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Abstract The method of chemical deposition of CdS,; (Se, is based on
the chemical reaction between the hydroxy-citric complex of the cadmium,
with sulfide and selenide ions. produced by the chemical decomposition of
thiourea and sodium selenosulfate, in alkali media. Sodium silicate glass was
used for substrates.

The composition of the thin films was verified by X-ray analyses. From
the optical spectra, as well as from the spectral sensitivity of the photocon-
ductivity, the values of the band gaps (I,) were evaluated for a set of 10
samples of CdS,. Sey, where x varies from 0 to 1. It was found that the Eq
value decreases with the increase of x.

Introduction

The preparation and examination of the physical properties of the semicon-
ductive materials are problems of great importance in modern science. Nowadays. the
composite semiconductor thin films arc subject to very extensive studies, which is due
to their potential applicability for photovoltaic cells, LED. gas sensors and other elec-
trooptical devices.

Semiconductor thin films can be prepared by different methods such as vac-
uum evaporation, spray-pyrolysis, electrolysis, molecular bcam cpitaxy magnetron
spattering, chemical deposition (electroless method) [1]. ctc. One of the most promis-
ing and cheapest methods with respect to the equipment and energy consumption, is
the method of chemical deposition. A wide range of thin films with a high quality.
such as CdS [2]. CdSe [3]. PbS [4], PbSc [5], SnS [6], Ag.S [7], and many others, were
prepared by this method on different substrates: insulators, semiconductors, and met-
als. Mixtures and cspecially solid solutions of semiconductor compounds. such as
CdS, «Se, [8]. CulnSe;, [9], CdSe; (Te, [10], etc.. arc of special intcrest, duc to the
possibility of variation of the band gap £,
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The mechanism of deposition of thin CdS,_Se, films is studied in this work.
The system contains a water solution of hydroxy-citric complex of cadmium, sodium
selenosulfate and thiourea in an alkaline medium.

The X-ray analyses showed that under the reaction conditions (pH > 10.5),
thin films of a solid CdS, Se, solution, with a dominant hexagonal crystal structure,
were obtained. Ten samples of CdS, ,Se, films, where x varies from 0 to 1, prepared by
the method of chemical deposition, under conditions of heterogeneous nucleation, are
presented in this paper. The values of the £, were calculated from the data of optical
spectra, and from the spectral sensitivity of the photoconductivity.

Experimental part

The sodium-silicate glass substrates were initially degreased by chromsul-
phuric acid, and after rinsing with distilled water in an ultrasonic bath, were activated
by a solution of tin (II) chloride and thiourea [11]. The substrates were further deeped
in a reactive solution (100 mL) which contained:

0.40 mol/dm® CdCl, - 10 mL
1.00 mol/dm?® Nas(CH,),C(OH)(COO); — 10 mL
[note: The (CHz)QC(OH)(COO){3 will further on be denoted as Cit]
Na,SeSOs and
(NH,),CS - thiourea.

The total mole portion of the Na,SeSOs and thiourea was equal to 0.05. The
alkalinity of the environment was set to pH = 11, by the addition of 0.1 mol/dm® of
NaOH to the solution. The deposition of the thin CdS,..Se, films occurs according to
the following chemical reactions:

Na,Cd(CitOH) + (NH,),CS + NaOH = CdS + NasCit + (NH,),CO + H,O
Na,Cd(CitOH) + Na,SeSO; + NaOH = CdSe + NasCit + Na,SO, + H,O

The formation of the thin films was initiated by dipping the substrates into the
reaction solution. followed by constant mixing with 10 rotations per minute, at a con-
stant temperature of 80°C. When the deposition process was completed (after some
40-50 minutes), the samples were rinsed and kept in distilled water for several hours.
After drying, the samples were thermally treated at a temperature of 300°C in air, for 3
hours. The thickness of the films varied from 0.3 to 0.4 pm, depending on the prepa-
ration conditions.

The composition and the crystal structure of the thin films were verified by
X-ray diffraction analyses using a JEOL DX-GO-F type diffractometer, with Ni-filtered
radiation of Cu-anticathode.
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The quantitative analyses were made by sevéral methods, including atomic ab-
sorption spectrometry, polarography and ionometric analyses. The mole fraction of Se
was determined by cathodic stripping analysis.

The optical spectra of the above described set of 10 samples of CdS,; .Se,
films, where x varies from 0 to 1, were recorded on a HEWLETH PACKARD spectro-
photometer 8452A. The photosensitivity spectra were measured by the constant field
method [12.]. A monochromator Univerzal XM-2, of Russian production, was used as
a light source.

Results and discussion

From polarographic measurements it was found that cadmium ion forms a
complex of Cd-citric anion in a neutral environment, with a stability constant K = 1.6
10" dm*/mol [13]. Fig. 1 shows the UV spectra with the corresponding A, and the
molar absorption coefficient (g), of the water solutions of CdCl, (A = 192 nm, log{ &}
= 2.89), and Na;Cit (Ayax = 196 nm, log{ e} = 3.10) and the spectrum of the product of
their chemical reaction (Aye = 196 nm, log{&} = 3.09. Note that the brackets indicate
that the numerical value is to be used; not the physical quantity.)
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Fig. 1 - UV spectra of (a) CdCl,, b) NazCit, and (c¢) reaction product

There are appreciable differences in the position of the maxima and the molar
absorption coefficient, between the spectrum of the product of the chemical reaction,
and the arithmetic sum of the spectra of the starting chemicals CdCl, and Na;Cit (A
= 194 nm, log{ e} = 3.23), as seen in Fig. 2, which is a qualitative proof of the exis-
tence of a complex of the Cd-anion with a citric ligand, which is in accordance with
the existing knowledge from polarographic studies. If a strong base (such as NaOH for
instance) is added. a hydroxy-citric anion of cadmium, with a stability constant K = 2.0
Ipunosn, Ox. Mat. Tex. H., XVI 1-2,1995 29-39
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10° dm’/mol [13], will be formed. The spectrum of such a hydroxy-citric complex of
cadmium, for a mole ratio:

metal : ligand -base=1:1:1

is presented in Fig. 3. where A, = 208 nm. and log{¢} = 3.14.

1,5 -1/'

1,0 1 (b)
@
: (a)
; a
30,5 -
o
Q
0} ;
L2
QL

O ¥ L L\
200 220 240 260

Nanometers

Fig. 2 - UV spectra of (a) the reaction product obtained from equimolar portions of CdCl; and Na;Cit. and (b)
the sum of the CdCls and Na,Cit spectra
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Fig. 3 UV spectrum of Na,CdOHCit dissolved in water
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=

The reaction system which contains the citric complex of cadmium', sodium
selenosulfate, and selenourea is insufficiently alkaline to provide a spontaneous gen-
eration of S° and Se* anions which would enable the deposition of the CdS,..Se, thin
films. By further addition of alkaline solution to the system, an intensive decomposi-
tion and precipitation occurs, which could possibly be followed by a simultancous pre-
cipitation of cadmium hydroxide. In that case the deposition will take place according
to the mechanism of heterogeneous nucleation, i.c. a thin layer of Cd(OH), will be
formed on the surface of the substrate. This layer will assist the CdS, . Se, thin film
deposition. Analogously as in Ref. [4]. the theoretical critical value for the alkalinity
(pH,) needed for the Cd(OH), precipitation to commence was found to be

pH = 10g{ Cei} — 10g{Kww Coomp/K Kp} '
where

C, — is the concentration of the citric ion,

Ceomp — 15 the concentration of the hidroxy-citric complex of cadmium,

K., — is the ionic product of the H,O,

K, — is the solubility product constant of Cd(OH),, (a value of 2.2 10"

mol*>/dm’ [13] was used in this work)

K — is the-stability constant of the hydroxycitric Cd-complex.

A graphical interpretation of Eq. 1 is given in Flg 4. A straight line marked
with A illustrates the equilibrium between the Cd(CitOH)* and Cd(OH),. The region
marked with I presents the homogencous system of Cd(CitOH)> and extra Cit> anions.
If the alkalinity increases to the extent of pH., an intensive spontancous formation of
Cd(OH), occurs, which could be seen as a solid phase region, designated as II in Fig.
4. :

121 pH

0 0,5 1 1,5 2 2,5
~log ccit
Fig. 4 -- Graphical presentation of Equ. 1

Eq. 1 is valid only for room temperature conditions, at which the deposition of
the thin CdS,_,Se, films, especially under homogeneous nucleation conditions, is suf-
ficiently slow.

! For other metal versus ligand ratios. other complexes may also exist [14].
Ipunosu, Ofp. MaT. TeX. H., XVI1-2,1995 29-39
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It was empirically found that. when the deposition rate is sufficiently fast (at a
temperature of ~ 80°C. and for a given concentration of the reaction chemicals). the
optimal pH value required for the creation of active Cd(OH), deposition centers varies
between 10.5 and 11.5. If the alkalinity is increased above pH = 12, the obtained sam-
ples are of a rather bad quality. The study of their X-ray diffractograms shows the
presence of CdO which simultanecously precipitates as a hydroxide, under the above-

described conditions, together with the CdS, Se,
do not show photoconductivity.

. These thin films are mixtures, and
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Fig. 5 - X-ray diffraction spectra of thermally treated thin films prepared at pH

20
11: (a) CdS and (b) CdSe

The data obtained from the X-ray diffractograms of the pure samples (those

for x =0 and 1), deposited at pH = 11 arc presented in Fig. 5 and Table L.

Table I — d-values for thermally treated CdS and CdSe thin films (dexy-experimental values:

dy-values from the literature)

Cds CdSe
dexp [A] diit [A] dexp [A] diic [A]

cub hex cub hex cub hex cub hex
= 3.60 — (31&)8) — 3.74 — (31&%)
3.36 3.36 (31%16) (3 6) — 3.54 — (%)0523)

— 3.18 — (31616) 3.54 — (3“419) —
2.07 2.07 é2006) (211006) — 3.29 — (31(.)?.?)
1.76 1.76 (%?15) (11.1726) — 2.56 — (21325)
2:15 2715 (222]61) (21118)
— 1.98 - (ll.(??)
— 1.83 — (11.1823)
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One can easily see that the corresponding thin films contain hexagonal and
cubic crystal phases. The analyses of the relative intensities /7, [15] showed that the
hexagonal phase is dominant. The films obtained under the condition of homogeneous
nucleation exhibited cubic structure. On the other hand, for the films with hexagonal
structure (for which 0 < x < 1). none of the calculated d-values belonged to the pure
structures (i.e. for which x = 0 and x = 1), shown in Table I, which strongly indicates
that the thin films formed are solid solutions of CdS, . Sey type [16].

The mole ratio of selenium in the solution and in the film is not equal and
may be presented by the following least-squares-best-fit linear equation:

x(Sc)ﬁlm =a x(sc)sol +b
where a = 1.061; b = 0.048 and correlation coefficient » equals 0.983.

The optical spectra of the thermally treated samples at a temperature of 300°C
presented in Fig. 6 reveal a qualitative picture for the red shift of the absorption edge
with the increase of x. Other information obtained from the transmission spectra
analyses are the values of the /g, of the CdS, ,Se, thin films. Using the relation

10

501

Transmittance

— "

0 400 600 800
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Fig. 6. Optical spectra of CdS;_«S thin ﬁlms: where x varies from 0 to 1, thermally trated at 300° C
(See Table II for a legend)

ahv=B (hv - E)" [17),

where

o — is the absorption coefficient,

hv — is the photon energy,

E, — the band gap energy,

B — a constant,

n — a number that depends on the zone to zone electron transition. In our case,
its value was found to be close to 1/2 which corresponds to direct electron
transition.
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Fig. 7 - Graphically evaluated F ) for four selected CdS;_Sey thin films (see Table IT)

Considering n = 1/2, the dependence (ahv)® vs. hv is a straight line, with an
intersection with the photon energy axis equal to the optical band gap Fy. Fig. 7,
Table II.

Table II - Values of £, for one series of ten thin CyS;..Sex films

Serial CdSy.—xSex Eg(ph) Egan
Number [eVv]) [eV]
X THIN FILM

1 1.00 CdSe | 1.72 1.68

2 0.90 CdSo.10S¢0.90 1.76 1.70

3 0.78 CdSo.225¢0.78 1.88 1.80

4 0.75 CdSo.255¢20.75 1.95 1.92

5 0.65 CdSo.355¢0.65 1.99 1.94

6 0.59 CdSo.41S¢0.5 2.03 1.96

7 0.26 CdS0.74520.20 2.18 2.03

8 0.12 CdSo.885¢0.12 2.26 2.12

9 0.05 CdSo.95S¢c0.05 2.36 2.17
10 0.00 Cds 2.53 2.44
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The values of the optical band gap were also evaluated from the spectral sen-
sitivity of the photoconductivity, Egqn. Fig. 8 shows the dependence of the photocon-
ductivity on the photon energy, for four samples, while for the other six, only the
maxima that correspond to the E are tagged [18]. It is obvious that the results for
E,, evaluated by two different methods, show good agreement. Besides, there is also a
good agreement between the results for £y (cf. Table II) and F,, on one hand, and
those from the available literature data [19], on the other. The shift of £y due to the
variation of x is shown in Fig. 9. E
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Fig. 8 - Spectral sensitivity of photoconductivity for one series of CdS, _Se, thin films. The peak photoconduc-

Fig. 9- Dependence of F,

tivities coresponding to Egen are tagged with arrows (see Table 1I))
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Conclusion

The thin CdS, ,Se, films obtained by the chemical deposition method present
solid solutions of CdS and CdSe. They exhibit very high photoconductivity. The ratio
between the conductivity of the thin films, when illuminated with white light (60
mW/cm?), and their dark conductivity, is of the order of magnitude 10°. This gives an
opportunity for these materials to find their application as photosensors in various
clectrooptical devices.
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Pesume

IIPUTOTBYBAILE HA TEHKY ®HUIMOBH O]I CdS;_xSex IIO METO/I HA XEMUCKA
OEITO3HUIMNIA 1 UCITUTYBAILE HA HEKOM HUBHHA ONITUYKU
U ®OTOEJIEKTPUYHHU CBOJCTBA

1 2 2 2
IL Tomes, M. PucroBa,” M. Murpecku” u b. AngonoBcku

1 Maxedoncka axademuja na naykuidie u ymeianociuauiie, Ckouje, Maxeoonuja
2 Ilpopoduo-matiemaiiudru gaxynews, Ynusepsuweuwr Ce. Kupuau Mewoouj"
Crouje, Makeoonuja

MeTofoT 3a Acnozuiinja Ha puaMoBu off CdS, « Sex ¢ Oasupan Ha XeMHMCKa peaknuja Mery
XUJPOKCOUMTPATCH KOMIIEKC HAa KajMHYyMOT CO Cyn(UiHM M CeneHuAHU joHH, ROOMEHH CO
pa3NoXKyBakbe HAa TaJOXKHUTE PEArcHCH THOYpea M HaTpHyM cesieHOCYNI(paT, BO asKajlHa CpPeJiMHa.
KOpHCTEHH Ce CYINICTPATH O HATPUYM CHIMKATHO CTaKy0. COCTABOT Ha NpenapaTute ¢ BepUguIUpan
€O penareHcka T pakIMona aHanu3a. Bps 6asa Ha MONATOLUMTE Ofi ONTHYKUTE CIICKTPH U CNEKTPa-
HATA CCH3MTHBHOCT Ha (hOTOCIPOBOJIMBOCTA, ONpEJENeHH CE IUMPUHMTE Ha 3a0paHeTaTa 30Ha 32
neceT punMa co pasnanuch coctas. llupuuuTe Ha 3a0paHeTaTa 30Ha ONAraaT co MOPACT Ha MOJCKHOT
YA Ha cesIeH BO NOJYCNPOBOJTMBATE MATCPUjaH.
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