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A B S T R A C T

Cadmium sulfide is the main choice among n-type semiconductors for several solar cell technologies due to
its excellent optical, structural and electronic characteristics. Even when it has been widely studied, there are
still unsolved aspects related with the understanding of nucleation and growth mechanisms. For that, the initial
growth stages of CdS deposited by chemical bath deposition (CBD) were carefully studied by in-situ X-ray pho-
toelectron spectroscopy (XPS) by connecting a glove box with the CBD setup to the XPS introduction chamber.
The CdS thin films were synthesized by CBD method onto glass substrates using CdCl⁠2 as the cadmium precursor,
sodium citrate as the complexing agent and thiourea as the sulfur source. XPS analysis revealed the presence of
Cd(OH)⁠2 and Cd-Citrate species, which facilitates nucleation to later promote the formation of CdS. During the
deposition time (0–10min) the pH changes from 12.1 to 10.8. Considering this, the following combination of
mechanisms during the deposition: the hydroxide (above pH11) and complex-decomposition (below pH11) was
proposed by using a distribution species diagram. The resulting films are close to the ideal stoichiometric CdS
after 10min of deposition. Furthermore, the film thicknesses determined by XPS ultra-thin film analysis, were
about 2.37 and 13.7nm, for 6 and 10min, respectively, in good agreement with ellipsometry measurements.

1. Introduction

Cadmium sulfide is an n-type semiconductor with a direct wide
band gap energy of 2.42eV, high absorption coefficient (>10⁠4 cm⁠−1)
and mobility (0.1–10cm⁠2/Vs) appropriated to be used as a window ma-
terial for solar cells based on chalcogenide materials such as Cu(In,
Ga)Se⁠2, CdTe, Cu⁠2ZnSnS⁠4, PbS [1–7]. Furthermore, CdS has shown great
potential in the fabrication of electronic and photoelectronic devices,
for example, thin film transistors [8,9] and photosensors [10]. CdS
have been deposited by various methods such as chemical bath depo-
sition (CBD) [5,11–13], evaporation [14], spray pyrolysis [15], sput-
tering [16], successive ionic layer adsorption and reaction [17], etc.
However, CBD can produce CdS thin films with no cracks or pin-
holes, and excellent uniformity. Overall, CBD is a simple and inex-
pensive technique that allows to deposit several chalcogenides such
as CdSe, ZnO, Sb⁠2S⁠3, Bi⁠2Se⁠3, ZnS, CuS, etc., through the

variation of pH, salts concentrations and temperature [18]. CBD is an
appropriate technique for device production at an industrial level due
to the possibility of depositing at low temperature and large area semi-
conductors.

In recent years, extensive investigations on the optical, structural,
chemical and electrical properties of bulk CdS deposited by CBD have
been published [19–23]. However, there are remarkable few studies
that focus on the experimental study and understanding the initial
stages of nucleation and growth of CdS thin films. D.A Mazón Mon-
tijo et al. investigated the nucleation and growth of CdS thin films in
an ammonia-free CBD process stating that the first nucleation centers
are composed by Cd(OH) ⁠2 as supported by X-ray photoelectron spec-
troscopy (XPS) results [24]. A. Oliva et al. studied the initial growth
stages of CdS film deposition by CBD on different substrates such as
glass, silicon and indium tin oxide. They studied the evolution of mor-
phology and microstructure during the deposition of polycrystalline
films, demonstrating by Auger electron spectroscopy
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depth profiles that the CdS/substrate interface is not abrupt and the
growth rate depends on the substrate [25]. Natalia S. Kozhevnikova et
al. studied the initial growth of nanocrystalline CdS thin films using
X-ray grazing incidence diffraction. The authors claimed that a buffer
layer of cadmium hydroxide is formed between the silicon substrate and
the cadmium sulfide thin film and is a key factor for the formation of
adhesive CdS thin films [26]. The role of pH in chemical bath deposition
is important because it defines the prevalent chemical species that will
be present while the reaction is taking place [27]. Moreover, few au-
thors mention the initial pH and its evolution along the reaction process
which may have an effect in the film growth mechanism [28]. Even,
when the vast majority of works use sodium citrate as the complex-
ing agent, apparently no one considers the number of Cd-citrate ligands
formed at different pH that can actively participate as promoters for the
conversion of citrate-sulfide during the reaction in the same manner as
hydroxide-sulfide does. The determination of species at different pH can
help to elucidate the growth mechanism reaction. On the other hand,
there are few works focused in detailed analysis of XPS.

However, despite the efforts to understand the nucleation and
growth mechanism of CdS on glass using a suitable surface sensitive ex-
perimental technique, there are still unresolved questions like: Is the nu-
cleation that gives rise to CdS more important in the solution than at
the substrate surface? Is the reaction mechanism the same all across the
deposition time? What is the deposition time required to get a stoichio-
metric CdS films?

In order to get information about the mentioned above, in this work
we studied the chemistry of the surface semiconductor at the initial
stages of CdS thin films by CBD growth on glass by carefully interrogat-
ing the surface chemistry with XPS. Additionally, the film thickness and
S/Cd ratio at very early stages of growth were analyzed by XPS with
the intention of investigating the deposition rate and chemistry. Finally,
a growth mechanism supported by deposited film composition and the
concentration of the Cd complex population in the solution at the work-
ing pH is discussed.

2. Experimental details

2.1. Materials

Cadmium chloride (CdCl ⁠2,≥99.99%) and thiourea (NH⁠2CSNH⁠2,
99.99%) from Sigma-Aldrich. Sodium citrate (Na⁠3C⁠6H⁠5O⁠7·2H⁠2O, 99.3%)
and potassium hydroxide (KOH, 85%) from Fermont and BDH Chemi-
cals, respectively. Buffer solution (borate) pH10 from J.T Baker.

2.2. Synthesis of CdS thin films

The deposition of cadmium sulfide thin films was carried out onto
Corning glass substrates (2.5 cm×7.5cm×0.1cm). The glass sub-
strates were ultrasonically cleaned in acetone, isopropyl alcohol and
deionized water, and dried in flowing N⁠2. For the deposition of cadmium
sulfide, 9 mL of 0.05 M CdCl⁠2 solution was poured into a 100 mL beaker.
After that, 9 mL of 0.5 M sodium citrate, 3mL of buffer solution pH10,
3mL of 0.5 M KOH, 4.5 mL of 0.5 M thiourea and 31.5 mL of deionized
water were added with constant stirring [26]. Then the cleaned glass
substrates were vertically immersed into the bath for the deposition to
take place. The chemical reaction was carried out at 70 °C. The sub-
strates with the deposited CdS film were removed from the beaker after
1, 3, 6 and 10min and dried in N⁠2 flow. This procedure was performed
in a glove box under N⁠2 atmosphere coupled to the introduction cham-
ber of the XPS system with the purpose avoiding contamination by ex-
posing the samples to the air (see Fig. 1).

Fig. 1. Photograph of the ultra-high vacuum system used for in situ XPS measurements.

2.3. Instrumentation

Compositional and chemical states analyses on the films surface
were carried out using X-ray photoelectron spectrometer Thermo Scien-
tific Escalab 250 Xi. The photoelectrons were generated with a mono-
chromatic Al Kα (1486.7eV) X-ray source with a line width of 0.20 eV.
The analysis chamber was kept at a base pressure of <4.3×10⁠−8 Pa.
The photoelectrons were detected using a hemispherical analyzer with
a pass energy of 20 eV. The relevant core levels C 1s, Si 2p, Cd 3d,
S 2p and O 1s were considered to quantify the elemental atomic con-
tents, using sensitivity factors from the instrument database. An elec-
tron flood gun was used to compensate the charging effect during the
measurements. The electron beam energy and the emission current used
were 2.0V and 160.0μA, respectively. Surface charging corrections to
the shift in the binding energy were applied by fixing the energy of
the C1s peak at 284.8eV. The fitting procedure was an iterative process
whereby all peaks were fitted using AAnalyzer® peak fitting software.
The thickness was determined by XPS and corroborated by spectro-
scopic ellipsometry using a Horiba, Jobin Yvon UVISEL HR 320 ellip-
someter at an incidence angle of 70° using photon energies in the range
of 0.6 to 4.5eV. The CdS concentration in the solution at different de-
position times was obtained by quantifying the 516nm absorption peak
by using an UV-1800 UV–Vis Spectrophotometer from Shimadzu.

3. Results and discussion

Fig. 2 shows the high resolution spectra corresponding to the Cd 3d,
S 2p, Si 2p and O 1 s core levels of the films deposited at different time.
The peaks centered at 405 and 411.9eV are attributed to Cd 3d⁠5/2 and
Cd 3d⁠3/2 orbitals and those located at 161.7 and 162.9eV are correspond
to S 2p⁠3/2 and S 2p⁠1/2 orbitals, respectively [29]. The Cd 3d and S 2p
intensities show a drastic change between the films deposited at 3 and
6min that can be attributed to the conclusion of the nucleation stage
and the beginning of the growth stage.

The inset of Cd 3d region shows a magnification of the spectra for
1 and 3min. From the deconvolution, there are clearly two Cd 3d⁠5/2
peaks, component A at 405.04eV corresponding to Cd-S and compo-
nent B at 405.48eV which is attributed to Cd-OH or Cd-Citrate [30].
The first main species adsorbed at the substrate are just Cd-OH or
Cd-Citrate (predominant component B at 1min of deposition) and S
2p signal is below the detection limit. After 3min of deposition, there
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Fig. 2. XPS analysis of the Cd 3d, S 2p, Si 2p and O 1s regions for CdS films deposited at
1, 3, 6 and 10min by chemical bath deposition on glass substrates.

is a substantial increase of component A, while the components B re-
mains unchanged. The relative intensity B/A is nearly zero making the
peak B unnoticeable. The remarkable presence of the component A
(Cd-S bonding) after 3min would indicate that the anionic exchange for
the conversion of Cd(OH) ⁠2 and Cd-Citrate (CdL⁠−) in CdS has begun. The
symmetry of the Cd-S peak for longer deposition times indicates the for-
mation of a predominant CdS phase. The Si 2p spectra region shows a
peak centered at 103.9eV which is attributed to Si⁠4+ chemically bonded
to O (SiO⁠2) [31]. The O 1s spectra displays two peaks at 532.8 and
531.2eV attributed to O Si and O Cd bonding, respectively [32,33].
Unsurprisingly, the intensity of Si 2p and O 1 s corresponding to SiO⁠2
decreases while the CdS thickness increases. However, the O 1s shoul-
der at 531.2eV remains fairly constant at all times, which is consistent
with the Cd-O (Cd-Citrate or Cd(OH) ⁠2) component detected in the Cd 3d
region. The areas and positions of main peaks are shown in Table 1.

Fig. 3a shows the peak area ratio of Cd 3d and S 2p with respect
to the Si 2p from the SiO⁠2 substrate. The Cd/Si ratio is one order of
magnitude larger than the S/Si ratio because of the photoionization
cross section difference between the two core levels [34]. The rela

tive atomic concentration is calculated from Eq. (1):

(1)

where I⁠X and ASF⁠X are the peak intensity and atomic sensitivity factor of
element X, respectively. The calculation of surface composition by this
method assumes that the film is homogenous within the volume ana-
lyzed by XPS. The stoichiometry ratio of the films deposited at 1, 3, 6
and 10min are shown in Fig. 2b, in which can be seen that at 1min the
ratio is zero due to the lack of sulfur signal. During the incubation pe-
riod (between 1 and 3min), the chemical equilibria is reached and an
initial nucleus of CdS is formed on the substrate surface. These CdS clus-
ters are formed by the reaction of Cd(OH) ⁠2 and Cd-Citrate with sulfide
ions. The film formation takes place once the reaction to form the metal
chalcogenide occurs. Moreover, after one minute, the stoichiometry ra-
tio reached is higher than 0.5 (Fig. 3b), confirming that is necessary a
minimum concentration of chalcogenide ions for the growth of the film.
Afterwards, the film growth is favored, obtaining stoichiometry ratios in
each deposition time until a [S/Cd] ratio of 0.92 at 10min.

Fig. 4a shows the absorbance of solutions (black squares) and theirs
respectively CdS concentrations (blue squares) obtained by UV–Vis
spectroscopy. The CdS colloids in the solution are formed since the first
minute, due to a perceptible change in absorbance. So, at this time, the
nucleus of Cd(OH) ⁠2 and Cd-Cit do not reach to diffuse to the substrate
causing the anionic interchange in the solution, forming the CdS parti-
cles.

The film thickness (d) for ultra-thin films can be calculated by using
the XPS signal of one of the elements on the film and one of the sub-
strates. These is done by the following equation [35]:

(2)

where λ⁠CdS and λ⁠SiO2 are the attenuation lengths of photoelectrons emit-
ted from the film and the substrate, respectively, [36] θ is the an-
gle formed between the normal and the incident photon beam. I⁠CdS
and I⁠SiO2 are the peak intensities from CdS and SiO⁠2 and I⁠CdS,∞ and
I⁠SiO2,∞ are the peak intensities from semi-infinite films of CdS and
SiO⁠2 measured experimentally, respectively. The thickness in Eq. 2
can be calculated by using one of the XPS peak from the film, either
from Cd or S. Fig. 3b shows the thickness as function of the depo-
sition time while employing the Cd 3d (squares) or the S 2p inten-
sity (circles). The CdS film thicknesses calculated from Eq. (2) either
from the XPS intensity of the Cd 3d or S 2p peaks yields roughly the
same values. The growth rate for the first 2min is 0.1nm/min and
3nm/min afterward the minute 6 (Fig. 4b). The thicknesses obtained
for 1, 3, 6 and 10min were 0.03, 0.19, 3.20 and 15.68nm, respec-
tively. To validate this calculation, ellipsometry measurements were
carried out for the films deposited at 6 and 10min, obtaining thick

Table 1
XPS Peak positions and areas for CdS thin films for several deposition times.

Samples Binding energy (eV) Areas (eV*cps)

Cd3d⁠5/2 S2p⁠3/2 Si2p O1s Cd3d⁠5/2 S2p⁠3/2 Si2p O1s

1min 405.5 – 103.1 532.6 7306 0 25,564 164,748
3min 405.0 161.4 103.1 532.7 44,197 2116 24,377 156,725
6min 405.2 161.6 103.4 532.9 329,631 17,606 7706 56,816
10min 405.5 161.8 103.3 532.9 545,493 32,500 249 7905
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Fig. 3. a) Peak area ratio of Cd/Si (squares) and S/Si (triangles), and b) concentration ra-
tio S/Cd ratio for CdS films deposited at 1, 3, 6 and 10min by CBD.

Fig. 4. a) Absorbance (black squares) and CdS concentration (blue squares) substrates and
b) thickness of CdS films deposited for 1, 3, 6 and 10min by CBD. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

nesses of 2.67±0.16 and 14.62±0.77nm. The thicknesses obtained
by ellipsometry agree with those obtained by XPS. The reliability of
the measurements could be ensured in the samples of 6 and 10min
of deposition due to the relative thick thicknesses and composition.
As is discussed, the Cd(OH) ⁠2 is deposited at 1 and 3min, which has
different optical properties compared with CdS making the fit proce-
dure not reliable at this stage. After 6min, CdS starts conferring to
the thin film its respective optical properties. At this stage the CdS
percentage regard to Cd(OH) ⁠2 is high, therefore a good fit can be

done in the 6 and 10min samples. The models used in spectroscopic el-
lipsometry were validated through the obtained band gap energy values.
The band gap energies for the 6 and 10min samples were 2.44eV and
2.31eV, respectively, which correspond to the values reported in liter-
ature [26,29]. Therefore, CdS concentration and thickness plots exhibit
the same exponential tendency, associating the increase of thickness do
to the formation or precipitation in major extent of CdS in the solution.

The formation of a thin film could be explained by three different
mechanisms such as ion by ion, hydroxide cluster and complex decom-
position [37]. To determine, which is the most probable mechanism for
the growth of CdS in this work, it is important to calculate the percent-
age of chemical species in the bath before adding the chalcogenide ion
at different pH.

The mass balance of Cd considering all the complexes produced with
the hydroxide and citrate (L) ions can be expressed by Eq (3).

(3)

Using the constant of formation (K) of each complex it was possible
to determine the predominant species at the pH that the reaction takes
place. The values of formation constants were taken from reported ta-
bles [38,39].

(4)

Fig. 5a shows the percentage of species at several pH. The Cd(OH) ⁠2
and CdL⁠− are the predominant species at pH11. Furthermore, the free
Cd⁠2+ quantity in the medium remains low, which reduces its availabil-
ity for the reaction, making easy to have control in the homogenous
precipitation. Fig. 5b shows the variation of pH through the deposition
time. The starting pH of the deposition is 12.1 and decrease with the
time due to the precipitation of Cd(OH) ⁠2 and the conversion to CdS.
Taking in mind the species predominant calculated around this pH, the
hydroxide mechanism dominates the initial steps of growth until seven
minutes of deposition. Below pH11 (deposition time larger) the pre-
dominant mechanism is complex-decomposition. The general mecha-
nisms proposed is shown in Fig. 5c which is based in the interaction of
the two- predominant species Cd(OH) ⁠2 and CdL⁠− with the substrate de-
pending of the deposition time as mentioned before. The oxygen atoms
in the substrate will be bonded to positive Cd ions of Cd-containing neg-
ative complexes or Cd ions of Cd(OH) ⁠2. The sulfide ions diffuse to sur-
face, replacing the ligands and resulting in the formation of a CdS film.

Fig. 5. a) Concentration of species in the chemical bath at pH10–12. b) Experimental pH obtained at different deposition times. c) Schematic representation of mechanism for the forma-
tion of CdS film.
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4. Conclusions

CdS thin films were deposited onto glass substrates using chemical
bath deposition technique to estimate the chemical interaction of the re-
actants and compound stoichiometry at an initial growth stage. The thin
films were prepared at different deposition times by using a constant
temperature bath. The formation of CdS nucleus starts since the first
minute in the solution but is perceived after 3min in the substrate. The
change in the thickness and stoichiometric ratio between 3 and 6min
of deposition is directly associated with the concentration of CdS in the
solution. This change can be associated with the end of nucleation and
the beginning of the CdS growth. After 10min of deposition, a film close
to the CdS stoichiometric ratio is reached. Thicknesses of the films rang-
ing from 0.5 to 13.9nm were estimated from XPS analysis. The growth
mechanisms change across the deposition time: hydroxide until the first
6min and then a complex-decomposition after this time, all based on
the distribution species diagram. The reaction mechanism proposed is
based in an anion exchange of hydroxide and citrate groups by sulfide
ions suggested by XPS.
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