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Cadmium sulfide (CdS) films were obtained on glass substrates via two chemical deposition methods:
in the aqueous bath (chemical bath deposition) and directly on the substrate surface (chemical surface dep-
osition). The aqueous solutions of cadmium chloride, thiourea and triethanolamine were used to prepare
working solutions. The theoretical calculations of boundary conditions for the formation of cadmium sulfide
and cadmium hydroxide were made in the cadmium-triethanolamine-thiourea system. The phase composi-
tion, surface morphology and optical transmission spectra of deposited CdS films were investigated. The
X-ray diffraction analysis showed that the obtained films were single-phase and contained the CdS com-
pound in its typical cubic modification (ZnS structural type). The film's surface was sufficiently homogene-
ous, solid and smooth and contained a small amount of fine precipitate particles. The elemental analysis
showed the almost stoichiometric molar ratio of cadmium and sulfur in films. The optical transmission of
CdS films increases with increasing wavelengths in the measured area from 340 to 900 nm. There are
bends on the transmission curves in the 450-500 nm region, which is characteristic for the cadmium sulfide
compound. The values of optical band gaps of CdS films were defined to be in the range of 2.41-2.58 eV.
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1. INTRODUCTION

Cadmium sulfide (CdS) belongs to the A2Bs semi-
conductor group. It is interesting in the form of film
and has wide use in electronic products: solar cells,
semiconductor lasers, photoresistors, etc. In addition, a
combination of the deposition of silver [1], gold [2] or
platinum [3] nanoparticles with CdS allows obtaining
electrocatalysts [4], photocatalysts [5] and photolumi-
nescence [6] materials or nanocomposite for removal of
azo dyes under UV and solar light [7].

One of the simplest and cost-effectiveness way to
obtain CdS films is by the chemical deposition. In this
case, the reaction takes place in an aqueous working
solution between the dissolved chemical compounds at
a temperature below the boiling point of water. There
are two varieties of chemical deposition of CdS films: in
the aqueous bath [8, 9] and directly on the substrate
surface [10]. These varieties are called chemical bath
deposition (CBD) and chemical surface deposition
(CSD), respectively. The specificities of CBD and CSD
we described earlier in [11].

Aqueous working solution for chemical deposition of
CdS films contains cadmium salt, sulfurizing agent,
complexing agent and if, necessary, pH-regulator. The
complexing agent binds cadmium ions into Cd-
complexes, preventing the rapid formation of an insol-
uble CdS precipitate. In literature, as complexing
agents for chemical deposition of CdS were used such
chemicals as: ammonia hydroxide (ammonia) [9], tri-
ethanolamine [12], sodium citrate [8], hydrazine [13],
potassium hydroxide [14] etc. In case of ammonia hy-
droxide use [9], it provides itself the necessary pH of
the working solution. In cases of triethanolamine, sodi-
um citrate and hydrazine [8, 12, 13] some amount am-
monia hydroxide was added to the working solution as
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PACS numbers: 81.15.Lm, 78.66.Hf, 68.55.ag, 61.05.cp

pH-regulator to reach necessary pH value. In case
when working solution contains potassium hydroxide
[14], authors add ammonia salt, which leads to genera-
tion of ammonia hydroxide directly in the working so-
lution as a weak base. The use of ammonia hydroxide
in the deposition of CdS films creates its sharp odour
over the working solution, especially when using the
CBD with a larger solution volume in the bath (usually
hundreds of millilitres). Considering this, the deposi-
tion of CdS films with smaller volumes of working solu-
tion (around 0.5-1 ml per 5 cm?3 of the substrate), which
is possible using the CSD method, and without the use
of ammonia hydroxide, is an actual task.

The work is aimed at investigating and comparing
the phase composition, surface morphology and optical
properties of CdS films obtained by CSD and CBD from
aqueous solutions containing triethanolamine and not
containing ammonia hydroxide.

2. EXPERIMENTAL DETAILS
2.1 Materials

To deposit CdS films, the following chemical com-
pounds were used: cadmium chloride (CdClz), triethan-
olamine (TEA, N(CH2:CH20H)s) and thiourea
((NH2)2CS).

The glass plates were used as substrate material
with an area of 3.24 cm2.

2.2 Methods

The chemical depositions of CdS films were carried
out from the aqueous solutions by the CBD method and
directly on the substrate surface by the CSD method.
The conditions for CdS film deposition by these two
methods are given in Table 1. The working solutions
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were prepared by dissolving the necessary amounts of
chemical compounds in distilled water. Then the re-
quired volumes of working solutions were poured into
the bath or on the substrate surface and heated for a
specified process duration and temperature. The
schemes for obtaining films by CBD and CSD methods
we have shown earlier in a previous study [11]. After
the end of the deposition process, the substrates were
cleaned with a jet of distilled water and analyzed by
the methods given below.

Table 1 — The conditions for the CdS film deposition

Index CBD CSD
method | method
C(CdCls), mol/L 0.005 0.005
C(N(CH2CH20H)3), mol/L, 1.0 1.0
C((NH2)2CS), mol/LL 0.05 0.05
Volume of working solution, mL 200 0.7
Process duration, min 7-25 5-15
pH of working solution 10.6 10.6
Temperature, °C 70 70

2.3 Analysis

X-ray diffraction (XRD) analysis of the obtained
CdS films samples was performed using an Aeris Re-
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using the PowderCell program [15].

The optical transmission spectra of the CdS films
were recorded on a Xion 500 spectrophotometer in the
340-900 nm wavelength range. The accuracy of optical
transmission measurement was +0.5 %. To define the
direct optical band gaps (E) of the deposited CdS films,
the Tauc relationship was used, as shown in [16].

The surface morphology images of the CdS films
were made using a REMMA-102-02 scanning electron
microscope (SEM) with an elemental microanalysis
system.

The pH values of the working solutions were meas-
ured with a pH-150 MI pH-meter with a glass com-
bined electrode.

3. RESULTS AND DISCUSSION
3.1 Boundary Conditions Calculation

Under the conditions of CdS film depositions (ac-
cording to Table 1), there is a system of cadmium-
triethanolamine-thiourea. In this system, the for-
mation of cadmium soluble complexes with TEA and
hydroxide are possible, as well as cadmium hydroxide
(Cd(OH)z2) as an insoluble by-product. Accordingly, the
minimum concentrations of cadmium salt required to
form insoluble CdS and Cd(OH)2 phases were calculat-

sear.ch. X-ray diffra.ctometer (Cqu* radiati.on). ’Ijhe ed using the following equations, respectively
preliminary processing of the experimental diffraction 8, 17, 18]:
patterns in order to identify the phases was carried out
min 1 By,cn,
pCoypt = PSPryg — POy —[pK}jfs -2pH + ng(Nngcs + p[(NH,),CS] - p——= (1)
H,S
ng‘SQ = pSPCd(OH)Z +2pH - pa .. —2 pKH20 2)

Where By =[H' | + Kl [H' ]+ Kifs:

Puox, =[H' | + Ko [H ]+ Kiox,

p is a negative decimal logarithm (exponent); ng; is the
minimum Cd?* salt concentration required for forming an

insoluble phase; SF,¢ is the solubility product of CdS;
Qg 18 the mole fraction of the free Cd** ions in the solu-
: 1,2 1,2

tion. Ky's Kyon,, Kam,,cs, Kuo are constants of

hydrogen sulfide, hydrogen cyanamide, thiourea, and wa-

ter dissociation, respectively; The a.. value can be

found from the following equation:

1
A = _ 3)
o [L]  [LP [L]
1+ Tt gt =
KL KL, KL, ()

where [L] is the free ligand (L) concentration of the
complexing agent; KiQ” are the instability constants
of cadmium complexes with triethanolamine and hy-
droxide. According to [19] cadmium forms with TEA
two complexes of the compositions [Cd(TEA)]?* and
[CA(TEA)2]?*, and their logarithms of stability con-
stants are log f1=3.0 and log o =5.17, respectively.

So, the instability constants will be K}EA =10-3 and

Ky =10-517,

Based on equations (1) and (2), the dependences of
the minimum Cd2?* salt concentration required for
forming insoluble CdS and Cd(OH)z phases at various
pH values of the working solution were plotted (Fig. 1).
The calculations were performed for the cadmium-
triethanolamine-thiourea system using the initial con-
centrations of chemical compounds, which are given in
Table 1. The other thermodynamic constants values
used in calculations were taken from [18, 20].

According to Fig. 1, the value of ngﬁ

10-1 mol/LL in alkaline area. In practice, at such very

is around

low Cd-salt concentrations, when C™! is between

(o
10-3 and 10-1» mol/L,, only a weak CdS turbidity of
the solution can be obtain with no formed CdS coatings
on the substrate. Similarly as in [11], the film is formed
at cadmium salt concentrations ranging from
102 mol/L.

Additionally, it was necessary to define such pa-
rameters of the cadmium salt concentration and pH at
which the final product's formation rate leads to a bet-
ter quality of deposited CdS films. We experimentally
determined that this Cd-salt concentration is 5-10-3 M
at pH =10.6. These values are used in this research
(Table 1). It's close to the hydroxide formation region,
but the presence of Cd(OH)z as a by-product will not be
confirmed in the experimental results below.
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Fig. 1 — Boundary conditions of the CdS and Cd(OH): solid phase
formation in the cadmium-triethanolamine-thiourea system

3.2 Structural and Morphological Properties

An X-ray phase analysis of the obtained films was
made. The experimental XRD patterns are shown in
Fig. 2. According to these results, the cubic CdS phase
(ZnS structural type) was identified by one prominent
peak at 26,6° and two weak peaks at 44,0° and 52,1° in
both diffraction patterns of films samples obtained by
CSD and CBD. A clean glass substrate did not show these
peaks, but an amorphous halo is present, indicating that
the substrate is in an amorphous state. The Cd(OH)2
phase was not detected in the film's composition.
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Fig. 2 — XRD patterns of CdS films samples obtained on glass
substrates by CSD (1) and CBD (2) and XRD pattern of the
clean glass substrate (3) for comparison

The SEM images of the surface morphology of CdS
films are shown in Fig. 3. It can be seen that CdS coat-
ings, obtained at various CBD and CSD durations, fully
cover the substrate and are sufficiently homogeneous,
solid and smooth. The films surfaces contain a small
amount of precipitate, but there are no large precipi-
tate particles, as seen in the case of CSD of CdSe films
earlier [11]. It can be explained as follows: CdS is light-
er than CdSe, and the remains of the precipitate and
working solution are washed out better by a jet of dis-
tilled water after the end of the deposition.

The microanalysis of CdS films (Fig. 3, inset) shows
that CdS films obtained at various durations consist
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practically of cadmium and sulfur in a 1:1 atomic (mo-
lar) ratio, which confirms the data of XRD analysis.

3.3 Optical Properties

The optical transmission spectra 7(1) of CdS films
obtained at different process durations of CSD and CBD
methods were measured (Fig. 4). The character of the
spectral curves is such that the transmission (7) increases
from the beginning to the end of the measuring wave-
length range (340-900 nm). There are sharper rises, like
bends, located at the wavelengths near 450-500 nm. Such
bends in different regions of the 7(1) curve are typical for
films of the A2B¢ semiconductors, and depend on the na-
ture of AsBs compound — chalcogenide of the zinc sub-
group [21-23]. The shape of T(1) curves of CdS films are
generally similar in both cases of used deposition method
(CSD and CBD). The CdS films transmission are shifted
to the lower 7' values over time of deposition. That's be-
cause the amount of deposited CdS increases. However,
on the transmission scale, CBD-obtained CdS films can
reach lower T values at the end of deposition duration
than CSD-obtained CdS films. For example, in the case of
CBD, the maximum 7 value is 32 % at 1 =340 nm, and in
the case of CBD, the maximum 7 value is 40 % at the
same A.

Cd-51.4 at.%
S —48.6 at.%

Cd-53.3 at.%
S—46.7 at.%

Cd - 50.5 at.%
S—49.5 at.%

Cd -50.8 at.%
S -49.2 at.%

b

Fig. 3 - SEM images (x5000 magnification) of surface mor-
phology and atomic composition (insets) of CdS films obtained
at various process durations of CSD (a) and CBD (b) methods
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Fig. 4 — Optical transmission spectra of CdS films obtained at
various process durations of CSD (a) and CBD (b) method

The determined optical band gaps (Eg) values of
CSD-obtained CdS films are equal to 2.41-2.58 ¢V. The
optical band gaps of CBD-obtained CdS films are
Eg=2.44-2.52 eV (Fig. 5).

4. CONLUSIONS

The boundary conditions for the formation of insol-
uble CdS and Cd(OH)z2 phases in the cadmium-
triethanolamine-thiourea system have been construct-
ed and considered.

The CdS films have been obtained on glass sub-
strates by two methods of chemical deposition — CBD
and CSD. This was done from aqueous solutions con-
taining triethanolamine and not containing ammonia
hydroxide.

It has been established that the obtained CdS films
are single-phase and contain only one CdS compound,
regardless of used deposition method (CBD or CSD).
The studies of optical transmission spectra of CdS films
show that they all are similar in shape and have bends
of nearly the same shape. But, spectral curves of CdS
films obtained by the CBD method have slightly lower
maximum transmission values than CdS films obtained
by the CSD method with maximum process durations.
This shows that a larger amount of CdS film was de-
posited on glass substrates than in the CSD method.
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Fig. 5 — (ahv)? = f(hv) dependences and determination of the
optical band gap values of CdS films obtained at various pro-
cess durations of CSD (a) and CBD (b) methods

This is at least in the considered system of cadmium-
triethanolamine-thiourea.

The Eg values of CdS films were in the range of
2.41-2.52 eV, and there is no significant difference be-
tween the used method (CSD or CBD) for obtaining
coatings.

The advantages of the CSD of CdS films are that a
small amount of working solution is used, and coatings
are obtained faster. However, at a longer CSD duration
(more than 15 min), the deposition becomes impossible
due to the drying of the entire working solution on the
heated glass substrate. The advantage of the CBD of
CdS films is that we obtained CdS films with lower
optical transmittance due to the possibility of longer
CBD duration.

In two cases of the CdS deposition (CSD and CBD),
there's the absence of large particles of precipitate on
the coating's surface, which may be due to good sam-
ples cleaning by the jet of distilled water.

Based on the research carried out in this work, the
chemically ammonia-free deposited samples of CdS
films may be suitable for simple and cost-effective fab-
rication of semiconductor elements for various electron-
ic products.
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Ximiume ocagyxennsa miiiBok CdS 3 BOQHOro po3uyuHy, 0 MiCTUTH TPHUETAHOJIAMIH

M.A. CozancbEmnii, ILIA. IMamosas, T.B. I'maris, P.P. I'ymiminosuy, B.€. Craguix, M.M. Jlapyx

Hauionanvruti ynisepcumem «JIvgiscorka nonimexnixan, 8yn. Cmenana Bandepu, 12, 790138 Jlveis, Yipaina

ILniBru cynsdiny xammio (CdS) Oymu oTpuMaHi Ha CKIAHAX MiAKIAJIKAX JBOMA METOHAMHI XIMIYHOIO
oca/yKeHHA: Y BOOHIN BaHHI (XIMIYHE 0CaIKeHHS 3 BAHHM) Ta 0e3locepeIHbo HA IMOBEPXHI MaKIaakn (XiMi-
JHe IOBEepXHeBe ocapkeHHs). J[1s mpuroryBasHs pobOYrMX PO3UYMHIB BUKOPUCTOBYBAJIN BOJIHI PO3YMHU XJIO-
pHIY KaaMilo, TIOCEYOBHMHM TA TPHETAHOoJaMiHy. I1IpoBemeHO TeopeTHdHl pO3PaxyHKN IPAHHYHUAX YMOB YTBO-
pPeHHsA cyabQimy KaaMmiio Ta TIOpOKCHIY KaaMilo B CHCTeMl KaaMik-TpreTaHoJaMiH-TioceuoBrHA. JocmimxeHo
dazosuit crram, MopdOJIOTio TOBEPXHI TA CIIEKTPU ONTUYHOIO MPOIYyCKAaHHSA ocamreHnx wniBok CdS. Pewnrre-
HIBCBKMI TUMPAKIIIMHIIN aHAI3 T0KA3aB, 10 OTPUMAHI IUHBKY Oysu ogHOodasHuMu Ta Mictuim cronyry CdS
y 1 TunoBi# kyOiuHiN Momudikarii (crpyrrypHui i ZnS). [ToBepxHs mmiBKEU Oysa JOCTATHBO OSHOPLIHOIW,
CYITIHHOIO 1 TJIA/IKOI0 Ta MICTHJIA HEBEJIMKY KIJIbKICTh JPIOHUX YaCTUHOK ocany. EeMeHTHHUI aHAIi3 TTOKa3aB
MaifyKe CTeX10MeTPpUYHEe MOJISIPHE CITIBBIIHOIIEHHS KaIMI0 Ta CIPKH B IUTiBKaxX. OIITHYHE IIPOITyCKAHHS ITIBOK
CdS 3pocrae 31 30LIBIIEHHSIM JIOBKIHU XBIJIL y BEUMIpsHIN mitsH Bix 340 mo 900 um. Ha xkpuBmx mporryc-
KaHHs e meperuHy B obsracti 450-500 HM, 110 XapakTepHO IS CIIOJIYKHU CyIbdiny kaamino. BusHaveHi sHaveH-
Hs OITUYHOI 3a60poreHoi 3ouu wniBok CdS 3HaxomsThes B mianasoni 2,41-2,58 eB.

Kmouori cinorsa: Hamisoposimuukosi mriBku, Kagmiit cymbgdin, Ximiune ocamrenus, XRD, Onruuna mwm-

puHA 3a00pPOHEHOI 30HH.
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