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ABSTRACT

This study focuses on understanding the influence of incorporating Ammonium Acetate
into the chemical bath used for the deposition of CdS thin films, on its optical, morphology, and
microstructural properties. Thus, CdS thin films were deposited on 1” x 2”” microscopic glass
substrates using chemical bath deposition (CBD) technique. The deposition process was carried
out in a double jacket beaker with fixed chemical bath temperature of 90°C for a deposition time
of 40 min. The chemical bath solution consisted of fixed concentrations of Cadmium Acetate,
Thiourea, and Ammonium Hydroxide; with corresponding values of 4.8x10*M; 0.97x10"M;
and 0.2M, respectively. However, Ammonium Acetate was incorporated into the deposition bath
with concentrations that were varied from 3.0 mM to 12.2 mM. Meanwhile, for comparison
purposes associated to the initial physical and chemical properties of the CdS films; reference
CdS films were deposited under the same above chemical bath conditions, but in the absence of
Ammonium Acetate. The pH of the chemical bath was measured during the deposition process.
The films” morphology and the chemical composition were examined by Field Emission
Scanning Electron Microscopy (FE-SEM), and the Energy Dispersive spectrometer (EDS),
respectively. The X-Ray Diffraction (XRD) 0/26 technique was applied to study the structure of
the films, including the lattice parameters. Atomic Force Microscopy (AFM) was used to
examine the films topography and to determine the root-mean-square (RMS) surface roughness
of the films as well as the grain size. Dektak Surface Profilometer was used to determine the CdS
films’ thickness, where the films’ optical properties were measured using UV-Vis-NIR
spectrometer. Optical energy band gap (Eg), and absorption coefficient (o) were calculated from
the transmission spectral data.

INTRODUCTION

Cadmium Sulfide (CdS) thin films play an important role in the development of cost
effective and reliable photovoltaic devices. CdS thin films have been used as a junction partners
in CdTe and CIGS based solar cells for many years. In addition to its suitable direct band gap,
high absorption coefficient and low resistivity [1-4]; CdS buffer layer provides full coverage of
an epitaxial layer for the rough polycrystalline surface of the absorber layer. This results in
improving the device photocurrent by enhancing the solar cell absorption spectra in the UV
range and in the cell circuit voltage [5,6].

There are several techniques that are used for CdS thin film deposition as such chemical
bath deposition (CBD) [7,8], vacuum evaporation [9], sputtering [10], electrodeposition [11],
molecular beam epitaxy (MBE) [12,13], screen printing [ 14], metal organic chemical vapor
deposition (MOCVD) [15,16], pulsed laser ablation [17], close-space sublimation (CSS) [18],
and Spray pyrolysis [19]. However, out of the previously mentioned techniques, the chemical
bath deposition (CBD) is considered is the most common technique applied to achieve the best
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device performance so far. Where the highest efficiency currently reported for both CIGS and
CdTe based solar cells are 21.7% and 21.5%, respectively [20]. The chemical bath deposition of
CdS thin films (CBD-CdS) is considered as low cost technique, and easy to upscale and confine
the waste products [21-23]. The deposition technique of CdS thin films is based on the reaction
between Cd and S ions in an alkaline solution. The slow release of Cd ions is achieved by adding
a complexing agent to the Cd salt to form cadmium complex species, while S ions are supplied
by thiourea hydrolysis. During the deposition two reactions occur simultaneously and competing
with each other. The first one is heterogeneous reaction (also known as ion-by-ion growth)
which is the preferred reaction that results in forming an adherent and dense film to the substrate.
Whereas, the other reaction is homogenous (also known as cluster-by-cluster growth) which
results in forming a porous layer consists of precipitates of the CdS colloids in the bulk of the
solution [24-26]. Depends on the deposition conditions, a thick film with a duplex structure
might be formed that consists of an inner adherent dense layer and an over layer that is porous
and less adherent. Saturation in film thickness also was reported for CdS thin films grown by
CBD [25-27].

The quality and stoichiometry of the films depends on the deposition conditions such as
stirring condition, PH of the solution [28,29], deposition time and temperature [3,8], as well as
the relative concentration of the reactants [25,30-32]. For example it has been reported that the
grain size of CdS films increases with increasing the ammonia concentration [31]. Also, the high
concentration of ammonia results in second phase formation that affects the crystallinity of CdS
film. The Ratio of Cadmium Acetate to the ammonium acetate was found to have a significant
effect to increase the relative thickness yield of CdS films per cycle in multiple and continuous
dip deposition process relative to that obtained in single dip deposition process [33, 34]. This
paper focuses on understanding the impact of varying the concentration of ammonium acetate in
the chemical bath deposition of CdS films, on its microstructural and optical properties as well as
its stoichiometry.

EXPERIMENTAL

CdS thin films were deposited on 17x2” microscopic glass substrates using chemical bath
deposition (CBD) technique. The deposition process was carried out in a 600 ml double jacket
beaker with fixed chemical bath temperature of 90 °C for a deposition time of 40 min. The
chemical bath solution consisted of fixed concentrations of Cadmium Acetate as a source of Cd*™
ions, Thiourea as a source of S ions, and Ammonium Hydroxide as a complexing agent; with
concentrations of 4.8x107*M; 0.97x10"*M; and 0.2 M, respectively. Ammonium Acetate was
incorporated into the deposition bath with concentrations that were varied from 3.0 mM to 12.2
mM. Meanwhile, for comparison purposes associated to the initial physical and chemical
properties of the CdS films; reference CdS films were deposited under the same above chemical
bath conditions, but in the absence of Ammonium Acetate.

Prior to the deposition the double jacket beaker was placed on a magnet stirrer, filled with
the high purity DI, and then connected to the constant temperature bath to heat the DI water up to
the setting temperature of 90 °C. The volume of the high purity DI in the jacket beaker was
varied according to each performed deposition process from 554.7 ml to 548 ml. This is to
maintain the concentrations of the above chemicals used in this process controlled as required.
Also, the magnetic stirrer was used to promote ion-by-ion heterogeneous growth on the
substrate. The microscopic glass substrates were ultrasonically rinsed several times using high
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purity DI water. The substrates and its holder were loaded in the water jacket beaker while the
water was heating. The Cadmium Acetate, Ammonium Acetate, and Ammonium Hydroxide
were added when the water temperature got stabilized at 85 °C. Note that the concentration of
Ammonium Acetate was varied from one deposition process to another, with a range from 3.0
mM to 12.2 mM. However for the reference film deposition process; the Ammonium Acetate
incorporation into the bath was eliminated. The deposition process is considered initiated by the
addition of Thiourea using titration, when the bath reached stable temperature of 90 °C. The
complete deposition process was performed for a total period of 40 min out of which the first 15
min was spent for Thiourea titration. The pH of the bath was measured at the last 2 min before
the completion of each deposition process. Eventually after the deposition process was
completed, the substrates were removed from the deposition bath and they were rinsed in high
purity DI water. Then they were ultrasonically rinsed several times in DI water to help remove
particulates from the film surface. Final rinse was performed for the films in high purity DI
water, then the films were blown dry with nitrogen.

Subsequently, the films’ morphology and the chemical composition were examined by
Field Emission Scanning Electron Microscopy (FE-SEM), and the Energy Dispersive
spectrometer (EDS), respectively. The X-Ray Diffraction (XRD) 6/20 technique was applied to
study the structure of the films, including the lattice parameters. Atomic Force Microscopy
(AFM) was used to examine the films topography and to determine the root-mean-square (RMS)
surface roughness of the films and the grain size. Dektak Surface Profilometer was used to
determine the CdS films’ thickness, whereas the films’ optical properties were measured using
UV-Vis-NIR spectrometer. Optical energy band gap (Eg), and absorption coefficient (o) were
calculated from the transmission spectral data.

RESULTS AND DISCUSSION

Figure 1 shows the measured pH values of the chemical bath during the deposition of the
CdS films as a function of the investigated range of Ammonium Acetate concentrations. It can be
noticed that the pH value decreases with increasing the Ammonium Acetate concentration,
which can be correlated to the formation of Cadmium Cyanamide that is weakly soluble
compound and to the increase consumption of the Hydroxide ions in the chemical bath [25].

Prior incorporating Ammonium Acetate, the deposition bath has a pH value of 9.2 that
decreases and reaches its minimum of 8.2 with increasing the Ammonium Acetate concentration
from 3.0 mM up to 12.2 mM. In spite of only varying the concentration of Ammonium Acetate
and maintaining the other parameters of the chemical bath deposition fixed; as such the
concentrations of Cadmium Acetate, Thiourea, and Ammonium Hydroxide in addition to the
deposition bath temperature and time. Hence the growth rate of the chemical bath deposited CdS
(CBD-CdS) thin films is linearly increasing with Ammonium Acetate concentration then it
reaches a plateau with further increasing the Ammonium Acetate concentration of the deposition
bath. This is as indicated from the CdS films thickness measurements, shown in figure 2.
Consequently, the CdS films thickness increases from 68 A, for the reference CdS film, to 593 A
upon incorporating Ammonium Acetate into the deposition bath with concentrations that vary
from 3.0 mM up to intermediate value of 4.89 mM. Whereas, with further increasing the
Ammonium Acetate concentration, CBD-CdS films thickness tends to form a plateau with an
average thickness of 1035 A.
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Figure 1. PH of the CdS deposition bath Figure 2. Thickness of the deposited CdS
as a function of Ammonium Acetate films as a function of Ammonium Acetate
concentration. concentration of the chemical bath.

At low concentrations of Ammonium Acetate and relatively higher pH of the bath, the
growth of the CdS films can be due to major contribution of heterogeneous reaction as a result a
compact and adherent inner-layer of specular film is formed. On the other hand, at high
investigated range of Ammonium Acetate concentrations and relatively lower pH of the bath; the
appeared plateau in the growth rate, by means of the observed saturation of the film thickness
can be due to the formation of a secondary layer of porous CdS and other Cd-compounds
precipitates on top of dense CdS inner layer. This secondary layer is formed as a result of
significant contribution of homogenous reaction, which is promoted by low rate of thiourea
hydrolysis that is reduced with decreasing the pH of the deposition bath and by increasing the
hydroxo-complexes and cadmium amine complexes species in the deposition bath [25, 35,36].

The chemical compositions of the CdS films were determined using EDS at electron
probe accelerating voltage of 15 KeV. The EDS spectrums revealed presence of Cd and S in all
films, and other elements such as O, Na, Mg, Al, Si, and Ca that are originated from the glass
substrates. Furthermore, as illustrated in figure 3, the EDS results showed deviation from
compositional stoichiometry at high Ammonium Acetate concentrations; where the Cd:S ratio
increases slightly beyond 1. This deviation from stoichiometry starts to increase at Ammonium
Acetate concentration of 6.7 mM until it eventually gets stabilized at higher concentrations with
average Cd:S ratio of 1.29. It seems that the release of sulfide ions and its incorporation is
affected by the concentration of Ammonium Acetate, lower pH bath and slower rate of thiourea
hydrolysis. Therefore, the released sulfide ions become not efficient enough to correspond to a
stoichiometric pure CdS film. At this level of Ammonium Acetate concentration, oxygen
impurities such as Cd(OH); and/or cyanamide impurities such as CdCN; can be formed and get
incorporated into the CBD-CdS films [36-38]. However, investigation about possible existence
of impurities in the CBD-CdS films and its correlation with the Ammonium Acetate
concentration in the deposition bath, is beyond the scope of this research work and it is a subject
for further investigation.
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Figure 3. Cd:S ratio for CBD-CdS films as a function of corresponding Ammonium
Acetate concentration of the deposition bath.

Cd:S Ratio

The morphology of the films is illustrated by the SEM images shown in figures 4(a) and
(b) for CBD-CdS films with associated Ammonium Acetate concentrations of 3 mM and 10 mM,
respectively. The SEM images show that all CdS films are characterized by tapered crystallites
with domed tops. Concern the continuity of the reference CdS film, the film revealed large
discontinuity in the film coverage and free of pinholes. However, upon incorporating
Ammonium Acetate into the deposition bath with low concentrations, the corresponding
deposited CdS films exhibit continuous film coverage, with small grain size. The grains of the
deposited CdS films become larger in size as the concentration of Ammonium Acetate increases
in the deposition bath.

o G
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Figure 4. Elanner views foCdS thin films depsted hemical bath,
where Ammonium Acetate concentration is (a) 3 mM, and (b) 10 mM.

Figure 5(a-e) and figure 6 illustrate respectively the AFM topography images for the CdS films
and its associated grain diameter analysis as performed using AFM Nano-Scope Analysis
software. The topography of the reference CdS film exhibits mono-modal and self-similar
distribution of the grain sizes. Which is known as normal grain growth [39, 40] with a grain size
in the 22 - 116 nm range, for which the average is 69 nm that corresponds approximately to the
film thickness. By incorporating Ammonium Acetate into the deposition bath, the deposited CdS
film revealed grain growth, where the largest grains are those of 166 nm in size. However the
film maintained the small grains of 22 nm at the film/substrate region (film matrix).
Additionally, the films reveal an average grain size of 100 nm that is still approximately
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Figure 5. AFM 3D images for CBD-CdS films with corresponding ammonium acetate
concentrations of (a) 0 mM , (b) 3 mM, (c) 6.7 mM, (d) 10.4 mM, and (e) 12.2 mM.
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Figure 6. Grain diameter for CdS thin films as a function of the Ammonium Acetate
concentration in the deposition bath.
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corresponds to the film thickness; where the grain size growth is linearly proportional to the
thickness of the film. The film structure exhibits network or chains of grains with adjacent grain
boundaries that intersect at the surface of the film. Which might be correlated to the stagnation of
normal grain growth that the film structure reached at low and intermediate level of Ammonium
Acetate concentrations of the deposition bath, from 3.07 mM to 6.72 mM [41]. This is indicated
by the non-significant increase and/or slight reduction in the grain size with increasing the
Ammonium Acetate concentrations and its corresponding film thickness, when comparing figure
6 and figure 2. Consequently a nonlinear relation is revealed between the CdS film’s grain
growth and its thickness with increasing the Ammonium Acetate concentrations up to 6.72 mM
in the deposition bath. On the other hand, at higher level of Ammonium Acetate concentrations
of 10.4 mM and 12.2 mM, the CBD-CdS films exhibit a secondary (also known as abnormal)
grain growth, as such the grains on the film surface reach average of 178 nm and 257 nm in size,
respectively [39, 40, 42]. The slight increase in the growth of surface grains results in developing
a bimodal grain size distribution. Which might be formed due to reduction in the total energy of
the matrix and the total energy associated with normal grain boundaries. Grain coalescence is
evidence forming clusters of larger grains; additionally the grain domes and its grain boundaries
feature finer grains. It is believed that these features are caused by the homogeneous nucleation
of CdS particles within the growth bath and their subsequent deposition on the film surface. The
homogeneous nucleation leads to impurity segregation in a form of precipitates of the Cd-
complexes species which mainly can occur at the grain boundaries and/or grain surfaces [43, 44].
The film structure modification is occurred by means of its transformation from monomodal to
bimodal growth distribution where a secondary layer of large grains is formed at the top surface
of the film, leaving behind an underneath layer of small grains. This transformation might be due
to the chemical reaction change in the bath where both heterogeneous reaction is competing with
homogenous reaction. It appears that the homogeneous reaction has a significant effect and a
major contribution to the film growth and its structure at high concentrations of Ammonium
Acetate of the deposition bath.

The measured RMS surface roughness for all CdS films is shown in Figure 7.
Accordingly, the RMS roughness is decreasing from 4.37 nm to 4.16 nm with incorporating
Ammonium Acetate into the deposition bath up to 10.4 mM. Then the RMS roughness changes
its behavior and increases to reach 4.34 nm with further increasing of the Ammonium Acetate
concentrations up to 12.2 mM. It appears that the decrease in the CBD-CdS film surface
roughness with incorporating the Ammonium Acetate into the deposition bath is related to the
grain growth and its coalescence. However for the increase in grain growth and significant
contribution of the homogeneous nucleation to the film growth mechanism results in increasing
the film surface roughness at high Ammonium Acetate concentration level.

Using the 6/26 XRD technique, X-ray patterns were obtained for all CBD-CdS films
grown at different Ammonium Acetate concentration from 0 to 12.2 mM. As illustrated in figure
8, the 6/20 XRD patterns revealed that all CdS films exhibit a hexagonal (wurtzite) structure
with a tendency toward strong <002> texture with increasing the concentration of Ammonium
Acetate in the deposition bath, where the (002) plane has the lowest surface energy.
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Figure 7. RMS AFM surface roughness for CBD-CdS films as a function of Ammonium
Acetate concentration of the deposition bath.
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Figure 8. XRD patterns for CBD-CdS films. The dotted lines for randomly oriented powder
CdS sample are shown with the highest three Bragg peaks in addition to three weaker Bragg
peaks (JCPDS 01-074-9665 ).

(100), (002), (101), and (110) diffraction lines were analyzed by the computer program
PeakFit [45]. The program modeled XRD diffraction lines by fitting them with a Pearson VII
curve. The relative intensity of the (101) diffraction line to the (002) diffraction line was
examined as a function of the CBD-CdS films associated Ammonium Acetate concentration.
Figure 9 shows that this ratio is highest at the low Ammonium Acetate concentration (but less
than the random powder value of 2.18) and it decreases toward a relative intensity near 0.1 at the
highest concentration. Thus, there is a trend from a weaker (002) texture toward a stronger (002)
texture as the concentration of Ammonium Acetate increases in the deposition bath. This
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indicates that the films have a strong c-axis orientation aligned perpendicular to the substrate,
which corresponds to those grains with low surface energies [41]. Furthermore, the peak centers
for each diffraction line for all CdS films, which were calculated from the fit, were used to
calculate the lattice parameter by applying Cohen’s least-squares method for the hexagonal
system, as described elsewhere [46]. The computer program Mathematica [47] was used to solve
the matrices required for Cohen’s method. Figure 10 shows the lattice parameters for CBD-CdS
films as a function of Ammonium Acetate concentrations incorporated into the deposition bath.
There is a clear reduction or shrinkage in the CdS unit cell lattice parameters with increasing
Ammonium Acetate concentration. However, at the maximum applied Ammonium Acetate
concentration of 12.2 mM, the CdS lattice parameters are close to the value expected from
powdered CdS, where a, = 4.0907 A and co = 6.6411 A (JCPDS card 01-074-9665). Thus, all
CBD-CdS films are as
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Figure 9. The relative intensity of Figure 10. Lattice constants a and c, calculated
(101) to (002) diffraction lines using Cohen’s method for the CdS thin films.
from CBD-CdS films.

expected under a compressive stress state resulting in the lattice expansion shown in figure 10
which reaches its maximum at the lowest range of applied concentrations of Ammonium
Acetate. The expansion of the unit cell might be due to the high concentration of interstitial ions
that exceeds the concentration of vacancies in the films, and it occurs for the planes parallel to
the film plane [48,49]. However, for the CdS films deposited with high concentrations of
Ammonium Acetate, the compression stress and thus the unit cell expansion become weaker as
indicated by the unit cell size shrinkage. Where according to the EDS chemical composition and
for the films deposited under high range of Ammonium Acetate concentrations, the ratio of Cd to
S is beyond stoichiometry. Consequently, the S vacancies have an influence over that of the Cd
interstitials to decrease the unit cell size, where the radius of the S ions (172 pm) is larger than
that of the Cd ions (109 pm) [50].

The CdS films showed a decrease in the transmittance (not shown here) with increasing
the Ammonium Acetate concentration of the deposition bath. Which can be related to the
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increase in the grown film thickness accompanied by increase in the crystalline defects such as
grain boundaries and dislocations, impurities, and film stress due to lattice deformation [51-53].
All films exhibited transmittance between 70% and 90% in the visible region, and showed the
fundamental absorption edge in the range 480 - 540 nm. The reflection spectra (also not shown
here) of the films decreases with increasing the incorporation of Ammonium Acetate
concentrations into the deposition bath. Where, the reflectance of light is affected by film surface
roughness and grain size. As such the irregularity in shapes and high relative random orientation
of the small grains result in additional optical scattering and absorption that is taking place at the
grain boundaries. Furthermore, the optical absorption coefficients o (cm™) for the films was
derived from the transmission and reflection measurements, taking into the consideration the
film thickness. Then for direct band gap semiconductor as CdS, the band gap (Egap) was obtained
by plotting (c¢hv)? over the photon energy (hv), as shown in figure 11, and extrapolating a
straight line to intercept the horizontal hv axis.
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Figure 11. (¢hv)? is plotted as a function of hv used to extrapolate the energy gap value for
each CBD-CdS film.

The extrapolated optical bandgap values of the CdS films are plotted in Figure 12 as a
function of the associated Ammonium Acetate concentration of the deposition bath.
Consequently, it can be noticed that the band gap of the CdS films increases from 3.54 eV up to
3.82 eV, a value which is associated to the highest concentrations of Ammonium Acetate applied
into the growth bath. Such values of the band gap are larger than the reported value for wurtzite
CdS (2.41+0.01eV) [54]. The high value of the energy gap of the CdS films is expected due to
the lattice expansion causing high compression stress in the films that decreases with increasing
the film thickness and its associated Ammonium Acetate concentrations of the growth bath [52,
53]. However, as the CdS film saturates in its thickness with further increasing Ammonium
Acetate concentrations of the CBD; the density of defects and impurities increase in the films as
a result of deviating from stoichiometry and possible formation of a secondary porous over-layer.
Eventually, this results in further increasing the energy gap of the films and lattice shrinkage.

2612



3.85
3.8 °
3.75
3.7
3.65 -
3.6
355 o

35
0.0 2.0 4.0 6.0 80 10.0 12.0 14.0
Ammonium Acetate Concentration (mM)

Energy Band Gap (eV)

Figure 12. Energy band gap for CdS films as a function of the Ammonium Acetate
concentration of the deposition bath.

SUMMARY

CdS films were grown on glass substrates by chemical bath deposition technique (CBD).
By incorporating Ammonium Acetate into the chemical bath, a growth transformation from
monomodal to bimodal distribution as the Ammonium Acetate concentration increases of the
deposition bath was revealed by AFM imaging. The deposited films exhibited clusters of grains
with domed tops and fine surface sub-grains that became less significant at high investigated
level of Ammonium Acetate concentrations. These results emphasized the influence of the
competing reactions in the chemical bath between heterogeneous and homogenous growth
mechanisms. Where the latter is more significant at high concentrations of Ammonium Acetate,
resulting in formation of a secondary porous over-layer.

The grain growth and film thickness were found linearly increasing with the
concentration of Ammonium Acetate at low and intermediate level; however the grain growth
and film thickness were found to saturate at high investigated Ammonium Acetate
concentrations. All CdS films were under compression stress accompanied with expansion in the
unit cell, however the film stress became weaker and the unit cell shrink in size with further
increasing the Ammonium Acetate concentration. Which was correlated to the excess of S
vacancies over Cd Interstitials in the unit cell. The films had high energy band gap within the
range of 3.54 eV - 3.82 eV that was interpreted due to the deviation in film stoichiometry and
possible increase in the density of defects and impurities contents in the films.
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