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ABSTRACT

The control of optoelectronic properties of cadmium sulphide films, by a simple solution
based ion exchange process, is an important aspect for various applications. The effect of
post doping of certain metal ions on chemical bath deposited cadmium sulphide thin films
has been studied in this work. An alkaline bath has been developed to obtain highly
homogeneous CdS films on various substrates. X-ray diffraction of these films reveals that
as deposited material is amorphous. The energy dispersive x-ray analysis confirms that a
reasonable amount of cations can be incorporated into these films without affecting its
atomic structure. Optical absorption and electrical conductivity measurements suggest that
there is a clear effect of cation-exchange with respect to lead, silver and copper ions.
Electrical conductivity is significantly improved by copper ions, this change is close to five
orders of magnitude with respect to intrinsic films. These results clearly show that both
substitutional and interstitial mechanisms are involved in the cation-exchange process of
these films.

Keywords: CdS; chemical bath deposition; post doping; amorphous; interstitial;
substitutional.
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1. INTRODUCTION

For the last few decades, there has been a growing interest in cadmium sulphide (CdS) thin
films due to their interesting optoelectronic properties [1]. It possess a direct band gap (2.42
eV), high refractive index (2.5), superior optical absorption coefficient [2,3], a better life time
of photo carriers and quite high on/off ratio (~109) in photoconductivity [4]. As a result, this
semiconductor has been looked as a better choice for many potential applications, such as
photovoltaic window layer [5-8], active material for photodiode [9] and gas sensor [10] are
few to quote here. In literature it has been shown that it is an excellent hetrojunction partner
for solar cells based on p-type semiconductors like CdTe [5], CuInSe2 [9] and Cu(In, Ga)Se2
(CIGS) [11]. With these interests, various techniques have been developed to grow CdS
films [1,12]. Among these, the technique of chemical bath deposition (CBD) has been
considered as the most prominent one [13]. It is simple, no sophistication, requires minimum
materials, economical and permits deposition of large area films. These are essential
aspects in the development of modern low cost solar cells [14].

Regardless of deposition conditions adopted in CBD, getting a uniform and chemically
homogeneous film is still an open challenge that has to be appropriately addressed before
the successful implementation of this material [15]. Further, electronic doping of these films
is essential to control type and concentration of charge carriers without which it becomes
difficult to realize the potential applications. For example, a high electrical conductivity is
required if it is used as a window layer in solar cells and low conductivity for photodiode
applications. Generally, the CBD technique yields less conducting films of CdS for
stiochiometric composition, this aspect is critically controlled by chemical composition,
temperature and pH of chemical bath [16]. Broadly there are two different approaches of
doping CdS films deposited by CBD methods. One is in situ doping, here dopant ions are
incorporated into a chemical bath prior to the deposition of films. There has been a
considerable work in this direction, the in situ doping of copper (Cu), silver (Ag), indium (In)
and other metal ions has been studied [17-21]. Second is post doping of as grown films,
wherein as prepared CdS films are treated with the ionic solutions of dopants under different
conditions [18,19]. Generally it is believed that there is displacement of Cd ions in the film by
respective metal ion of solution by displacement reaction, hence a phase conversion of basic
CdS to respective metal-sulphide has been proposed. Recently this simple technique has
been used to convert a layer of CdS to Cu2S by treating with aqueous solution of Cu ions at
room temperature to form a solar cell [22]. This clearly suggests that the solution phase post
doping is appealing and promising method to control optoelectronic properties of CdS.  The
literature in this direction clearly lacks on a systematic study of solution phase doping of as
prepared CdS films and its possible conversion to other phases. The present work aims to
study this effect to establish whether there is electronic doping or a phase conversion of
initial CdS that is grown by CBD by choosing certain metal ions as dopants.

2. EXPERIMENTAL DETAILS

2.1 Materials

All the chemicals used in the present work were of analytical grade, cadmium chloride
monohydrate (CdCl2H2O), lead nitrate (Pb2NO3) and copper (II) chloride dihydrate
(CuCl2.2H2O) were obtained from (Himedia), thiourea NH2.CS.NH2 (Thomas Baker),
ammonia solution 25% (sd-Fine Chemicals, India) and silver nitrate (Sigma-Aldrich) were
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used for the deposition of cadmium sulphide thin film by CBD.  All the solutions were
prepared by dissolving appropriate quantity of material into de-ionized water.

2.2 Chemical Bath Deposition of CdS Films

Here the chemical bath has been set to deposit CdS films using cadmium chloride and
thiourea as a source of cadmium and sulphur ions respectively. Prior to optimizing the bath
conditions, a large number of trails for different conditions with respect to temperature,
concentration of ions and pH were carried out. The condition that yielded superior films, with
respect to continuity, smoothness and adherence, was chosen to deposit the final films for
further studies. A brief recipe of the present deposition is as follows. The substrates used to
deposit films are both commercial glass slides and ITO coated glass slides (Xin Yan
Technology LTD, Hong Kong) of typical size 70 ×25 mm2. Prior to deposition the glass slides
were cleaned by standard procedure.  First it was cleaned with soap solution then boiled in
soap solution for 30 minutes and finally rinsed with copious amount of distilled water and
followed by sonication in water for 10 minutes. In two separate beakers solution of cadmium
chloride (5 mM) and Thiourea (10 mM) were prepared. Aqueous ammonia (NH3) was added
to cadmium solution under constant stirring till a white precipitate of Cd(OH)2 gets dissolved
and the solution becomes clear, here ammonia also acts as a complexing agent in the
chemical bath. The measured pH of final solution was close to 11.5. Quickly the solution of
thiourea was added to the solution of cadmium in 100 ml beaker under stirring and the
temperature of solution was raised to 60 ºC, a special heat bath is designed to achieve a
uniformly heating of bath well above the solution level. Once the required temperature is
reached the cleaned glass/ITO slides were inserted vertically along the wall of the beaker
and are left undisturbed for chemical bath deposition of CdS films for two hours. Initial
colourless solution starts turning slowly to pale yellow with time and at the end of required
time a clear deposition of CdS is observed both on glass slides and on the wall of beaker.
The deposited slides were cleaned thoroughly with distilled water and later sonicated to
remove unadherent material, finally these slides were dried for further characterization. The
resulting films were yellowish, homogeneous, spectacularly reflecting with good adherence.
Films after sonication which are completely free from adherent material are referred as
intrinsic CdS (in-CdS). A photograph of such film is shown in Fig. 2a as an inset, it can be
seen that these films are homogeneous and bright yellow in colour. The following chemical
reaction is responsible for the deposition of these films.

Cd2+ +2OH− → Cd(OH)2 Cd(OH)2 + 4NH3 →  [Cd(NH3)4]2+ + 2OH –

CS (NH2)2 + 2OH − → S 2− + CN2H2 + 2H2O          Cd(NH3)4]2+ +S2− CdS (s) + 4NH3

2.3 Solution Phase Doping of as Prepared CdS Films

The solution phase doping of in-CdS films was studied by immersing these films in different
cationic solutions at ambient condition. 5 mM solution of Pb, Cu and Ag were prepared using
Pb2NO3, CuCl2-H2O and AgNO3, respectively in water. Then in-CdS films were completely
immersed in these solutions at room temperature for a longer duration (1 minute) to ensure
that there is saturated diffusion of cations, as a result the original films are completely doped.
At the end of this, films were thoroughly washed with distilled water and dried in air for
further measurements. It is important to note that the solution doping clearly shows visible
change in the colour of original film.
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2.4 Experimental Characterization

Structural characterization of these films is carried out using X-ray diffractometer (Ultima-4
Rigaku co-operation Japan) operating at 25 kV and 20 mA with Cu K radiation (1.54056 Å)
and scanning rate 0.01º/s. Optical measurements were performed in the wavelength range
300-1100 nm using Analytikjena specord 200 plus (Germany). Surface morphology and
elemental analysis was recorded by scanning electron microscope (SEM) (Model JEOL
JSM-6360A). The film thickness was measured by thin filmetrics (F20-UV thin- film analyzer)
and current-voltage curves were recorded on films deposited on ITO surface using Keithley
617 programmable electrometer at room temperature using our home made set up for
conductivity measurements.

3. RESULTS AND DISCUSSION

3.1 Structural Analysis

X-ray patterns were recorded for all the samples, Fig. 1 shows these spectra for pure CdS,
CdS:Pb, CdS:Ag and CdS:Cu for comparison. It is observed that as prepared films do not
appear smooth, there is inhomogeneous binding of loosely adherent material on the surface.
On water sonication of these films the extra material detaches and film appears quite smooth
(photograph in Fig. 1 is one such film). To understand the nature of loosely adherent
material the x-ray diffraction is also recorded for just as deposited film. The bottom most x-
ray pattern is for as deposited film and the next pattern is for in-CdS film. The as prepared
film has slight crystallinity that gives main peak at 2=27º and a weak peak at 2=45º, which
are nothing but (111) and (220) peaks of cubic phase. The pattern of in-CdS is completely
absent from any crystalline peaks, but there is a broad hump around 2=25º. These spectra
clearly indicate that as deposited films (smooth film + adherent particulates) start with an
amorphous form of CdS that is quite smooth and the packets of crystallites as loosely
adherent particles grow at selected areas. Further, the starting amorphous phase is quite
adherent to the glass substrate. In order to check the conversion of amorphous to crystalline
state, the sonicated films of CdS were annealed at 300ºC for 20 minutes under vacuum
furnace (~10-3torr). The x-ray pattern of this sample is shown in the Fig. 1 as (c). It remains
same that is material is still amorphous. Further, x-ray patterns of solution doped films of Pb,
Ag and Cu are shown Fig. 1 as (d) to (f). It is noticed that all these patterns also exhibit
amorphous nature. Hence, the diffusion of above ions into amorphous CdS does not affect
the structure of original film. A vast literature is available on the characterization of
optoelectronic properties of CBD CdS films [23-26]. Both a highly crystalline and non-
crystalline phases have been observed depending on the bath conditions. For example,
Khallaf et al. have done a comprehensive study on the effect of cadmium sources on CBD
deposited CdS films [24]. In this report, authors also summarize others results on pH,
temperature and reagent effects on crystallinity of these films. For variation of pH from 7.8 to
13.5,  CdS goes from cubic to hexagonal and to amorphous and sometime even it posses a
mixture of both cubic and hexagonal phases together. Interestingly, these authors report that
irrespective of cadmium sources the CdS goes to highly crystalline cubic phase. Recently,
Kariper et al. studied exclusively the effect of pH on CBD films of CdS, it is noticed that pH of
chemical bath has significant effect on the atomic structure of CdS films. It is concluded that
low pH gives more crystalline structure and high pH (above 11) always gives more
amorphous structure [27]. Under low pH (acidic bath) a natural deposition of films vanishes
and hence a deriving force, like electrochemical, has to be applied to deposit the material. In
fact, the effect of chemical bath conditions on the structure of films is a bit complex issue due
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to numerous parameters such as nature of reagents, pH, temperature and pre-treatment of
substrate surfaces.

Fig. 1.  XRD patterns of as deposited, as deposited and sonicated, annealed at 300ºC
for 20 minutes under vacuum furnace, Pb doped, Ag doped and Cu doped CdS thin

films

3.2 Optical Properties

Optical properties of undoped and doped CdS films were recorded in the wavelength range
between 300 and 900 nm and these plots are shown in Figs. 2(a, b) as normalized curves.
Undoped film shows a well defined optical absorption whose tangent is close to 525 nm that
gives optical band gap 2.39 eV. This number is quite close to its bulk band gap of crystalline
CdS. In amorphous semiconductors optical band gap is quite close to their crystalline
counter parts, it is a well established fact due to similar short and medium range orders in
these two materials [28]. The internal strains in chemical bond length, bond angle and local
variation in chemical composition would lead to the tailing and slight shift in the absorption
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curve towards lower energy, generally known as Urbatch edge. With Ag doping the
absorption curve shifts towards higher wavelength that is at 586 nm (Eg = 2.11 eV), further
there is more shift in a same direction for Pb doping, whose absorption edge is at 850 nm
and (Eg = 1.4 eV). A opposite trend, that is blue shift, has been observed in case of Cu
doping, absorption edge is at 447 nm (Eg = 2.77eV).  The numerical values of critical
absorption wavelength and their respective band gap for different films are given in Table 1.

Fig. 2. Optical absorption spectrum of (a) as deposited and sonicated and various ion
exchanged CdS films in UV-VIS range (inset shows the room light photograph of as
deposited and sonicated CdS film deposited on a glass slide) and (b) UV-VIS-NIR for

CdS: Ag film
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Table 1. Numerical values of critical absorption wavelength and energy gap of in-CdS
and doped CdS films

Thin film Critical absorption
wavelength (nm)

Energy gap
(eV)

in-CdS 525 2.39
CdS:Pb 850 1.40
CdS:Ag 586 2.11
CdS:Cu 447 2.77

A decrease in band gap of CdS films with doping of certain metal ions has been attributed to
the fact that these ions create donor levels quite close to conduction band (shallow levels)
and these levels become highly degenerate with more percentage of doping and hence
merge into the conduction band [29-30]. However, the increase in band gap of undoped CdS
with Cu doping can be accounted to the Moss-Burstein shift (effect) [31,32]. This effect has
been accounted to the fact that the absorption edges shift to higher energy due to over
population of charge carriers as compared to the density of states in valence and conduction
bands [33].  A solar cell has been formed on chemical bath deposited CdS film by converting
it to Cu2S by ion-exchange process, these cells were formed in multilayer with wide band
gap semiconductor TiO2 [22(a)]. Here also a blue shift in optical absorption of Cu2S cell is
reported as compared to intrinsic CdS cell.

The ion exchange doping of CdS may lead to conversion of original CdS to respective metal-
sulphides. Then there can be formation of Cu2S, PbS and Ag2S within CdS phase due to Cu,
Pb and Ag doping respectively. In order to confirm this, optical absorption measurements
were extended upto 3000 nm to notice the absorption edges associated with above phases.
The critical absorption of Cu2S is 1033 nm, PbS is 3000 nm and Ag2S is 1361 nm, these are
the estimated values based on their respective bulk band gaps. The absorption spectrum of
above films did not show the sign of these edges. A typical absorption curve of Ag2S is
shown as in Fig. 2(b) as a representative for other films. Hence, it can be concluded that in
the present films there is no phase conversion but it is alloying of dopant material with
amorphous matrix of CdS.

3.3 Surface Morphology and Chemical Analysis

Fig. 3 illustrate the SEM images of intrinsic and postdoped thin films of CdS at 30,000
magnifications. The growth of the films was observed to be uniform that covers substrate
close to 100%. The surface in all the four films shows granular structure with well defined
grain boundaries. The formation of these grains is quite typical of CBD technique. It is well
known that there are two growth mechanisms in CBD, namely, ion-by-ion and cluster-by-
cluster [34]. It is reported that the films deposited from ammonia (alkaline) bath is controlled
by means of cluster-by-cluster mechanism [34]. In electrochemical induced ion-by-ion growth
of CdS films a high crystallinity of hexagonal phase with preferential orientation has been
reported in acidic bath [35]. Here, the hexagonal facets perpendicular to substrate can be
clearly seen, which indicates growth rate is limited by surface reaction. In the present case,
the individual grains are more or less spherical in nature (mean diameter about 45 nm) and
there is good degree of aggregation of these particles. The X-ray diffraction clearly reveals
that these films are completely amorphous in nature and the grain size seen in SEM pictures
may not be the size of crystallites but grains of aggregated particles. The ion-by-ion growth
process suppose to give more ordered (crystalline) state and  cluster-by-cluster process
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gives less ordered (amorphous) state. Hence, it can be believed that the present films are
grown by cluster method. Further, from SEM pictures it is observed that upon doping of CdS
there is swelling of grains, which is more in Pb films as compared to Ag films. The reason for
this is yet to be established.

Fig. 3. Scanning electron micrographs of (a) as deposited and sonicated CdS, (b) CdS:
Pb, (c) CdS: Ag and (d) CdS: Cu thin films

(a)

(c)

(b)

(d)
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Table 2. Compositional analysis of different CdS films by Energy Dispersive X-ray
analysis

Thin film Element Atomic wt (%) Atomic ratio (Cd/S)
in-CdS Cd 53.43 1.14

S 46.57
CdS:Pb Cd 38.32 0.76

S 50.23
Pb 11.45

CdS:Ag Cd 12.74 0.35
S 36.13
Ag 51.13

CdS:Cu Cd 34.84 0.72
S 48.25
Cu 16.90

Chemical composition of these films was studied by energy dispersive x-ray analysis (EDX)
measurements, these data are summarized in table 2. All the films are free from impurity
atoms signals. The chemical composition of undoped CdS films shows that Cd atomic % is
53.43 and that of S is 46.57 and Cd/S atomic ratio is 1.14.  This indicates there is slight
excess of Cd atoms that is 14%, this excess Cd ions would sit either at interstitial position of
CdS matrix or at regular site by creating equivalent amount of sulphur vacancy. In either
case it changes the electrical conductivity of intrinsic CdS films [36]. The excess Cd in these
films gives n-type conductivity [37], we also observed n-type conductivity by hot-probe
method in all the films. In case of Pb doping, almost 11.4 atomic % of Pb is incorporated by
maintaining sulphur composition close to 50%, this shows that Pb ions displace Cd ions at
cationic sits. Similar the case for Cu doping, 16.9 atomic % replaces Cd ions by maintaining
sulphur close to 48%. Hence, it can be inferred that Pb and Cu can be incorporated into CdS
matrix by substitution diffusion by kick-out mechanism at Cd sites, similar observations have
been made by earlier works [18]. Interestingly, a different scenario is observed in case of Ag
doping. A large atomic % of Ag goes into CdS matrix that is close to 51.13%, as shown in
table-2. The silver cations can sit either by substitution or by interstitial or by both. The
chemical composition of these films shows that close to 23% goes to substitution site, this is
with respect to S wt %, and more amount 28% to goes to interstitial position. It is well known
in case of many materials that silver has ability of easy diffusion, particularly in case of
amorphous semiconductors it shows a good mobility under electric field, light and
temperature gradients [38]. There are certain reports on the solution phase ion-exchange
doping of CdS films prepared by different methods [39]. In case of silver, it is reported that
there is partial to complete conversion of CdS to Ag2S [19]. Ristova et al. studied XPS profile
of Ag doping in chemical bath deposited films of CdS to study ion distribution profile [19]. It is
concluded that silver diffuses to entire material.  Similarly, the diffusion of silver is also
studied in case of thermally evaporated CdS films [18], these films exhibit better crystallinity
and Ag incorporation only upto 4.65 atomic % has been observed. In the present case the
large amount of silver diffusion (51 atomic %) is observed which is never reported earlier. It
is believed that this could be due to highly amorphous nature of these films, in which the
constituent atoms satisfy their valency (Mott’s 8-N rule) [40] and there is more free volume
and these are the factors that are responsible for high incorporation of silver ions into CdS
phase.
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3.4 Electrical Characterization

Electrical conductivity of these films was measured by our home built two probe set up with
soft electrical contacts, (It is gold coated copper PCB on flexible plastic that is commercially
available). The two metal probes (stripes: 4 mm length, 0.7 mm width and 0.38 mm
separation between the probes) loaded on a soft polymer pad (PDMS) that further loaded
with spring pres-sure rests on CdS film surface, the setup a convenient method to measure
electrical conductivity of soft materials, a lower version of this setup has been published by
us elsewhere [41]. Current versus voltage data for different films is shown in Fig. 4 (as semi-
logarithmic plots). The linear current-voltage plots of these films show that in the entire
measurement range these curves are ohmic in nature. It is clear from these plots that for
voltage of 20V, the current in intrinsic film is 2x10-7 A that increase quite a little in Pb doped
and there is further increase in Ag doped films. Almost one order of enhancement has been
observed in case Ag doping as compared to undoped film.  But, there is significant change
with respect to Cu doping. There is almost five orders of magnitude change in current for the
above voltage in these films. From these data electrical conductivities were estimated for
different dopants and this data is summarized in Table 3. There is no direct correlation of
electrical conductivities of these films with respect to their optical absorption edge. For
example, the Pb and Ag doping gives a slight red shift in absorption edge, which is more in
case of former. On the other hand, Cu doping leads to a slight blue shift absorption edge.
There are two different aspects with respect to the observed optical and electrical properties
of these films that need to be addressed. One is, a correlation has to be made between the
shift in optical absorption edge and change in electrical conductivity of these films with
doping. Another is, the mechanism of charge transport in these films with respect to doping
of ions. As per the first aspect is concerned, the above results clearly suggest that the
change in electrical conductivity upon ion exchange doping in CdS films is not mainly due to
shift in their absorption edge as compared to undoped CdS. But it is entirely related to
electronic states created by the dopants. On the basis of band gap shift with doping, it is
expected that Cu doping should be less conducting and Pb and Ag should be more
conducting with respect to intrinsic CdS. But the observations show that opposite is true. To
account this in case of Cu doping, the significant enhancement of conductivity could be
related to the Moss-Burstein shift (effect), overpopulation of charge carriers in conduction
band due to heavy doping [31,32]. This leads to increase in apparent band gap as compared
to the intrinsic band gap by having high density of charge carriers.  Regarding the second
aspect, intrinsic CdS shows very low conductivity as compared to Cu doped films (Table-1),
it is almost five orders of magnitude change. In case of intrinsic film, the mechanism is due
to thermally activated process of excitation of electrons from valence band to conduction
band that is quite common in intrinsic semiconductors. Due to high band gap of CdS (2.40
eV) thermally excited carriers at room temperature is low which gives low conductivity.
Whereas, in case of Cu doping, CdS is heavy doped and the semiconductor becomes highly
degenerate and hence there is a large density of free electrons in conduction band leading
to the Moss-Burstein shift (effect). Hence, it is believed that in this case the thermal
excitation process, transition of charge carriers from valence band to conduction band,
becomes weak as compared to the doping density. Further, the work is under progress to
investigate the type and concentration of charge carriers in these films using Hall effect
measurements. It will be interesting to study the role of crystallinity of CdS and its effect on
ion-exchange process and their subsequent effect on optoelectronic properties.
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Fig. 4. Current-voltage measurements of as deposited and sonicated CdS, CdS: Pb,
CdS: Ag and CdS: Cu films that were deposited on indium tin oxide (conducting)

glass substrates

Table 3. Numerical values of room temperature electrical conductivity of intrinsic and
doped CdS thin films

Thin film Conductivity (Ωcm)-1

in-CdS 7.3 x 10-10

CdS:Pb 1.4 x 10-9

CdS:Ag 3.1 x10-9

CdS:Cu 2.4 x10-5

4. CONCLUSIONS

In summary, the solution based ion exchange is an interesting and a simple method to
control the electrically conductivity of chemically bath deposited CdS films. In this work it is
shown that highly alkaline chemical bath gives good homogeneous CdS films that are
completely amorphous in nature. Upon ion exchange doping of these films with Pb, Ag and
Cu there is visible change in optical properties, that is the optical band gap of CdS:Pb and
CdS:Ag films was found to decrease while in case of CdS:Cu it decreases slightly. A
reasonable amount of dopants can be incorporated in these materials by a natural diffusion
process due to disordered structure. The XRD and SEM measurements suggest that internal
structure and surface morphology almost remain same even after ion exchange doping of
these films. But there is a significant enhancement in electrical conductivity, almost by five
orders of magnitude, in case of Cu. At the end it can be concluded present measurements
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that both doping (interstitial substitution) and phase conversion of intrinsic CdS happens in
solution based cation-exchange process.
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