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a b s t r a c t

Thin CdS films were electron beam evaporated. The CdS powder synthesized in the laboratory by a chem-
ical method was used as source for the deposition of films. Clean glass substrates were used. The substrate
temperature was varied in the range of 30–250 ◦C. X-ray diffraction studies indicated polycrystalline
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hexagonal structure. The band gap was 2.39 eV. The grain size was 25–35 nm and the surface roughness
was 0.3–1.5 nm with increase of substrate temperature. Photoconductive cells fabricated with the doped
and undoped films have exhibited high photosensitivity and high signal to noise ratio. The current voltage
characteristics were linear.

© 2010 Elsevier B.V. All rights reserved.
hin films
lectronic materials

. Introduction

Cadmium sulphide (CdS), due to its wide band gap, photocon-
uctivity, and high electron affinity, is known to be an excellent
eterojunction partner for p-type cadmium telluride, p-type cop-
er indium diselenide. It has been widely used as a window material

n high efficiency thin film solar cells based on cadmium telluride
r copper indium diselenide and in photoelectrochemical solar
ells [1–3]. CdS is a semiconducting material useful for printed
lectronics [4]. It is an interesting crystal material in the area of pho-
odetectors, semiconductor lasers, and nonlinear integrated optical
evices. The importance of wide band gap materials is related to the
ossibility of fabricating light emitting diodes or laser heterostruc-
ures for emission in the visible spectral range. These devices are
mportant for many applications. For example, they are useful
n medical diagnosis and for fabricating red–green–blue display
nd as down shifting layer for silicon solar cells [5–8]. CdS thin
lms can be deposited by different deposition techniques such
s chemical bath deposition, vacuum evaporation, spray pyroly-

is, thermal evaporation, chemical vapor deposition, metal organic
apor-phase epitaxy, close space vapor transport, photochemical
eposition, radio frequency sputtering, vapor transport deposition,
creen printing, electro deposition, pulsed laser deposition [9–17]
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and chemical bath deposition [18]. In the present work, thin films
of CdS were deposited by the electron beam evaporation technique
using the laboratory synthesized CdS powder as the source.

2. Experimental methods

CdS powder was synthesized in the laboratory by the following method. 80 g
of cadmium acetate was dissolved in 200 ml of triple distilled water, and 50 g of
thiourea was dissolved in 250 ml of triple distilled water by gentle warming. This
solution was filtered after cooling. The cadmium acetate solution was taken in a
three litre round bottomed Pyrex flask fitted with ground joints, and 150 ml of fresh
ammonia (specific gravity 0.91) was added when a clear solution was obtained.
Thiourea solution was mixed with 150 ml of ammonia and added to the clear cad-
mium ammonia complex and refluxed on a heating mantle at 80 ◦C, provided with a
facility for magnetically stirring the contents, for 2 h. 30 ml of ammonia was added
at intervals of 30 min. The solution turned canary yellow in colour at the beginning,
a little later, shining tiny crystals of cadmium sulphide are noticed in the solution
as well as on the walls of the flask and finally the bulk precipitate of cadmium sul-
phide turned to a bright orange hue. The heating is stopped and the precipitate was
allowed to age for 12–16 h. It was filtered through a Buchner funnel with Whatmann
42 filter paper using rotary vacuum suction provided with requisite traps to avoid
pump oil vapor contaminating the powder. The precipitate was washed with hot
(∼70 ◦C) acetic acid solution to remove traces of hydroxide/oxide of cadmium that
may still be present. Further washings were effected with triple distilled water till
the filtrate showed neutral pH and finally washed with pure ethanol. The precipitate
was dried in vacuum oven and stored in a vacuum desiccator.

The apparent reactions without going into mechanism are:

dx.doi.org/10.1016/j.jallcom.2010.04.227
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:muraliramkrish@gmail.com
dx.doi.org/10.1016/j.jallcom.2010.04.227
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Table 1
AAS analysis of the CdS powders.

Sample Impurity content (ppm)
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corresponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and
(1 1 2) reflections were observed.

The structural parameters, such as lattice constant, internal
stress and dislocation density, were calculated from the XRD data
Cu Fe Ca K Na Zn Pb Co

CdS (prepared) 10 20 20 2 2 – – –
CdS (Kochlight) – 22 95 7 6 2 5 2

d(NH3)4(OAc)2 + H2S → CdS + 2NH4OAc

Thin CdS films were deposited using a Hind Hivac coating unit. A vacuum bet-
er than 8 × 10−6 Torr was used during evaporation. The films were deposited at an
perating voltage of 10 kV and a beam current of 10 mA. The source to substrate dis-
ance was maintained as 15 cm. The CdS powder synthesized in the laboratory was
sed for the deposition of films. Glass substrate coated with tin oxide of 5 �/� were
sed. The substrate temperature was varied in the range of 30–250 ◦C. Indium ohmic
ontacts were provided on the edges of the surface of the films for photoconductiv-
ty measurements. A 250 W tungsten halogen lamp was used for photoconductivity

easurements. Spectral response measurements were made using photophysics
onochromator. Copper doping was done by dipping the films for 5 min in CuCl2

olution of different concentrations in the range of 0.001–0.011 M. After dipping the
lms were annealed in air at 450 ◦C for10 min. Noise characteristics of the doped and
ndoped photoconductive films were studied as follows. The load resistance was
djusted to a value equal to the resistance of the photoconductive film. The power
upply was switched ON and in the absence of an applied bias voltage, the signal
cross the cell was measured; this represents the noise signal due to the power
upply. Next the chopper was switched ON and maintaining the light in the OFF
ondition, the signal was measured across the cell. This value gives the total noise
ignal due to chopper and power supply. After this, the light was switched ON, this
auses the resistance of the film to decrease. When light is incident on the cell, an
ncrease in voltage drop occurs across the load resistance. The AC signal across the
ell on illumination is measured and the signal to noise ratio (SNR) is calculated
rom the signal and noise signal values.

Thin CdS films were deposited on cleaned glass substrates maintained at dif-
erent temperatures in the range 30–300 ◦C. Thickness of the films estimated using

itutoyo surface profilometer was in the range of 0.8–1.4 �m with decrease of sub-
trate temperature. For electrical measurements indium was evaporated on both
he ends of the film surface.

. Results and discussion

Atomic absorption spectrometry was used to determine the
urity of the powder. The purity of the synthesized powder was
omparable to the commercially available AR grade Koch light pow-
er (Table 1). The content of Cd and S is 52% and 48%, respectively,
or the laboratory synthesized powder and Koch light powder, the
omposition was Cd (51%) and S (49%). The X-ray diffraction (XRD)
attern of the CdS powder exhibited all the peaks corresponding
o the hexagonal phase. X-ray diffraction (XRD) patterns of cad-

ium sulphide films deposited on titanium substrates at different
emperatures in the range 30–300 ◦C are shown in Fig. 1. Stud-
es were made on the films coated on titanium substrates, since
hese films were used for photoelectrochemical cell studies. Films
eposited on glass substrates also exhibited the same peaks but the

ntensities of the peaks were lower than for the films deposited on
itanium substrates. It is observed from the figure that the films
re polycrystalline exhibiting the hexagonal structure. As the sub-
trate temperature increased, the intensity of the peaks increased
nd the width of the peaks decreased indicating the formation of
arger crystallites at higher substrate temperature. The peaks cor-
esponding to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3) and (1 1 2)
eflections were observed (JCPDS 6-314). The crystallite size deter-
ined using the Scherer’s equation was 12 nm, 16 nm, 24 nm and

0 nm for the films deposited at different substrate temperatures of
0 ◦C, 100 ◦C, 200 ◦C and 300 ◦C, respectively. The films deposited at

◦
substrate temperature of 300 C were post-heat treated in air for
0 min at different temperatures in the range 450–550 ◦C for pho-
oconductivity experiments. The XRD pattern of the films post-heat
reated in air at different temperatures are shown in Fig. 2. Peaks
orresponding to the hexagonal phase were observed. As the heat
Fig. 1. XRD pattern of CdS films deposited at different substrate temperatures: (a)
30 ◦C, (b) 100 ◦C, (c) 200 ◦C and (d) 300 ◦C.

treatment temperature increases, the crystallinity of the films also
increased as evidenced by the sharpness of the XRD peaks. Peaks
Fig. 2. XRD patterns of the CdS films deposited at a substrate temperature of 300 ◦C
and post-heated in air at different temperatures.
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Table 2
Structural parameters of CdS films.

Substrate temp. (◦C) Lattice spacing (Å) (1 0 1 peak) Lattice parameters (Å) Internal stress (GPa) Dislocation density (1015 lines m−1)
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to the average grain size determined by the AFM. This could be
attributed to the fact that the AFM measurement is more sensi-
tive to the surface structure and that of the XRD is sensitive to the
structure of the film bulk. In addition, as the crystallites columns
that grow during the deposition tend to have a larger diameter
30 3.16 4.10 6.7
100 3.17 4.11 6.7
200 3.18 4.12 6.7
300 3.19 4.13 6.7

or CdS films, and their variation as a function of substrate temper-
ture was studied. The lattice parameter ‘a’ and ‘c’ for hexagonal
dS film was calculated using the relation

/d2 = 4/3(h2 + hk + k2)/a2 + l2/c2

here h, k, l are the lattice planes and d is the interplanar spacing
etermined using Bragg’s equation. The variation of the lattice con-
tant with the deposition temperature is presented in Table 2. The
attice constant increased with substrate temperature. The change
f lattice constant with substrate temperature clearly indicated that
he crystallites were under stress, leading to either elongation or
ompression of the lattice constant. This might be due to the change
f density and nature of native imperfections with the deposition
emperature of the film [19]. In general, all polycrystalline thin films
re in a state of stress irrespective of their preparation technique.
he total stress present in the films is equal to the sum of ther-
al stress and intrinsic stress in the absence of an applied external

tress:

Total = �Thermal + �Intrinsic

he difference in thermal expansion coefficients of substrate and
lm gives rise to thermal stress, whereas the difference in lattice
onstant from that of bulk led to the development of intrinsic stress
n the film. In our present study, the thermal stress is calculated
sing the following relation [20]

Thermal = (˛CdS − ˛Titanium)�TY

here ˛CdS = 7.034 × 10−6/◦C [21] and ˛Titanium = 8.04 × 10−6/◦C are
he thermal expansion coefficients of CdS and titanium, respec-
ively. Y is Young’s modulus of CdS and �T is the temperature of the
dS film during the formation minus the temperature at measure-
ent. The evaluated thermal stress was found to be compressive in

ature, and varied in the range of 7–12% of the total stress with the
ncrease of deposition temperature. The internal stress in CdS films

as determined using the difference in lattice constants of the film
nd bulk material using the relation [22]

Intrinsic = Y(a − a0)/2�a0

ere, ‘a’ is the lattice constant measured from the XRD, a0 is the
ulk lattice constant and � is Poisson’s ratio. The variation of inter-
al stress with deposition temperature is presented in Table 2. The
islocation density (ı) was determined using the relation [23]

= 15ˇ cos �/4aD

here ‘ˇ’ is the full width at half maximum, ‘a’ is the lattice param-
ter, ‘D’ is the grain size and ‘�’ is the Bragg angle. The variation
f dislocation density with substrate temperature is also indicated
n Table 2. It was observed that the dislocation density decreased

ith the increase of deposition temperature. This might be due to
he improvement in crystallinity.
Fig. 3 shows the binding energies of the Cd (3d5/2 and 3d3/2)
nd S (3d5/2 and 3d3/2) levels of the CdS films annealed at different
emperatures. There is no preferential removal of Cd on annealing,
ut a small amount of S is lost by evaporation. This is also evidenced
rom the EDAX results. As shown in the figure, the peak energy
−0.21 4.3
−0.14 2.8
−0.11 1.9
−0.06 0.6

levels associated with the Cd (3d5/2 and 3d3/2) appeared at 405 eV
and 411.7 eV, respectively, these values are in close agreement with
the literature values. Fig. 3 also shows the binding energies of S
(3d5/2 and 3d3/2) levels at 168.0 eV and 170.0 eV, respectively.

Surface morphology of the films deposited at different substrate
temperatures are shown in Fig. 4. The average surface roughness
and the grain size observed by AFM were in the range 0.3–1.5 nm
and 25–35 nm, respectively. The standard deviation of the rough-
ness and grain size of each material is large; hence, there is no
significant dependence of these parameters on the material type.
The average crystallite size determined by the Scherrer formula
from the XRD data was smaller by approximately 10% compared
Fig. 3. XPS spectra of Cd and S in CdS films deposited at a substrate temperature of
300 ◦C and post-heated at different temperatures in air: (a) 450 ◦C, (b) 500 ◦C and
(c) 550 ◦C.
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cells annealed in argon containing ppm of oxygen and hence both
the dark and the photoconductivity are increased. The argon used
in the present studies was 99% pure containing ppm of oxygen. The
increase in photosensitivity may be due to the creation of oppo-
Fig. 4. Atomic force microscopic image of the CdS films depos

t the surface, the surface grains have a larger average crystallite
ize.

The magnitude of the resistivity varies from 0.1 � cm to 20 � cm
s the substrate temperature is increased and the carrier concentra-
ion decreases from 3 × 1018 cm−3 to 0.8 × 1017 cm−3 with increase
f substrate temperature.

The resistivity increase with increase of substrate temperature
ndicates that the film stoichiometry (excess cadmium or sulphur
acancy, which are electron donor sites that provide additional car-
iers and reduce the resistivity) plays a dominant role. This can be
nderstood from the fact that CdS films dissociate during annealing
y evaporation modifying the Cd/S ratio. Further during annealing,
xygen fills the sulphur vacancies in CdS and as these donor sites are
liminated, the free carrier concentration is reduced at higher tem-
eratures. Invariably the absorbed oxygen results in an increase of
lm resistivity. The grain boundaries in these films also play a role

n controlling the electrical properties. Traps at the grain bound-
ries in these films are also responsible for the potential barrier
hat limits carrier mobility.

Optical band gap of the CdS films annealed at 550 ◦C was
etermined by measuring the absorbance spectra. The energy gap
btained by extrapolating the linear portion of the (˛h�)2 vs h�
lot (Fig. 5) to the energy axis yielded a direct band gap value of
.39 eV. This value is in good agreement with earlier reports on thin
dS films.

Fig. 6 shows the variation of photosensitivity (PS) with substrate
emperature. It is observed that the films deposited at a substrate
emperature of 300 ◦C, exhibited the maximum photosensitivity,
ence further studies were carried out on these films. The photo-
ensitivity was calculated using the following relation

S = (RD − RL)/RD
Fig. 7 shows the variation of photosensitivity with intensity of
llumination for the cells prepared by using the powder synthesized
n the laboratory. It was observed from the figure, as the inten-
ity of illumination increases, the corresponding photosensitivity
lso increases. Of all the annealing temperatures, the cells prepared
t different temperatures: (a) 300 ◦C, (b) 100 ◦C and (c) 200 ◦C.

with films annealed at 550 ◦C exhibited maximum photosensitiv-
ity. The dependence of PS on light intensity at room temperature
can be described in terms of the oxygen absorption effects at high
annealing temperatures. The thermal release of oxygen from the
surface is the possible mechanism, which is always dominant for
Fig. 5. (˛h�)2 vs h� plot of the CdS films deposited at a substrate temperature of
300 ◦C.



174 K. Sivaramamoorthy et al. / Journal of Alloys and Compounds 503 (2010) 170–176

s
a
C
t
a
a
i
a

s
0
t
s
i
o

F
fi
f

Fig. 8. Dependence of photosensitivity on illumination intensity for doped CdS films
Fig. 6. Variation of photosensitivity with substrate temperature.

ite type of charge carriers in n-type CdS, as oxygen acts here as
n acceptor impurity. Similar behaviour has also been observed in
dS photocells. It was reported that CdS films annealed at lower
emperatures contained larger electron concentrations because of
slight excess of Cd, and the carrier concentration did not change
ppreciably on illumination to exhibit maximum photosensitiv-
ty, hence further studies were made only on the films annealed
t 550 ◦C.

Fig. 8 represents the plots of illumination intensity vs photo-
ensitivity for all the cells prepared with films doped with 0.001 M,

.003 M, 0.005 M, 0.007 M, 0.009 M and 0.011 M of copper. Similar
o the undoped cells, the photosensitivity increases as the inten-
ity of illumination increases. The magnitude of photosensitivity is
ncreased by two orders when compared to undoped cells. Also, it is
bserved from the figure, as the copper concentration increases for

ig. 7. Dependence of photosensitivity on illumination intensity for undoped CdS
lms deposited at a substrate temperature of 300 ◦C and post-heated in air at dif-

erent temperatures: (a) 450 ◦C, (b) 475 ◦C, (c) 500 ◦C, (d) 525 ◦C and (e) 550 ◦C.
deposited at a substrate temperature of 300 ◦C and post-heated in air at 550 ◦C and
doped with different concentrations of copper: (a) 0.001 M, (b) 0.003 M, (c) 0.005 M,
(d) 0.007 M, (e) 0.009 M and (f) 0.011 M.

a particular intensity of illumination and for a particular annealing
temperature, the corresponding photosensitivity increases and it
reaches a maximum when the copper concentration is 0.005 M and
then decreases. Hence, further studies were made only on the films
with this doping concentration.

The incorporation of copper impurity in the CdS films decreased
the dark conductivity. Due to the dual nature of copper impurity,
the holes and electrons may recombine with majority carriers in the
dark and minority carriers under illumination, thereby increasing
the photosensitivity of the cell. In fact studies of copper diffusion in
CdS [24] have shown that copper can act both as an acceptor and as
a donor depending on whether it occupies substitution or intersti-
tial sites in the lattice. The acceptor dominant behaviour of copper
arises when the number of copper ions on cadmium substitutional
sites is larger than the number of atoms in the interstitial positions.
It is clear from the results observed here that in the II–VI semicon-
ducting compounds, copper is associated with photoconductivity
sensitizing centers.

Copper centers are situated at 0.6 eV above the valence band
as reported by Tyurn et al. [25]. The maximum photosensitivity
is observed for the doping concentration of 0.005 M, which corre-
sponds to 441 ppm of copper. AAS analysis of the Cu concentration
corresponding to this doping revealed the presence of 405 ppm of
copper. This particular concentration corresponds to a donor to
acceptor ratio around unity. For other concentrations of copper
doping, this ratio deviates from unity, and hence, the photosensi-
tivity, decreases. The acceptor dominant behaviour of copper arises
when the number of copper ions on Cd substitutional sites is larger
than the number of atoms in the interstitial positions. Thus to fix
the acceptor and donor concentrations as required above, the total
donor concentration must be determined and distinction between
electrically active impurities and crystal defects as a function of
processing variables must be made.

Fig. 9 shows the variation in the photocurrent with illumination
for both the undoped and the doped cells. As discussed earlier, the
high photosensitivity associated with CdS arises due to the pres-
ence of compensated acceptors, which act as sensitizing centers.

As the excitation intensity is increased, these centers become more
active and the photosensitivity sharply increases at some region of
excitation. It is observed from the figure, that up to 5000 lx, the pho-
tocurrent varies linearly with illumination, becoming super linear
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Fig. 10. Plots of current vs voltage of CdS films deposited at different substrate
temperatures (a) 50 ◦C, (b) 100 ◦C, (c) 150 ◦C, (d) 200 ◦C, (e) 250 ◦C and (f) 300 ◦C.

Table 4
SNR of the CdS films deposited at 300 ◦C substrate temperature and doped with
copper of different concentrations (bias voltage: 170 V).

Copper concentration (ppm) SNR

30 90
ig. 9. Variation of photocurrent with illumination intensity of CdS films deposited
t a substrate temperature of 300 ◦C and post-heated in air at 550 ◦C. (a) Undoped
nd (b) doped with copper (0.005 M).

bove this intensity. But for the doped cells, linearity is observed up
o 4000 lx and above this intensity super linearity is observed. The
uper linearity arises from the conversion of hole traps into recom-
ination centers when the hole quasi Fermi level moves towards
he valence band with an increase in light intensity. These recom-
ination centers, which have higher capture cross-sections for the
oles than electrons, in conjunction with another set of recombina-
ion centers with equal capture cross-sections for both the carriers,
ecrease the lifetime of the holes thereby increasing the lifetime of
he electrons. While the hole traps are being converted into recom-
ination centers, the electron lifetime is continuously increasing
nd the photocurrent varies super linearly with increasing light
ntensity [26]. The transition from linearity to super linearity occurs

hen the hole demarcation level is at the level of the recombina-
ion centers with equal capture cross-section. Similar results were
bserved in sprayed [27], vacuum evaporated [28] and single crys-
al CdSe [29]. The super linearity in CdSe occurs only when the
ermi level varies between 0.3 eV and 0.6 eV from the conduction
and. Also it is reported [30] that the small time constants of highly
hotosensitive films have been attributed to the super linearity of
dSe at higher intensity of illumination. Current–voltage charac-
eristics of the films deposited at different substrate temperatures
re linear (Fig. 10).

Tables 3 and 4 present the signal to noise ratio (SNR) of the
ndoped CdS films deposited at different substrate temperatures
nd Cu doped films, respectively. It is observed that the SNR is found
o increase gradually as the bias voltage increases and is found to
e maximum for the films deposited at a substrate temperature of

00 ◦C. For the doped samples, SNR is maximum for a doping of
00 ppm of Cu. The SNR is higher for the doped films compared to
ndoped films.

able 3
NR of the CdS films deposited at different substrate temperatures (bias voltage:
70 V).

Substrate temperature (◦C) SNR

30 40
100 70
200 130
300 200

[
[

[
[
[

[
[
[
[

[
[

[

70 120
100 190
200 350

4. Conclusions

The results obtained in this investigation clearly indicate that
CdS films exhibiting good photoconductive response and with high
signal to noise ratio can easily be obtained by the electron beam
evaporation technique. CdS films with direct bandgap of 2.39 eV
can easily be obtained.
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