (Sn�) can form
S8 orthorhombic crystals.

A CdS mixture forms within the CdS lm's crystal lattice
during the basic CdS preparation reaction. The XRD spectrum
showed that the CdS lm is a mixture of cubic and hexagonal
shapes. CdS lm's reaction mechanism favors cubes.
[Cd(NH3)4]

2+ tetrahedral complexes form the hexagonal shape,
while square-planar and tetrahedral intermediate complexes
form the cubic shape. The reaction mixture can form 1 : 3 tet-
rahedral : square-planar complexes. The crystal lattice of CdS
lm has a 2.5 : 1.5 cubic : hexagonal geometry ratio. XRD
analysis shows that the proposed doping mechanism with silver
Ag+ ions is similar at all concentrations. When 1% Ag+ ions are
added, the XRD pattern shis towards hexagonal CdS because
the amount of silver Ag+ added is proportional to the amount of
square-planar [Cd(NH3)4]

2+ complexes formed in the solution.
Silver ions easily transfer a single electron to planar square
complexes through direct contact with Cd2+. Tetrahedral
complexes are slower because of the NH3 ligand. Cubic CdS lm
will decrease while hexagonal CdS lm will increase. The XRD
instrument has trouble detecting low concentrations, as its
detection limit is 0.5%.58 At 5% and 10% concentration, the
CdS-specic pattern changes, with small peaks and a S8
orthorhombic peak at 20.2�. The CdS pattern will shi to the
cubic shape at the expense of the hexagonal due to the proposed
ratio of intermediate complexes produced from [Cd(NH3)4]

2+, as
an increase in silver ion concentration will induce the induction
of silver ions to provide electrons to tetrahedral [Cd(NH3)4]

2+

complexes. The transition occurs through the NH3 ligand due to
the difficulty of [Cd(NH3)4]

+ complexes interacting with sulphur
ions in solution. S8-orthorhombic molecules increase the
crystal phase inside the CdS lm, and the FWHM of the XRD
spectrum narrows with concentration.

FE-SEM images show that adding silver ions to the reaction
mixture reduces CdS lm deposition on the substrate. The
optical properties analysis revealed a decrease in absorption
with increasing silver concentration, due to a decrease in CdS
deposition on the substrate surface. The ratio of 5% aer
annealing improved mobility and carrier concentration at
150 �C and 250 �C, as the unreacted thiourea compound
decomposed, allowing S8 orthorhombic molecules to regulate
29624 | RSC Adv., 2022, 12, 29613–29626
electron density ow path within the CdS lm's crystal lattice,
while reducing resistance caused by electrons travelling.59
Conclusion

In this study, a simple chemical bath deposition approach for
depositing Ag-doped CdS lms has been described. The impact
of doping on the optical, structural, morphological, and elec-
trical characteristics of CdS thin lm was discussed and
analyzed. The results showed that, the controlling of the reac-
tion mechanism is important, as the change in the concentra-
tion of silver led to a change in most of the reaction properties
and mechanisms responsible for the formation of the nal
product. It was found that by reducing the cadmium ions, the
doping with silver dopant were able to block the reaction and
prevent it from completing. Moreover, when the concentration
of silver ions is increased to 5 and 10%, the percentage of
precipitate on the substrate decreases due to an increase in the
blocking effect caused by the oxidation and reduction reactions.
XRD analysis showed that, when the Ag doping concentrations
has been increased, more of Ag2+ has been incorporated into the
CdS lattice, contributing to the formulation of new composite.
Also, optical characterization has revealed that the transparency
of the lm affected by Ag ratio, causing variation of bandgap
from 2.10 to 2.43 eV. Surface morphology shown that grains
were randomly orientated on the surface while it was more
compact without doping. Furthermore, the improvement in the
electrical conductivity of the Ag 5% doped CdS lms which
exhibited the highest carrier concentration (3.28 � 1015 cm�3)
and lowest resistivity (45.2 U cm) was taken in advantage to
recommended to be a promising candidate as a buffer layer in
photovoltaic solar cell.
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