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a b s t r a c t

This paper deals with a detailed study of the growth stages of CdS thin films on ITO/glass substrates by
chemical bath deposition (CBD). The chemical and morphological characterization was done through X-
ray photoelectron spectroscopy (XPS), Rutherford backscattering spectrometry (RBS), and atomic force
microscopy (AFM) techniques. On the other hand, optical transmission and X-ray diffraction (XRD) mea-
surements were performed in order to study the optical and structural properties of the films. The time,
the chemistry, and morphology of the different stages that form the growth process by CBD were iden-
tified through these results. Furthermore, clear evidence was obtained of the formation of Cd(OH)2 as
the first chemical species adhered to the substrate surface which forms the first nucleation centers for
admium sulphide
admium hydroxide
-ray photoelectron spectroscopy
emiconductor thin films

a good CdS formation and growth. On the other hand, the ITO coating caused growth stages to occur
earlier than in just glass substrates, with which we can obtain a determined thickness in a shorter depo-
sition time. We were able to prove that CBD is a good technique for the manufacture of thin films of
semiconductor materials, since the CdS film does not have any impurities. Completely formed films were
transparent, uniform, with good adherence to the substrate, of a polycrystalline nature with a hexagonal
structure. These results indicate that films obtained by CBD are good candidates to be applied in different

optoelectronic devices.

. Introduction

There is a wide variety of deposition methods that enable the
ynthesis of semiconductor thin films. Chemical bath deposition
CBD) has been recognized as an important route for the manu-
acture of these materials, since it is a fast, simple and low cost

ethod that enables to obtain good quality films that can com-
ete with films obtained by other more sophisticated methods.
urrently, there are many semiconductor materials that can be
eposited by CBD [1–4]. Cadmium sulphide (CdS) is one of them,
hich has shown great potential in the manufacture of different
evices such as photovoltaic panels, optical sensors, light-emitting
iodes, transistors, among others [5,6].

When it is stated that CBD is a simple and low cost method, this
ssentially refers to the fact that it does not required high purity raw

aterials and the equipment where the synthesis of the films takes

lace is very simple. For example, the reactor can be a glass beaker
nd the substrates can be any shape, size or material, provided the
atter is insoluble in water, because of the deposition process takes

∗ Corresponding author. Tel.: +52 662 2592161; fax: +52 662 2592216.
E-mail address: msotelo@guaymas.uson.mx (M. Sotelo-Lerma).
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© 2010 Elsevier B.V. All rights reserved.

place in an aqueous solution. The reaction occurs in the range of
temperature from 10 to 90 ◦C. Nevertheless, the deposition of thin
films by CBD is a process rather complex due to the series of chem-
ical reactions, precipitation phenomena and surface chemistry in
the reaction system.

The reaction solution for the synthesis of thin films of CdS, which
is where the substrates will be immersed, is prepared by mix-
ing aqueous solutions of the precursors. Thiourea, thiocetamide,
sodium thiosulphate and sodium sulphide are the sources of sul-
phide ion. The sources of the cadmium ion are its water-soluble
salts. Before adding the anion source, it is required for the cad-
mium ion to form complexes with the present ligand which, under
the reaction conditions, are able to hydrolyze with the slow and
gradual release of the cation. The sources of these ligands are
ammonia solutions (the most used), sodium tartrate, sodium cit-
rate, ethylenediamine, nitrilotriacetic acid [7–10], among others.

Quality control of the film thickness and the gradual pre-
cipitation process, by manipulating the pH of the solution, the

temperature, the time and the concentration of the reactants, for
instance, enable to cover large substrate areas by this deposi-
tion method, in addition to a good reproducibility of the films.
In agreement with the principles of the precipitation theory,
the homogeneity and stoichiometry of the reaction product is

http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:msotelo@guaymas.uson.mx
dx.doi.org/10.1016/j.apsusc.2010.02.015
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aintained in part, thanks to the solubility product (Ksp). The for-
ation of the solid phase from the solution consists of at least three

tages: nucleation, growth of the particle, and final growth. The
ucleation is necessary for the formation of the precipitate on the
ubstrate. Depending on the reaction conditions, the growth of the
lm may occur by condensation, called ion-by-ion, or by adsorption
f colloidal particles, called cluster-by-cluster, or both, called mixed
11,12].

There is still too much to know about the way that the growth
rocess occurs. Basically, we realize that the authors who have
pproached the subject show some differences about the kind of
hemical species that determine the formation of the film on the
ubstrate. Kitaev et al. and other authors [10–16] are in agreement
bout the necessary presence of cadmium hydroxide (Cd(OH)2),
n which the CdS film grows and allows its adhesion to the sub-
trate. Furthermore, there is a hypothesis that such Cd(OH)2 layer
s substituted by that of CdS once the thiourea hydrolyzes and the
olution begins to have free sulphide ions. However, Kozhevnkova
t al. [16], in a structural study by X-ray grazing incident diffrac-
ion of the early stage of CdS deposition, proved the presence of
he Cd(OH)2 layer after 3 min of reaction time. It is interesting that
nder different reaction conditions, results are similar to those we
btained, only that these were analyzed with other characteriza-
ion techniques. Moreover, by studying the surface by AFM, we
iscovered that film growth occurs in a determined way, forming

ines or bands. There are no indications thereof in any other paper
hat has been published to until now of our knowledge.

In this work, we studied the growth process of CdS thin films
eposited on ITO/glass substrates from an ammonia-free reac-
ion solution [4,17]. In order to know the growth process of CdS
lms, a study was conducted using atomic force microscopy, X-ray
hotoelectron spectroscopy (XPS) and Rutherford backscattering
pectrometry (RBS) of the surface of the films formed from very
hort periods of time until the time in which the film has reached
ll the features of CdS. The work was supplemented with the analy-
is of the structural properties through X-ray diffraction (XRD) and
ptical properties through transmission measurements (T).
. Experimental details

CdS thin films were grown on glass substrates covered with
00 nm thick ITO (In2O3:Sn) coatings, with a sheet resistance
f 50 �-square and a transmission of 90%. The substrates were

Fig. 1. 2D topographical AFM images of the substrate (a) and th
ce Science 256 (2010) 4280–4287 4281

cleaned prior to deposition: initially they were immersed for 10 min
in isopropanalol; thereafter, for 5 min in acetone; and lastly, for
10 min in distilled water. They were dried with hot air to eliminate
any remaining humidity.

The reaction solution was formed by 12 ml of CdCl2 (cadmium
chloride) 0.05 M; 20 ml of C6H5O7Na3 (sodium citrate) 0.5 M; 5 ml
of KOH (potassium hydroxide) 0.5 M; 10 ml of CS(NH2)2 (thiourea)
0.5 M; and 53 ml of distilled water. Each reagent was added sequen-
tially and in that order into a 100 ml glass beaker. Samples were
deposited at 70 ◦C without stirring. The substrates were immersed
in the solution and with the aid of a holder, they were kept in a ver-
tical position, at a distance of 2.5 mm from each other during the
time of the deposition. Two series of 5 films each were deposited.
The samples were withdrawn from the solution at different time
periods: 15, 30, 60, 180, 240, 300, 360, 420, 720, 900 s.

Films were studied with different techniques. Optical proper-
ties were analyzed through transmission spectra on a Film Tek
Trade Mark 3000 spectrophotometer at a 240 to 840 nm wave-
length interval; structural properties, with a Rigaku D/Max-2000
X-ray diffractometer using K�-Cu (� = 0.15406 nm) radiation; the
surface morphology of the samples was studied with AFM using a
Digital Instruments Dimension 3100 system. Film composition and
distribution profiles were determined through RBS; measures were
taken in a Pelletron accelerator. The samples were bombarded at a
normal incidence with 4He+2 2.0 MeV energy ions. Backscattering
spectra were analyzed using the RUMP software [18]. On the other
hand, XPS measurements were made on a VG-ESCALAB Surface Sci-
ence Instrument using a monochromatic Mg (h� = 1253.6 eV) X-ray
source. Spectra were obtained at a 45◦ angle with respect to the
normal surface with a constant E0 = 50 eV energy step. The spectra
deconvolution analysis was performed with SDPv4.1® software.

3. Results and discussion

To the naked eye, the presence of the film was undetected for
very short periods of time, until 180 s, a pale yellow film can be
appreciated. For the 300 s sample, a complete film can be observed
which has the classical characteristics of CdS, that is, the film is

bright yellow, uniform, and well-adhered to the substrate.

The morphology of CdS films was studied through AFM images,
from the initial growth stages until a completely formed film was
obtained [17]. The topography of the surface in two dimensions
(2D) is shown for each image taken, with its corresponding z-axis at

e sample obtained at 180 s (b) in an area of 5 �m × 5 �m.
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Fig. 2. 2D topographical AFM images of the sample obtaine

he right side of the image. Fig. 1a shows the image obtained for the
ubstrate surface; the ITO coating, in an area of 5 �m × 5 �m. The
ormation of a large number of particles, which form different-size
flakes” that are closely bound together can be seen, thus obtaining
homogeneous surface, a roughness average (RMS) of 2.7 nm being
easured in this area.
Fig. 1b shows the sample deposited to 180 s. It can be seen the

eposition of ∼60 (±10) nm diameter particles that are homoge-
eously distributed on the “flakes”, which cause the RMS to increase
lightly to 3.1 nm, in the close-up of the area marked with a white
ox it can be seen more clearly. It is important to mention that
change in color occurs in the substrate surface as of this time;

his can be due to the appearance of these particles on such sub-
trate.

Fig. 2a shows the morphology of the sample obtained after 240 s
n an area 50 �m × 50 �m. The growth of the material, which forms
ands that run along the substrate, can be seen. These formations
re in agreement with those reported by Mazón-Montijo et al. [4].

ig. 2b corresponds to a close-up of the area pointed out in image
Fig. 2a), which provides a better image of the fact that the surface of
he substrate still is not covered in full; the deposited particles con-
inue growing forming bands without following the morphology of
he ITO coating. It is interesting to note that according to previous

Fig. 3. 2D topographical AFM images of the sample obtained a
40 s in an area of 50 �m × 50 �m (a) and 5 �m × 5 �m (b).

work [4], the growth also occurs in a band-like manner. Considering
this, it can be said that the ITO coating does not modify the mor-
phology of the CdS. Nevertheless, this coating possibly stimulates a
greater reactivity causing the earlier presence of growth stages in
comparison to depositions on glass substrates. On the other hand,
the RMS value obtained for this area increased, thus, obtaining a
value of 8.19 nm which could have been due to the irregularities of
islands formed on the substrate.

Fig. 3 shows the images obtained for the 300 s sample in two
different scales. Image (Fig. 3a), taken in an area of 5 �m × 5 �m,
shows how the substrate surface has been fully covered already.
However, the contour of the “flakes” continues appearing slightly
due to the very thin film at that time. Despite this, it is worth-
while mentioning that during this time of the deposition, the
known yellow color of CdS will be visible to the naked eye. The
average RMS for the image (Fig. 3a) was 3.6 nm, a lower value
in comparison to the previous sample (Fig. 2b), since here the
film already has been fully formed without there being any holes.

Furthermore, the surface is formed by spherical-ellipsoidal par-
ticles, which can be seen better in (Fig. 3b) which shows the
close-up of the compartment of (Fig. 3a), image which was taken
in an area 1 �m × 1 �m. Particle size continues being around
60 nm.

t 300 s in an area 5 �m × 5 �m (a) and 1 �m × 1 �m (b).
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ig. 4. 2D topographical AFM images of the sample obtained at 720 s in an area
00 �m × 500 nm.

For time periods above 300 s (figures not shown), sample thick-
ess increases, this is visible to the naked eye due to the variation of
he yellow color on the film. Particle shape is maintained and “flake”
ontour decreases until it disappears. Until that time of deposition,
here is no cluster formation on the substrate; therefore, it could
e stated that the ion-by-ion mechanism has prevailed. However,
he following figure shows the image of the sample deposited at
20 s (Fig. 4); the measured area amounts to 500 nm × 500 nm. This

mage is very illustrative to observe the presence of clusters on the
urface, that is, around this deposition time, the cluster-by-cluster
echanism prevails [17]. Thus, the formation of films occurs due

o the combination of both mechanisms (mixed mechanism) [19].
Fig. 5 shows the optical spectrum of transmission for films

eposited at different times. All films deposited up to 60 s present a
ransmission spectrum very similar to that of the substrate, that is,
t this time there is no CdS formation on the substrate. For the sam-

les that presented deposited material, a transmission percentage
etween 60% and 80% was observed; this value is a bit smaller than
hat of the substrate which had a transmission of about 90%. Once a
ime of 180 s was reached, a more noticeable transmission percent-

ig. 5. Optical transmission spectra of the samples deposited at different times. The
nset shows the (OD*E)2 vs E spectra for films at 300, 360 and 720 s.
Fig. 6. X-ray diffraction patterns of the substrate and films obtained at 300, 360,
and 720 s of deposition times.

age decrease can be observed, being more evident for the 240 and
300 s samples. In the corresponding graph at 360 s an absorption
edge characteristic of CdS appears with a shift toward less energy
for films with longer deposition times, as is shown in the figure.
The inset shows the values of the band gap (Eg) obtained for the
300, 360, and 720 s films. These values were determined from the
transmission spectra of the respective samples, applying the model
for direct transitions allowed between parabolic energy bands. The
graph shows (OD*E)2 data against E, where OD is optical density and
E is the energy of the photon. The value of Eg is obtained by extrap-
olating the straight portion of the line toward x-axis. The values
obtained for CdS films are 2.38, 2.34 and 2.28 eV for 300, 360 and
720 s, respectively.

Fig. 6 shows the diffraction pattern of the substrate and of films
obtained at 300, 360, and 720 s. Planes shown indicate the positions
of the peaks for the substrate. As a result of increasing the thickness
of the film, the peaks of the substrate begin to decrease in intensity,
but do not disappear completely. The appearance of a small peak
approximately at 26.0 2� degrees is characteristic of the CdS diffrac-
tion pattern. For the 360 and 720 s films, the crystalline (hexagonal
(H) or cubic (C)) phase of the deposited CdS cannot be defined,
because some of the peaks that correspond to these phases overlap
those of the substrate. Nevertheless, for the case of the 900 s sample
(Fig. 7), the peak at 26.52 2� degrees is more intense; furthermore

other peaks occur at 25.2, 28.18, 37.6, 50.8, and 60.5 2� degrees,
all of them corresponding to planes (0 0 2), (1 0 0), (1 0 1), (1 0 2),
(2 0 0), and (1 0 4), respectively, of phase H of the CdS [20]. As can be
seen, the thickness of this sample is still not sufficient to eliminate

Fig. 7. X-ray diffraction pattern for the 900 s deposition film.



4284 D.A. Mazón-Montijo et al. / Applied Surface Science 256 (2010) 4280–4287

F
2

t
i
t
w
p
a
t

ig. 8. RBS spectra corresponding to the substrate and the samples deposited at 180,
40, and 360 s.

he presence of the peaks of the substrate; however, the decrease of
ts intensity is evident (see Fig. 6). These diffraction patterns show

hat the films deposited in this work are of a polycrystalline nature,
ith hexagonal structure and preferential orientation in the (0 0 2)
lane. It is important to mention that the use of a substrate with
crystalline structure, such as ITO, helped to improve the struc-

ural properties of the deposited material, because for only glass

Fig. 10. XPS measurements of samples deposited at 60, 180, 2
Fig. 9. Typical RBS spectrum of the sample deposited at 360 s, together with a
simulation of the film structure.

substrates, the peaks corresponding to CdS appeared less defined,
with little intensity and it was more complicated to define the phase
obtained for this deposit [4,17,19].

Fig. 8 shows the RBS spectra for the substrate and the 180,
240, and 360 s samples. Because the atomic mass of cadmium (Cd),
indium (In) and tin (Sn) are very similar, it is difficult to observe
the resolution of Cd for samples with less deposition time. In the
case of times less than 180 s, the presence of sulphur (S) was not
registered in the samples, which indicates that there is no CdS for-
mation yet the substrate surface, such as was shown in previous

analyses. Again, once the time of 180 s was reached, the appear-
ance of a small S sign can be seen, as well as a small shift in the In
and Sn signs, are indicative of the presence of a thin film on the sub-
strate surface. Thus, we can state that the nucleation stage begins at

40, 300, and 360 s. (a) Cd-3d region and (b) S-2p region.
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80, 240, 300, and 360 s. (a) In-3d region and (b) Sn-3d region.
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Fig. 11. XPS measurements of samples deposited at 60, 1

imes shorter than 180 s. As the film thickness increases for times
qual or grater than 240 s, the Cd signal is clearly defined in the
pectra. In the case of the 360 s deposit, a film with a thickness
f 120 × 1015 ± 30 × 1015 atoms/cm2 can be found and considering
density of 4.82 g/cm3 (which is equal to 4.02 × 1022 atoms/cm3)

or CdS [21], a thickness of 29.8 (±7.5) nm is obtained. Hence, it
as found that the thickness obtained for the films of equal or
ajor thickness varies from 30 to 55 nm. Fig. 9 shows a typical

BS spectrum for the sample deposited at 360 s. The circles rep-
esent experimental data and the solid line, the best adjustment
btained through the RUMP software. In the case of the thicker films
nd wherever the Cd signal allowed it, the presence of two layers
as observed in the deposition: first, an external layer formed by
dS on the surface with a 1:1 stoichiometry followed by a inner

ayer in contact with an approximately 10 nm thick ITO coating,
ith the presence of oxygen (O) and very little S concentration.

hus, the presence of oxides and hydroxides is suggested for this
ntermediate layer.

Fig. 10 shows the XPS spectra of Cd-3d (a) and S-2p (b). All XPS
easurements were taken for the 60, 180, 240, 300, and 360 s

amples. Graph (a) shows how the presence of Cd occurs after
hort deposition times, despite that there is no obvious evidence of
aterial deposited on the substrate. By increasing time, peaks start

efining and their width decreases somewhat, which can be due to
he fact that the growth of CdS on the surface is increasing in com-
arison to the other compounds that can be found. As of the 240 s
ample, the position of the peaks in 405.3 eV for orbital 3d5/2 and in
12 eV for that of 3d3/2 correspond to CdS [22,23], whereas for the
0 s sample, the position is shifted to less energy around 405.1 eV
or 3d5/2 and 411.8 eV for 3d3/2, these positions being reported for
he hydroxide or carbonate of the metal [24,25]. On the other hand,

n graph (b), it has the spectrum for S, the peaks being positioned
round 161.6 and 162.8 eV for 2p3/2 and 2p1/2, respectively, which
orresponds to the CdS [23]. There is no presence of other states
f oxidation. It is also important to notice that for the 60 s sample
here is no presence of S on the surface, which coincides with that

Fig. 12. XPS measurements of samples deposited at 60, 180, 240, 300, and 360 s for
the O-1s region.
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hown by RBS. Therefore, it is very possible that the detected Cd
rom this sample is bound to O, both as Cd(OH)2 or CdCO3, accord-
ng to the binding energy found for the Cd region. It can be stated
hat the formation of CdS on the substrate begins as of the 180 s
ample, as was mentioned already in the other analyses.

For the previous analysis to be more consistent, the following
gure (Fig. 11) shows the spectra of XPS performed for the regions
f In-3d and Sn-3d. The position of the peaks, in the case of In (a) are
t 444.1 and 451.5 eV, and at 486.7 and 495.1 eV for Sn (b). These
ositions correspond to the ITO layer on the substrate [26–28]. It
an be seen that as the deposition time increases, the peak intensity
ecreases, until almost disappearing around 300 s, time at which
he film on the substrate already is completely formed (Fig. 3a and
). For the 180 and 240 s samples, it must be remembered that
he formation of CdS occurs in form of particles and islands and
herefore, the signals of the compounds that belong to the substrate
re not detectable yet.

Fig. 12 shows the spectrum of O-1s. In this figure, the change
f the oxidation state of the films at very short deposition times
s more noticeable. The position of a peak appears in 529.9 eV for
he 60 s sample, which corresponds to the ITO on the substrate
29]. Furthermore, with more energy, 531.6 eV, the appearance
f a shoulder can be observed, which can belong to CdO, CdCO3,
d(OH)2 [24,30]. According to what has been reported by other
uthors [11,31–33] and the position found for the Cd region, Cd and
are linked as Cd(OH)2. In the 180 s sample, this shoulder increases

n intensity and is found in a ratio of almost 50% with respect to the

eak that belongs to the substrate. Despite the fact that at longer
eposition times the formation of the film is clear, the peak that
orresponds to hydroxide continues appearing. This indicates that
very thin layer of this material continues on the substrate and the
dS begins to deposit thereon, which is in accordance with what has

Fig. 13. XPS spectra modeled for the Cd-3d, S-2p, O-1s
ce Science 256 (2010) 4280–4287

been shown in RBS. With longer times, the peak that corresponds
to the substrate disappears completely.

In order to appreciate more clearly the changes in oxidation
stages that occur in deposited films, Fig. 13 shows the XPS spectra
with the respective deconvolutions for each region of the deposited
film at 360 s. In O-1s it can be observed that hydroxide is still
present even with the formation of the CdS film, which can be seen
also in the Cd-3d, where, in order to have a good fitness of the model,
it was necessary to introduce a gaussian with its position corre-
sponding to Cd bound to O as Cd(OH)2. On the other hand, it can
be seen how for the S-2p region, it was sufficient only with mod-
els corresponding to CdS to have a very good adjustment, which
indicates that there is no formation of other S compounds on the
surface as was reported by Mazón-Montijo et al. and El Maliki et
al. [4,31]. Moreover, in the C-1s and O-1s regions, there are sig-
nals of some compound formed by the binding of O–C. This is very
probably due to chemically absorbed oxygen during the deposition
process [31,34]; however, this had no influence on film quality.

The chemical analysis under discussion is consistent with the
morphological, structural, and optical results obtained for these
samples. Below, the results with respect to the stages that form part
of the growth process by CBD are discussed. The chemical balance
of the solution was attained and the surface of the substrate was
modified during the incubation stage. According to the results, this
must occur immediately after the reagents are added to the glass
beaker, from the XPS analysis it was observed that the nucleation
stage occurs at about 60 s of deposition, which is less time than that

reported for glass substrates [4]. In this stage, the Cd(OH)2 layer
being formed on the substrate is clear, which in accordance with
what has been reported previously by Ortega-Borges and Daniel
Lincot [11]. At a deposition time of 180 s, the first CdS particles
appear on the substrate, which corresponds to the growth stage.

, and C-1s regions of the film deposited at 360 s.
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fter some time has elapsed, islands forming bands (Fig. 2) appear,
dS continues forming until the substrate is fully covered and the
dS film continues growing (Figs. 3 and 4). The transition from ion-
y-ion mechanism to the cluster-by-cluster mechanism was found
or deposition times greater than (720 s), thus, the deposition of
dS layers for the times studied occurs by means of a mixed mech-
nism. The final stage (dust layer that is eliminated by washing with
unning water) was not shown in this study.

. Conclusions

With our study of the substrate at different times of contact
ith the reaction solution, growth stages of films deposited by CBD

ecome clearly evident, reporting changes in the morphology and
hemical nature which occur in the formation and growth of CdS on
TO/glass. It was found that the ITO layer does not modify the mor-
hology of the particles that have initially adhered to the surface,
r of the CdS film which is finally formed. On the opposite; it favors
he growth of this material, since the growth stages occur earlier
han when using only glass substrates. Besides, there is evidence
hat its growth in lines and bands (as had been observed already on
lass) is not affected on the ITO surface. On the other hand, it was
hown that this method of manufacturing thin films is clean, since
o contaminants were present on the CdS film.

Other than what has been reported by Kozhevnikova et al.
16] which assures that there are no cadmium compounds on the
ubstrate prior to a 2 min time period, we found the presence
f cadmium containing material on the surface of the substrate
round the 60 s of deposition time and this period can be taken
s the nucleation stage. The formation of a Cd(OH)2 thin layer
ccurs during this stage in agreement with other reports [10–13,16]
nd the CdS layer grows on it. The CdS growth stage occurs as
f 180 s, where may be exist a mixture of Cd(OH)2 and CdS on
he surface. The ion-by-ion mechanism prevails at this moment.
he complete formation of the CdS film took place at 300 s. On
he other hand, the transition to the cluster-by-cluster mechanism
as identified at longer deposition times (720 s), thus, the deposit

f CdS layers by CBD occurs by a mixed mechanism, a fact which
grees with what has been described by other authors [7,12].
esults obtained by optical and structural assessments indicate
hat the films deposited by this method in an ammonia-free sys-
em are good candidates to be applied in optical and optoelectronic
evices.
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