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Physical and electrical properties of
screen-printed Zn,Cd,_,S thick films
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Screen-printed thick films of Zn, Cd,_, S have been prepared in the entire composition range
from pure CdS to pure ZnS and sintered at 800° C on alumina substrates. Their structural and
electrical properties have been studied as a function of x. X-ray diffraction analysis of
Zn,Cd,_,S established the presence of wurtzite structure for the range 0 < x < 0.8, whereas
for x = 1.0 the presence of the sphalerite structure of ZnS is observed. The lattice parameters a
and ¢ vary with x in accordance with Vegard's law. Scanning electron micrographs reveal an
enhancement in porosity with increasing x. The dark electrical resistivity of the film increases
with x in the range 0 < x < 0.6, but beyond this range it starts decreasing. Photoconductivity
is studied as a function of x. An effect of H, annealing on the dark resistivity and photo-

sensitivity is established.

1. Introduction
Zn,Cd,_.S films are of considerable interest for
heterojunction solar cells because their use in place
of CdS permits a greater open-circuit voltage. The
properties of polycrystalline Zn, Cd, .S films pro-
duced by various methods like vacuum evaporation
[1, 2], spray pyrolysis [3], reactive sputtering [4, 5] and
chemical vapour deposition [6] for the purpose of
reducing the production cost of heterojunction solar
cells have been reported. However, the technique of
screen printing and sintering, which is reported to be
the cheapest and the most efficient way to produce
CdS—-CdTe heterojunction solar cells [7], has not so
far been used for the preparation of Zn Cd, _, S films.
In the present paper we report results obtained with
Zn _Cd,__ S films prepared by the screen-printing tech-
nique in the entire composition range of 0 < x < 1.0.
We have compared structural, microstructural and
electrical properties of the above films as a function of
X.

2. Experimental details

Vacuum-grade CdS and ZnS powders were used in the
present investigation. AR-grade CdCl, - H,0 and
ZnCl, were used as fluxes. Slurries consisting of the
CdS and ZnS powders in six different compositions
corresponding to x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0,
CdCl, - H,O (5wt%), ZnCl, (Swt%) and appro-
priate amounts of propylene glycol (binder) were pre-
pared by mixing with a pestle and mortar. Each slurry
was coated on an alumina substrate using an 80 mesh
polyester screen and dried at 200°C for 2h. A dried
Zn Cd,_,S film was then placed in a carbon case with
a tight perforated cover (hole diameter = 1 mm, no.
of holes = 12percm?) and was sintered at 800°Cin a
nitrogen atmosphere with a flow rate of 41min~".
Some of the samples were annealed in a hydrogen
atmosphere at 200° C for 30 min in order to reduce the
resistivity of the sintered Zn Cd, _.S films.
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These films were analysed for compositional, micro-
structural and structural properties by using energy-
dispersive spectrometry (EDS) (Kevex 7000-77),
SEM (JSM-35CF scanning electron microscope) and
X-ray diffraction (Acux, = 0.1541 nm) techniques,
respectively.

Electrical resistivity measurements were done in air
at room temperature by using a 610 C Keithley elec-
trometer. Air-drying silver paste was used for con-
tacts. Resistance measurements were made in the dark
(after a stable state has been reached) and in the light
provided by a tungsten lamp. All the measurements in
light were made at a constant intensity of 33 mW cm ™
The type of conductivity of the Zn.Cd,_.S films
was determined by the hot-probe method. The film
thickness was measured by using a scanning electron
microscope.

3. Results and discussion

Strongly adherent Zn,Cd,_,S films were obtained
throughout the composition range, with the colour
gradually varying from bright yellow for CdS to white
for ZnS. Films in the thickness range of 25 to 30 um
were obtained.

3.1. Composition of sintered screen-printed
Zn,Cd, S films
The variation of the film composition (xg,,) is illus-
trated in Fig. 1 as a function of xy,,, . It shows that the
film contains relatively more zinc than the slurry.
Several authors have reported differences between
the compositions of initial and final phases of ZnCdS
films produced by a spray technique, depending upon
the substrate temperature. At lower substrate tem-
peratures (200°C), Reshamwala et al. [8] reported
an equality of composition on the basis of atomic
absorption analysis. However, Duchemin et al. [9]
observed an enrichment in zinc in the ZnCdS film
deposited at 600° C by the same spray-pyrolysis tech-
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Figure 1 Zinc concentration in the film against that in the slurry.

nique. Since in the present case the screen-printed
films are sintered at the still higher temperatures of
800°C, it is very probable that the observed excess
of zinc sulphide is due to the higher volatility of
cadmium sulphide. Similar observations were also
made by Dachraoui and Vedel [10] in the case of
spray-deposited ZnCdS thin films.

3.2. Crystal structural properties

X-ray diffraction (XRD) analysis showed that the
alloy films of CdS and ZnS exist in single-phase
wurtzite or sphalerite, depending upon the compo-
sition, and therefore the two materials form a solid
solution in the entire composition range 0 < x < 1.0.
Waurtzite structure in the polycrystalline Zn,Cd,_,S
films was observed in the range 0 < x < 0.8, whereas
films with x = 1.0 possess the sphalerite structure of
ZnS. To ascertain that the films were homogeneously
alloyed, diffraction patterns were taken from different
regions and a slight change in the lattice parameters
was observed.
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Figure 2 Variation of lattice parameters a and ¢ of Zn,Cd, _ S solid
solutions.
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Figure 3 Variation with x of intensity of X-ray diffraction lines
(100), (101) and (102) belonging to zinc.

Lattice constants ¢ and ¢ of the films are plotted as
a function of x in Fig. 2. A continuous variation
of lattice parameters with composition is observed,
obeying Vegard’s law, but the values of a and ¢
are lower than those reported by Cherin er al. [11]
for single crystals. The relations between the lattice
parameters (measured in nanometres) and the compo-
sition may be expressed as

a = 04129 — 0.0345x (this work) N

a = 04137 — 0.0316x  (Cherin et al) (2)
and

¢ = 06716 — 0.0580x (this work)  (3)

c = 0.6717 — 0.0460x (Cherin et al.) (4)

The lattice parameter ¢ of Zn,Cd,_,S (x = 1.0) film
was also determined by X-ray analysis and found to
be 0.541 nm, which is in good agreement with the
calculated lattice parameter value 0.540nm of ZnS
bulk material (ASTM Card No. 5-566).

Apart from the diffraction lines of alloyed Zn,Cd,_.S
films, three additional diffraction lines with d (nm) =
0.229 (100), 0.209 (101) and 0.166 (102) start
appearing at x = 0.6 and their intensity increases
with x, as shown in Fig. 3. These three lines have been
identified as zinc lines when compared with ASTM
Card No. 4-831 for metallic zinc.

3.3. Microstructural properties

The SEM photographs of three Zn, Cd,__S films of a
similar thickness (~25um) with x = 0, 0.2 and
1.0 are shown in Figs 4a, b and c, respectively. As
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Figure 4 Scanning electron micrographs of screen-printed films sintered at 800°C for 30 min in N, atmosphere for (a) x = 0, (b) x = 0.2

and (c) x = 1.0. (d) Film (a) annealed in H, at 200°C for 30 min.

observed, the films with added ZnS were more porous
and the grains were also less uniform.

The grain size decreased with increasing x. At
x = 0 the average grain size is 3.7 um (Fig. 4a), at
x = 0.2 the average grain size is 1.0 um (Fig. 4b), and
at x = 1.0 the average grain size is 1.0 um (Fig. 4¢).
Similar results have also been observed in Zn,Cd, .S
thin films [12]. On annealing in an H, atmosphere at
200°C for 30min, the average grain size increased
from 3.7 to 5.5 um and the surface seemed to be more
coherent and many hexagonal crystallites appeared
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Figure 5 Variation of logarithm of resistivity ¢ with x for (A) screen-
printed and sintered film of Zn Cd,_,S, (B) vacuum-evaporated
Zn,Cd,_,S thin film [1], and (C) Film (A) annealed in H, at 200°C
for 30 min.
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(Fig. 4d). The more regular morphology provides the
fact that H, annealing makes the structure of screen-
printed films to be more stable.

3.4. Electrical properties

The type of conductivity of the Zn,Cd,_.S films
was examined by the hot-probe method and all the
films were found to be n-type in the entire range of
0<x <10

For electrical resistivity measurements, the Zn,Cd, S
films when placed in the dark took a long time to
achieve a stable dark resistance, sometimes many
hours, indicating the presence of many trapping
centres. Resistivity measurements were not made until
a stable state was reached. This type of behaviour was
predominant for lower values of x and the Zn,Cd, _.S
films for higher values of x were not affected by the
environment.

The dark electrical resistivity (¢) variation as a
function of x is shown in Fig. 5. It is seen that
the resistivity of the films increases from 3 x 10* to
3 x 10”Qcm with x in the range of 0 < x < 0.6
(curve A). However, beyond this region the resistivity
decreases. In the present case of sintered screen-
printed films of Zn,Cd,__S, the resistivity behaves in
a fashion similar to that of spray-deposited [3] and
vacuum-evaporated Zn,Cd,_,S thin films [1] only up
to a value of x = 0.6. Beyond this value of x (= 0.6)
the resistivity shows a decrease, contrary to the
observations made in thin films. For comparison, the
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Figure 6 Photosensitivity (photoconductivity/dark conductivity)
against x for Zn,Cd, _, films.

variation of resistivity with x in the case of evaporated
Zn,Cd,_.S films [1] is shown in curve B of Fig. 5.
An initial increase in resistivity may be attributed to
the increase in the band-gap of the solid solution
with increasing percentage of ZnS in CdS. However,
further increase of ZnS percentage may lead to an
excess of zinc either in the lattice or as a separate phase
which may be responsible for a subsequent decrease in
¢ beyond x = 0.6. As mentioned earlier (Section 3.2),
the XRD patterns of Zn,Cd,_.S films with x > 0.6
show the presence of metallic zinc along with the
wurtzite/sphalerite Zn Cd; _, S phase. Also, the inten-
sity of these zinc lines increases with increasing x.
Therefore, the possibility of excess zinc in the lattice
contributing to the lowering of resistivity may be ruled
out. Instead, the decrease in the value of ¢ beyond
x = 0.6 can be ascribed to the metallic zinc present as
a separate phase in Zn Cd,__S films.

The high resistivity observed in the present case
could be due to oxygen adsorption. In polycrystalline
CdS, electrical conduction is dominated by grain
boundary scattering, oxygen chemisorption and the
electronic effect of chemisorption on the grain bound-
aries [13]. In contrast to CdS films, the resistivity of
ZnS films in insensitive to oxygen. Since annealing in
an H, atmosphere is more effective in reducing the
resistivity of CdS than annealing in other atmospheres
such as H, or argon [14], sintered Zn,Cd,_.S films
were annealed in H, at 200° C for 30 min. It was found
that the resistivity of Zn,Cd, ,S films reduced from
3 x 10°to 20Qcm and from 3 x 10°to 2 x 10°Qcm
for x = 0 and x = 0.2, respectively. For a further
increase of x, the decrease in resistivity value is small
and for x = 0.8 and 1.0 no change in resistivity is
observed after H, annealing. Results are shown in
curve C of Fig. 5.

The photoconductivity of the Zn,Cd,_, S films was
also measured and Fig. 6 shows the variation with x of
photosensitivity (photoconductivity/dark conductivity)
of Zn,Cd,_,S films. It is clear from the figure that
even a very small addition of ZnS in CdS reduces the
photosensitivity drastically from 10° for pure CdS to
1 for pure ZnS.

Photoconductivity in screen-printed CdS films has
been observed by Fu et al. [15] and Amalnerkar et al.
[16]. Fu et al. reported that the photoconductivity
phenomenon is associated with the complex defect
centre V4 Clg, whereas in the work of Amalnerkar
et al. [16] the photoconductivity is correlated with
oxygen chemisorbed on the surface of screen-printed

CdS films. In the present case of sintered screen-
printed Zn Cd,_.S (for lower values of x), the cause
of appearance of photoconductivity could also be
associated with the acceptor-like states formed by
chemisorbed oxygen. To examine the role of oxygen in
the photoconductivity behaviour of the films, the films
were annealed in H,. It was observed that H, anneal-
ing leads to the quenching of photosensitivity in all
the films. As mentioned earlier, the decrease in dark
resistivity upon H, annealing is possibly associated
with the removal of oxygen. Therefore, the quenching
of photosensitivity can be attributed to a decrease in
the number of acceptor-like oxygen states upon H,
annealing. Pure ZnS shows no change in resistivity on
H, annealing, indicating an absence of oxygen states.
The initial high dark resistivity before H, annealing of
CdS and CdS-rich films is clearly due to compensation
caused by the acceptor-like oxygen states. The photo-
conductivity behaviour of the present sintered screen-
printed Zn,Cd, .S films is similar to that of spray-
deposited Zn,Cd,_,S thin films [3].

The technique of screen printing provides a simple
means of preparing films of Zn,Cd, _S, the properties
of which can be tailored by changing the relative
contents of the individual materials.
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