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Cd
1–x

Zn
x
S thin films have been studied extensively as window layers for solar cell applications. 

However, a mismatch between the Cd
1–x

Zn
x
S and copper–indium–gallium–selenide absorber layers 

increases with Zn film concentration, which reduces the device efficiency. In this work, Cd
1–x

Zn
x
S 

thin films with low Zn concentrations were analyzed. The effect of the addition of different molar 
Zn concentrations to the reaction mixture on the growth mechanism of Cd

1–x
Zn

x
S thin films and the 

influence of these mechanisms on structural, optical and morphological properties of the films has been 
studied. Cd

1–x
Zn

x
S thin films were synthesized by chemical bath deposition using an ammonia-free 

alkaline solution. Microstructural analysis by X-ray diffraction showed that all deposited films grew 
with hexagonal structure and crystallite sizes decreased as the Zn concentration in the film increased. 
Optical measurements indicated a high optical transmission between 75% and 90% for wavelengths 
above the absorption edge. Band gap value increased from 2.48 eV to 2.62 eV, and the refractive index 
values for Cd

1–x
Zn

x
S thin films decreased as the Zn increased. These changes in films and properties 

are related to a modification in growth mechanism of the Cd
1–x

Zn
x
S thin films, with the influence of 

Zn(OH)
2
 formation being more important as Zn in solution increases.
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1. Introduction

Cd
1–x

Zn
x
S thin films have attracted attention for a long 

time, since their energy band gap can be tuned and their 
lattice parameters can be modified with variation in Zn 
concentration1-3. Replacement of CdS with higher energy 
gap ternary Cd

1–x
Zn

x
S in thin-film solar cells, based on CdTe 

or copper–indium–gallium–selenide (CIGS) absorbers, is 
expected to decrease window absorption losses and result 
in an improved solar cell performance4,5. Several studies 
have focused on the deposition of Cd

1–x
Zn

x
S thin films 

with different Zn contents6-8, but the Zn content that has 
been studied thus far has always been larger than 5 at.%. 
Therefore, the range of very low Zn contents below 5% 

has not been studied to date. An investigation of this small 
range of compositions increased in importance because, as 
reported by Burton et al.9 and Reddy et al.10, a higher Zn 
concentration leads to a large lattice mismatch with CIGS-
absorber material and a higher resistivity material, which 
increases the series resistance of thin-film solar cell devices. 
The lattice mismatch between window and absorbent layers 
is important to considerer in heterojunction solar cell device 
manufacture. Defects in junctions introduce energy levels 
in the band structure, which act as recombination sites 
and reduce the conversion efficiency of the devices11. A 
near-perfect lattice match is obtained between the absorber 
CIGS-(1 1 2) tetragonal plane and the window CdS-(1 0 0) 
hexagonal phase plane. Accordingly, the Zn concentration in 
Cd

1–x
Zn

x
S films should be kept as low as possible, whereas 
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the optical transmission and band gap should be increased 
as much as possible.

Cd
1–x

Zn
x
S thin films were deposited by chemical bath 

deposition (CBD), which is a very simple, inexpensive 
and effective technique for the deposition of various 
semiconductor materials. It is well known that the initial 
reaction solution conditions in CBD determine the properties 
of the obtained films; however, few studies have focused 
on the growth mechanisms and subsequent film properties. 
Hodes et al.3 concluded that the thickness and crystal size 
of thin films produced by CBD are strongly dependent on 
growth mechanisms. Therefore, it is also possible to relate 
the optical film properties to the growth mechanism. For 
example, Rodríguez et al. demonstrated that the growth 
mechanism affects the morphological properties and chemical 
composition of ZnS thin films grown by CBD from a non-
toxic alkaline solution12, which can affect optical properties.

Another important factor in the synthesis of Cd
1–x

Zn
x
S thin 

films by CBD is the reaction solution composition. Most reports 
found in literature use ammonia as complexing agent in the 
aqueous synthesis of semiconductor thin films1,2,6,7. However, this 
is a highly volatile, toxic and harmful material8, and industrial 
production would produce serious environmental and health 
problems. Considering the large amount of waste derived 
from the deposition process, the use of non-toxic precursors 
in film synthesis reduces the current environmental crisis.

We present on a detailed study of the growth mechanisms 
involved in CBD of the Cd

1–x
Zn

x
S ternary compound to 

understand the synthesis of Cd
1–x

Zn
x
S thin films better. The 

effects of very low Zn concentration (less than 5 at.%) on 
chemical, structural, optical and morphological properties 
are analyzed and interpreted in terms of growth mechanisms.

2. Experimental Procedure

Cd
1–x

Zn
x
S thin films with low Zn content were deposited 

on glass slide substrates using an ammonia-free CBD process, 
which has been used previously to deposit CdS thin films13,14 

and aqueous solutions of 0.05 M CdCl
2
, 0.5 M C

6
H

5
O7Na

3
 

(sodium citrate, Sigma-Aldrich), 0.5 M KOH (J.T. Baker), 
pH 10 borate buffer solution (Winkler), and 0.5 M CS(NH

2
)

2
 

(thiourea, Sigma-Aldrich). Five types of Cd
1–x

Zn
x
S

 
films were 

studied, where the Zn concentration in the reaction mixture 
was increased from 0 (used as reference) to 1.5×10–3 M by 
adding Zn(CH

3
COO)

2
 (Sigma-Aldrich), while maintaining all 

other reactant concentrations unchanged. The molar ratio, r 
= [Zn]/[Zn+Cd], in each reaction solution was 0, 0.05, 0.07, 
0.09, and 0.13. All studied thin films were deposited at a 
solution temperature of 70°C and pH 11.5. Four samples were 
deposited for each condition by placing four substrates in 
the reaction beaker and then removing them from solution 
after 15, 30, 60, and 90 min, respectively. The films obtained 
were yellowish, homogeneous, specularly reflecting, and 
adhered well to the glass substrate.

To study the mechanisms of growth, a speciation diagram 
was produced according to the procedure reported by Tec-
Yam et al.15.

The film chemical composition was obtained by total 
reflection X-ray fluorescence (TXRF) using a Bruker S2 
PICOFOX spectrometer. Structural analysis was by X-ray 
diffraction (XRD) using a D4 ENDEAVOR diffractometer 
with Cu Kα

 
radiation. The optical transmittance spectra were 

measured with an optical fibre spectrometer (Ocean Optics 
USB 4000). The sample surface morphology was studied 
by atomic force microscopy (AFM) using a NANOSCOPE 
IIIa in contact mode.

3. Results and Discussion

Cd
1–x

Zn
x
S thin-film growth can be understood from 

the reactions occurring in solution. In a cadmium–citrate–
thiourea reaction system under alkaline conditions, the 
citrate ion (Cit3-) acts as a complexing agent, which controls 
the Cd2+ ion concentration through the reaction reported by 
Treumann et al.16:

( )CdCl Cd Cl2 12 2 ++
-

where k
s
 is the stability constant of the −CdCit complex ion. 

Sulfur ions, S2–, are released from thiourea and react 
with Cd2+ ions:

, . ( )Cd Cit CdCit k 2 3 10 2s

2 3 5
* #+ =+ - -

( )SC NH OH SH CH N H O 32 2 2 2 2+ + +- -Q V

( )SH OH S H O 42
2+ +- - -

( )Cd S CdS 5s
2 2++ -

Q V

Eq. (5) is the chemical bath growth mechanism termed 
‘ion by ion mechanism’.

In the same way, free Cd2+ ions can react with OH– ions 

contained in solution to form insoluble cadmium hydroxide:

( )Cd OH Cd OH2 6,aq aq s
2

2++ -
QQ Q QVV V V

This metal hydroxide reacts with S2- ions released from 
thiourea decomposition to form CdS according to:

( )Cd OH S CdS OH2 7, aq aq S aq2
2+ +- -Q Q Q Q QV V V V V

Reaction (7) occurs because k
sp

 for CdS (10–28) is much 

smaller than the corresponding value for Cd(OH)
2
 (2×10–14) 3, 

i.e., the free energy change required for reaction (7) is more 
negative, and the reaction occurs spontaneously.

When Zn2+ is added to the solution, it is also complexed 
by citrate ions through the following reaction reported by 
Martin et al.17:

( )Zn CH COO Zn CH COO2 83 2
2

3 2++Q QV V
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previously8,21. Considering the high pH values, it is expected 
that Zn2+ ions react with OH– ions to precipitate Zn(OH)

2
 

to a large extent, in the solution bulk. Therefore, a deficit 
in Zn content, x, could be expected from the amount of Zn 
that does not participate in the film growth process as a 
result of Zn(OH)

2
 formation. This idea, and the influence 

of Zn(OH)
2
 phase on thin-film properties, will be discussed 

further and developed.
Figure 3 shows XRD patterns of the Cd

1–x
Zn

x
S thin films 

obtained after 90 min reaction time. The pattern obtained 
from a CdS film (r = 0) shows an intense peak centred at 
26.7°, which corresponds to the hexagonal phase, (002) 
plane (PDF#77-2306). Three less intense peaks are visible 
at 44°, 48° and 55°, which are produced by the hexagonal 
phase, (110), (103) and (004) planes, respectively. As the 
r ratio in solution increases from 0 to 0.13, the intensity of 
the (002) peak decreases and that of the (100) and (110) 
peaks increases.

All diffraction peaks in the patterns of the Cd
1–x

Zn
x
S 

films are shifted towards higher angles with respect to 
those corresponding to hexagonal CdS, which indicates a 
decrease in lattice parameter, i.e., the presence of uniform 
strain because of the smaller ionic radii of Zn2+ (0.074 nm), 
which substitutes Cd2+(0.095 nm) ions. Increasing Zn contents 
results in the shrinkage of the crystalline plane spacing as a 
consequence of the stress produced by the introduction of 
Zn2+ to the lattice 22. In Table 3, a comparison of calculated 
interplanar spacing d-values with those of PDF#77-2306 
(CdS) and PDF#40-0835 (Cd0.805Zn0.195S) are shown. It has 
been observed that higher doped samples result in a phase 
change transition from hexagonal structure to cubic form,  
as a consequence of substitution of Cd2+ by Zn2+ 22.To obtain 
more information about the ternary alloy structure, further 
analysis was carried out using Vegard’s law. Vegard’s law 
is an empirical rule that states that an alloy property value 
can be determined from a linear interpolation of the property 
values of its constituent elements. According to Vegard’s 
law22,23, lattice constants a and c of the Cd

1–x
Zn

x
S alloy 

decrease linearly, whereas x increases from 0 to 1:

, . ( )Zn Cit ZnCit k 6 31 10 9s

2 3 4
#+ =+ - -

On the other side, free Zn2+ ions react with OH- ions, to 

form zinc hydroxide:

( )Zn OH Zn OH2 10,aq aq s
2

2++ - QQ Q QVV V V

which can react with S2– ions to form ZnS:

( )Zn OH S ZnS OH2 11, aq aq aqs2
2+ +- -Q Q Q Q QV V V V V

Reaction (11) occurs because k
sp

 for ZnS (10–25) is 

much smaller than the k
sp

 for Zn(OH)
2
 (10–16) and, from 

ln(k
sp

) = ΔG0/RT, ZnS has a lower free energy change than 
Zn(OH)

2
. According to Hodes 3, since CdS and ZnS have 

different solubility product constants, the formation of a 
ternary compound would occur by precipitation of CdS, 
which adsorbs S2– and Zn2+ ions to form a ZnS layer. This 
eventually diffuses to form a solid solution of Cd

1–x
Zn

x
S. 

Figure 1 shows a schematic representation of Cd
1–x

Zn
x
S 

ternary compound precipitation. Side (A) corresponds to 
a process described above and side (B) corresponds to a 
process involving any hydroxide mechanism. According to 
reactions (6) and (10), Cd2+ and Zn2+ can react with OH– ions 

to form metallic hydroxides. As the reaction proceeds, these 
metallic hydroxides transform to sulfides as expressed by 
reactions (7) and (11). A diagram of species distribution was 
conducted to obtain a better understanding of the formation 
of Cd

1–x
Zn

x
S through metallic hydroxide intermediates 

species. Groups of intermediate chemical species formed 
during chemical reaction can be obtained from this diagram, 
bearing in mind that the dominant species depend strongly 
on chemical reagents used in the chemical bath.

In the reaction solution, Zn2+ and Cd2+ ions can react 
with dissolved OH– and Cit3– ions to form several soluble 
species, but our study is interested specifically in Zn(OH)

2
 

and Cd(OH)
2
 species. Table 1 shows the chemical reactions 

and their corresponding formation (β) and dissociation (K) 

constants at 25°C reported in literature. In all cases, the 
equilibrium constants were calculated by considering the 
concentration (mol×L–1), knowing that [OH–][H+]=10–14 

mol×L–2, and taking Cd2+ as reference. Figure 2 shows 
the repartition of species, s

i
, as a function of pH. For a pH 

between 8.5 and 10.5, Zn(OH)
2
 is the predominant species. 

Above pH 10.5, the predominant species is Cd(OH)
2
. Thus, 

at a pH of 11.5, Cd
1–x

Zn
x
S ternary compound formation 

proceeds via Cd(OH)
2
. This process is shown in Figure 1, 

side (B), where it can be seen that Cd(OH)
2
 would adsorb 

S2– and Zn2+ ions to form a ternary compound. It should also 
be noted that, because of the lower k

sp
 for Zn(OH)

2
 than 

for Cd(OH)
2
, growth may result through Zn(OH)

2
 species 

affecting film properties as r increases.
Cd

1–x
Zn

x
S film composition was determined by TXRF 

analysis (see Table 2). The film content (x) does not match 
that of the solution ratio r. Similar results have been reported 

. .

. . ( )

x

x

a

c

4 136 0 325

6 713 0 479 12

= -

= -

Parameters a and c are related to the interplanar spacing 
d, as follows 24:

/
( )d

h hk k a c l

a

3
4

13hkl

2 2 2 2

=
+ + +S Q QX V V

So, the d-spacing also shows a linear dependence on x. 
Figure 4 shows the variation in lattice constants a and c. A 
gradual decrease in lattice constants is observed as x increases. 
This trend is consistent with Vegard’s law and indicates a 
homogeneous alloy structure25. From Figure 4, a negative 
deviation from the Vegard’s law occurs, which may result from 
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Figure 1: Scheme of possibilities for coprecipitation of Cd
1–x

Zn
x
S 

thin films.

Table 1: Chemical reaction and their corresponding formation and 
dissociation constants calculated at 25°C.

Chemical reaction Formation or 
dissociation constant References

Cd2++2OH–→ Zn(OH)
2

β = 107.65 [18]

Cd2++Cit3–→ Cd(Cit)– β = 103.7 [19]

Zn2++2OH–→Zn(OH)
2

β = 1010.08 [14]

Zn2++Cit3–→ Zn(Cit)– β = 104.98 [20]

HCit2–→Cit3–+H+ K = 10–5.69 [20]

Figure 2: Distribution diagram of species for chemical bath solution 
from Cd–Zn–H

2
O.

Table 2: TXRF analysis of Cd
1–x

Zn
x
S thin films grown over 120 min.

r (Solution)
Element (at.%)

Cd Zn S
x 

(Film)
[S]/

[Zn+Cd]

E
g
 

(eV)

0 56.35 0 43.65 0 0.774 2.48

0.05 56.76 1.85 41.39 0.032 0.706 2.52

0.07 52.84 3.45 43.71 0.061 0.775 2.58

0.09 61.94 2.66 35.39 0.041 0.548 2.60

0.13 55.41 4.77 39.82 0.079 0.662 2.62

Figure 3: XRD patterns of Cd
1–x

Zn
x
S films grown over 90 min.

several factors, including: (i) the relative size of constituent 
elements, (ii) the relative volume per valence electron and 
(iii) electrochemical differences between the elements26. It has 
been suggested in literature that deviations from Vegard’s law 
can be represented by a quadratic expression26,27; however, 
applicability of such quadratic expression to any ternary 
alloys is unknown. Physically, deviations from Vegard’s law 
have been interpreted as a certain lattice disorder (related to 

atom position) that produce a unit cell with volume either 
greater or smaller than that predicted from Vegard’s law27.

Another important parameter that can be calculated 
from XRD patterns is the crystallite size. In many cases, 
the crystallite size is calculated using Scherrer’s formula24; 

however, such a formula considers that there is no lattice 
strain, and therefore peak broadening results only from the 
crystallite size effects. When lattice strains are expected 
to appear within the sample, the Williamson–Hall (W–H) 
plot allows for the separation of peak broadening when 
both microstructural causes – i.e., small crystallite size and 
microstrain – occur simultaneously28. Figure 5a shows the 
W–H plot for samples with different Zn content (Zn = 0 is 
not considered). Bcosθ is a linear function of sinθ, which 
indicates that the lattice strain contributed significantly to 
peak broadening24. It can be seen from the slope of the linear 
fit of experimental values that there is neither change nor 
trend for lattice strain, as the amount of Zn increases. This 
suggests that, for each sample, the lattice strains contribute 
to peak broadening and, as the amount of Zn increases, a 
change (diminution) in crystallite size results that contributes 
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Table 3: Interplanar spacing dhkl of Cd1–xZnxS thin films.

hkl PDF# PDF# r ratio in reaction solution

77-2306 40-0835 0 0.05 0.07 0.09 0.13

CdS Cd0.805Zn0.195S

100 3.5819 3.5300 - 3.5446 3.5206 3.5276 3.5186

002 3.3565 3.3100 3.3370 3.3193 3.3087 3.3133 3.3179

101 3.1602 3.1200 - - - - -

102 2.4492 2.4100 - - - - -

110 2.0680 2.0400 - 2.0448 2.0435 2.0406 2.0364

...

Figure 4: Crystal lattice constants as a function of Zn film content (x).

Figure 5: a) Williamson–Hall plot and b) crystallite size as a 
function of solution r ratio.

to peak broadening. The crystallite size calculated from 
the Y-intercept of the W–H plot is shown in Figure 5b as 
a function of r ratio in reaction solution. As r increases in 
solution, there is a clear decrease in crystallite size. This 
result could be a consequence of growth mechanism, which 
is favored by deposition conditions: a large concentration of 
OH– ions exists at pH 11.5; when Zn2+ is added to solution, 
Zn(OH)

2
 forms according to reaction (10). When Zn(OH)

2 

protrudes from the solution to the substrate, the crystal size 
is not expected to change much with film thickness because 
the ionic exchange between OH– and S2– occurs instead of 

another growth process. This could explain why the obtained 
crystallite size decreases as the Zn concentration increases.

The thickness and optical properties of Cd
1–x

Zn
x
S films were 

obtained by analysing the corresponding optical transmittance 
spectra. In Figure 6, the transmittance spectra of Cd

1–x
Zn

x
S 

thin films deposited at different deposition times are shown. 
The absorption edge is at a.c. 500–520 nm in CdS films (x 
= 0), which agrees well with values reported in literature2,25. 
As the Zn concentration increases in the Cd

1–x
Zn

x
S films, 

the absorption edge shifts to shorter wavelengths for all 
deposition times. The transmittance is between 75 and 90% at 
wavelengths longer than the absorption edge, which indicates 
that most incident light will be transmitted throughout the 
material. To estimate the film thickness and optical constants 
n and k, respectively, the transmittance spectra were fitted 
to a layer model by considering the samples as constituted 
by an air/roughness/Cd

1–x
Zn

x
S/glass system as reported in 

refs13,14. The Cd
1–x

Zn
x
S optical constants were represented 

by the SCI® model, which is a generalized version of the 
Lorentz harmonic oscillator expression, consistent with 
the Kramers–Kronig relationships29. The model defines a 
complex dielectric function ε= ε

1
+iε

2
, wherein ε

1
 and ε

2 
are 

the real and imaginary part of the dielectric function, and 
is defined as follows:

( )
E E v E

A E E
14*

center j

j center j

j

m

1 2 2 2 2

2 2 2

1

f =
- +

-

=

R
Q
Q
V
V W

" %
/

( )
E E v E

A Ev
15*

center j

j

j

m

2 2 2 2 2

2

1

f =
- += Q V" %

/

if ε
2

*>ε
1

*or E>E
center

, then

( )E 1 16* *
1 1 2f f f f a= - +

3
Q V

( )E 17* *
1 2 1f f f f a= -

3
Q V

Else

( )E 1 18* *
1 1 2f f f f a= - +

3
Q V

02f =
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Figure 6: Optical transmittance spectra of Cd
1–x

Zn
x
S deposited at 

different deposition times, and different r ratios in reaction solution.

Where ε∞ is the high-frequency lattice dielectric constant, 
(E

center
)

j
 is the center energy of each oscillator which is related 

to the transverse phonon frequency. Aj is the amplitude 
(strength) of each oscillator and it is related to both the 
transverse and longitudinal phonon frequencies. v

j
 is the 

vibration frequency (broadening) of the “j” oscillator. E is 
the energy and α is the damping coeficient. In the limit of 
α=0 the dispersión formula reduces to the Lorentz oscillator 
model. In the adjustment process are allowed to vary all 
parameters of the model to find the best optimization given 
by values of root mean squared error (RMSE) less than 1. The 
model estimation of roughness was given by the thickness of 
this layer. In Figure 6, the dotted lines represent best fits to 
the proposal layers model. Good agreement exists between 
experimental data and the theoretical fit. From the fitting 
procedure, the thickness, roughness and optical constants n 

and k for all the films were obtained. The roughness values 
ranged between 3 and 6 nm for all samples, and showed no 
clear trend with Zn film concentration.

In Figure 7, the film thickness is shown as a function 
of deposition time for all Cd

1–x
Zn

x
S thin films. In the early 

stages of deposition, up to 30 min, all Cd
1–x

Zn
x
S films 

exhibit a higher growth rate, which decreases as the r ratio 
in solution increases. After 30 min, the growth rate decreases 
in all cases. This occurs because of a decrease in reactant 
concentration as the reaction proceeds. Two interesting facts 
are that (i) the growth rate is slower as the Zn concentration in 
solution increases, (ii) the film thickness decreases as the Zn 
concentration increases. These two facts are related, and can 
be explained by considering the participation of a hydroxide 
growth mechanism. The decreasing thickness and growth 
rate are expected from the previously suggested hydroxide 
growth mechanism. Since initial hydroxide nucleation occurs 
homogeneously in solution, the compound is also formed 

Figure 7: Film thickness as a function of deposition time and r 
ratio in reaction solution.

homogeneously and therefore usually precipitates out in 
solution to a large extent. Thus, as the Zn concentration 
increases, this effect is expected to increase, which results 
in a slower film growth rate and therefore thinner films. The 
film thickness after 90 min deposition was a.c. 180 ± 0.7, 
150 ± 0.3, 143 ± 0.3, 135 ± 0.2, and 125 ± 0.1 nm, for r = 
0, 0.05, 0.07, 0.09, and 0.13, respectively. 

The optical constants n and k as a function of the 
wavelength obtained from the fitted transmittance spectra 
are shown in Figure 8 for thin films deposited during 90 min. 
As expected, the n spectra shape is similar to that obtained 
from analysis of an ellipsometric spectrum of CdS films 
reported previously in literature13,14. The maximum in the 
n spectrum at ~480 nm (2.58 eV) for CdS films (x = 0) is 
related to optical transitions at a fundamental absorption edge 
of the CdS wurzite crystalline lattice. The position of the 
maximum in the n spectra indicates that the absorption edge 
is shifted to higher energy values for Cd

1–x
Zn

x
S films. This 

result matches a shift to higher energies of the absorption edge 
observed for Cd

1–x
Zn

x
S films in the transmittance spectra.

The extinction coefficient spectra of the Cd
1–x

Zn
x
S films 

also show a shift to shorter wavelengths in the absorption 
region, as the Zn content increases in the films. This shift 
is related to the increase in band gap, as x increases. To 
estimate the energy band gap, E

g
, of the films, the model for 

allowed direct transitions between parabolic energy bands 
was used as given by30:

( )hv A hv E 19/
g
1 2

#a = -Q QV V

where A* is a constant that depends on the semiconductor, 
hν is the incident radiation energy, and α is the absorption 
coefficient. The absorption coefficient is related to the 
extinction coefficient k and wavelength by:
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/ ( )k4 20a r m=

The α2 curve as a function of hν can be obtained by 
considering the k spectra and equations (14) and (15). By 
extrapolating the linear portion of this curve to the x axis 
(where α2 = 0), the obtained result is hν = E

g
.
 
The calculated 

band gap values are shown in Table 2. An increase in band gap 
with Zn content is observed, as expected from the formation 
of the Cd

1–x
Zn

x
S ternary compound. The atomic percentage 

of Zn in the films does not exceed 4.77% (see Table 2), while 
a band gap value of 2.62 eV is reached. The same band gap 
value is reached, as reported by Carreón et al.8, when the 
atomic percentage of Zn is 7%. This observation suggests 
that not only the concentration of alloy dopant is influencing 
the band gap values. The dependence between band gap 
width and crystallite size has been investigated by several 
authors and attributed to quantum confinement effects31,32. 
The latter occurs when the crystallite size is comparable 
with the Bohr exciton radius, where the continuum of energy 
levels is broken down into discrete states with an energy level 
spacing > kT, which results in a widening of band gap33. The 
expected band gap resulting from quantum confinement is 
given by the following relation32:

( )E E E D
a2

21g g
bulk

b
B
2

r
= + S X

where E
g
 is the measured band gap energy value, bulk

gE  is 

the expected bulk band gap energy value, E
b
 is the exciton 

binding energy, aB is the exciton Bohr radius, and D is the 
average crystallite size (assumed to have a spherical shape), 
calculated from Scherrer’s formula. Crystallite size cannot be 
calculated from a W–H plot, when only one diffraction peak 
appears (as occurs in the CdS sample). For this reason, in such 
a case, Scherrer’s formula has been used to estimate D. By 
adjusting the experimental data to E

g
=A+B/D2, it is possible 

to obtain the fitting parameters A=E
g

bolk and B=4E
b
π2a2

B
. 

Figure 9 shows the relationship between band gap values 
and crystallite size, which has been obtained experimentally. 
From the fitting process, the A and B parameters were 2.51 
eV and 8.18 eV·nm2, respectively, and they agree well with 
theoretical values (A = 2.42 eV and B = 9.60 eV·nm2 for 
hexagonal CdS at room temperature32,34). The discrepancy 
between calculated and theoretical B parameter may be 
attributed to several factors, such as the coulomb interaction 
between charge carriers, or the existence of intermediate or 
weak confinement32. The difference between calculated and 
theoretical A is probably because of non-stoichiometric CdS 
films and the formation of ternary Cd

1–x
Zn

x
S compound. 

From these results, it can be concluded that the dependency 
of band gap on crystallite size may be attributed, in this 
work, to quantum confinement. Thus, the wide band gap 
exhibited by samples when compared with other work, could 
be related to a quantum confinement effect that results from 
a large reduction in crystallite size.

Figure 8: Refractive index (n) and extinction coefficient (k) as 
a function of wavelength of Cd

1–x
Zn

x
S with different r ratio in 

reaction solution.

Figure 9: Energy band gap dependence of crystallite size for 
Cd

1–x
Zn

x
S films.

Table 4 compares the most noteworthy result obtained 
in this work with those reported in literature. In this work, a 
higher E

g
 value was reached with lowest Zn concentration, 

which is a phenomenon attributed to a quantum confinement 
effect. The lattice mismatch between (1 0 0) hexagonal plane 
of Cd

1–x
Zn

x
S (for the sample with 2.62 eV) and the (1 1 2) 

tetragonal plane of CIGS (considering d
(1 1 2)

 = 0.366 nm) 
was 3.8%. This value is the lowest calculated mismatch 
compared with those presented in Table 4. Thus, a low Zn 
concentration in Cd

1–x
Zn

x
S ternary compounds will result 

in a low lattice mismatch with absorbent CIGS layer and 
reduce losses in solar cell devices.

The surface morphology of Cd
1–x

Zn
x
S thin films was 

investigated by AFM. Figure 10 shows the AFM images 
of Cd

1–x
Zn

x
S films deposited on a glass substrate for x = 0 

and 0.079, during 90 min. From the images, uniform and 
compact particles are observed with a clear decrease in particle 
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Table 4: Comparison of Zn concentration, calculated mismatch 
and band gap presented in this work with that reported in literature.

Zn 

concentration
Mismatch (%) 

with (1 1 2)
Band 
gap

(% at.) plane of CIGS (eV)

This work 4.77 3.87 2.62

S. Borse et al.36 25.15 5.36 2.60

Y. Raprakash et al.37 10.36 3.20 2.55

20.59 4.64 2.70

U. Verma et al.38 14.87 4 2.63

Figure 10: AFM surface images of Cd
1–x

Zn
x
S films for (a) x = 0, 

and (b) x = 0.079

size for samples containing Zn. This result agrees with the 
trend observed for optical constants (see Figure 8), since 
a smaller particle size produces more particle boundaries 
and results in a reduction in refractive index. A reduction 
in particle size is expected if we consider growth through 
M(OH)

2
 species (M = Zn or Cd), as mentioned previously. 

Therefore, this result is further evidence that a hydroxide 
growth mechanism becomes important when Zn is added 
to the reaction solution.

4. Conclusions

From a study of low Zn–Cd
1–x

Zn
x
S thin films grown 

using a free-ammonia chemical bath method, it is possible 
to conclude that:

- The grown mechanism of the film is affected strongly 
by Zn concentration in solution bath; as Zn increases, the 
hydroxide growth mechanism becomes important, and 
decreases the deposition rate and crystallite size of the 
thin films.

- Independent of the Zn concentration in the solution 
bath, and hence Zn film content, a hexagonal structure was 
obtained in all analyzed cases; as expected, only a small 
decrease in lattice parameter resulted as Zn content increased.

- Optical measurements revealed samples with a high 
optical transmittance (up to 90%). The band gap values 
increase up to 2.6 eV as Zn content in the film increased. 
This high band gap obtained with low Zn content in the film 

(4.7 at.%) can be attributed to the presence of Zn and to 
quantum confinement effects since a decrease in crystallite 
size results from a change in grown mechanism.

It can be concluded that the main properties of the 
CdS window layer can be improved with small amounts 
of Zn in the film, which avoids an excessive mismatch 
with CIGS absorbent layer when in service, and improves 
device efficiency.
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