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Abstract

CdTe thin films have been deposited using spray pyrolysis with and without electric field. The improvement in the film
properties with the electric field is observed which is mainly due to the reduction of droplet size. The presence of CdTeO peaks
in the X-ray diffraction pattern for films deposited without electric field at 350 8C is attributed to the slow dissociation of
complexes containing Cd and Te ions on the substrate. The reduction in the droplet size under the influence of electric field and
faster dissociation of droplets at high temperature leads to complete pyrolytic reaction for a nearly oxide free CdTe film formation.
Energy dispersive X-ray analysis indicates stoichiometric Cd and Te atomic concentrations, with oxygen and chlorine impurities
in varying amount for different substrate temperatures, with and without electric field. The presence of chlorine gives rise to an
intense photoluminescence peak at 1.40 eV along with a weak peak at 0.84 eV. The intensities of both peaks diminish when the
films are prepared with the electric field, due to reduction of chlorine concentration and morphological changes in the films.
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1. Introduction

CdTe thin films are efficient photovoltaic energy
converters due to optimum bandgap ( f 1.5 eV) and
high solar absorptance w1x. Several thin film deposition
techniques have been used for obtaining photovoltaic
quality p-CdTe films, which with n-type CdS window
layer have yielded solar cells with conversion efficiency
upto 16% w2x. For large area deposition the techniques
requiring vacuum system may not be suited for meeting
the goal of a low cost production technology. Chemical
spray pyrolysis can be one of the techniques, which
may be more suitable for this purpose.

Chemical spray pyrolysis is a low equipment cost
technique for depositing thin polycrystalline films of
oxides, binary and ternary chalcogenides and supercon-
ducting oxide films w3x. The deposition of II-VI semi-
conductors of sulfides and selenides by spray pyrolysis
was first investigated by Chamberlin and Skarman w4x

and cadmium telluride films by Boone et al. w5x and
Jordan et al. w6x.

The film formation depends on the process of droplet
impinging on a heated substrate and the subsequent
solvent evaporation leaving the chemical species for
film formation on the substrate. The pyrolytic reaction
leads to the deposition of a film of the desired compound
while all the unreacted species and other reaction prod-
ucts leave the system as volatile components w7x.
Depending on the process conditions, heterogeneous
andyor homogeneous reaction can take place w8x. The
deposition rate and the thickness of the films can be
easily controlled over a wide range by changing the
spray parameters like substrate temperature, concentra-
tion of the precursor solution and distance between the
spray nozzle and the substrate. The properties of the
film depend upon the anion to cation ratio, spray rate,
substrate temperature, droplet size and also the cooling
rate after deposition w3x.

The large droplet size (approx. few tens of microns)
in normal spray deposition can result in large splat
formation and it causes a slower solvent evaporation.
The hydraulic pressure atomisation is capable of pro-
ducing an average droplet size of 20 mm w9x. These
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Fig. 1. Schematic diagram of spray deposition chamber.

large droplets can also create voids, inclusions and pin
holes in the films, which are detrimental for the photo-
voltaic device characteristics. One of the methods to
overcome such problems is by using nanoparticles pre-
cursor, so that the nanoparticles of CdTe combine to
form smooth and dense thin films w10x. Another
approach can be to apply an electric field between the
nozzle and the substrate for creating an additional
electric pressure (Electrostatic assisted spray) w11x. The
electrostatically charged droplets are propelled towards
the grounded substrate. With the help of electric field,
finer droplet size ( - 5 mm) w12x and also monodispersed
size distribution w13x have been achieved. Since the
surface area of the droplet increases, the rate of evapo-
ration also increases and the droplet size can be further
reduced during transportation to the substrate. As a
result the pyrolitic reaction at the substrate will also be
modified and affect the film deposition w14,15x. Since
the electric field can be useful in obtaining better spray
deposited CdTe films, we have deposited these films
with and without electric field. In this article, we report
on the role of the electric field during spray deposition
of CdTe thin films.

2. Experimental details

CdTe films are deposited inside a spray chamber,
which is shown in Fig. 1. It is thermally insulating and
gas leak-proof chamber made of fiber reinforced plastic
(FRP) material. The spray solution and the compressed
air are brought into chamber through the connecting
tubes into a Teflon box containing the spray nozzle. The
spray solution is gravity fed from a bottle kept on the
top of the chamber. The flow rate of Nitrogen carrier
gas is controlled by throttle valve and measured by high
pressure gauge. A 3 kW heater is employed for heating
the glass substrates and the deposition temperature is
measured using chromel-alumel thermocouple fixed on
a substrate. During the spray, the chamber is sealed and
is partially evacuated by means of a rotary pump. The

spray effluents before exhausting are circulated through
scrubbers containing NaOH solutions to dissolve Cd or
Te vapours present in it.

The spray solution is prepared from a mixture of
water, ammonium hydroxide, hydrazine hydride and
hydrochloric acid. Cadmium and tellurium are added to
this mixture in the form of cadmium chloride (CdCl2)
and tellurium oxide (TeO2) with concentration of ; 0.02
M. Hydrazine hydride is used as a reducing agent to
obtain Te ions 2-w16x. Solution pH value of 11.2 and
flow rate of ;— 1 — 1.5 mlymin are used for the deposition
on cleaned glass substrates as well as CdS coated glass.
The substrate temperature (TS) is varied from 300 to
400 8C. An electric field is applied by connecting a
high voltage power supply between the nozzle and a
circular metal electrode placed ; 2 mm below it. In the
following discussion, Film A refers to the film deposited
at 350 8C without electric field, whereas Film B refers
to the film deposited at the same temperature with
electric field (800 V between nozzle and the metal
electrode). Similarly Films C and D refer to the films
deposited at 400 8C with and without the electric field.

Film thickness has been measured using Taylor-
Hobson Talystep instrument. Film thickness ; 2 - 3 mm
is obtained after 30 min of spray deposition. X-Ray
diffraction patterns are recorded using Glancing angle
X-ray diffractometer (Rigaku Giegerplx-Dymax-RB-
RU200) with monochromatic Cu K radiation. Optical
microscopy images are taken with Clemex vision PE
3.5 optical microscope. Scanning electron micrographs
and Energy dispersive X-ray data are taken on Amray
1810 scanning electron microscope attached with Oxford
Instruments Energy 200 Energy dipersive spectroscopic
analytical system. Midac FT-Photoluminescence Spec-
trometer system is used for the PL measurements from
0.6 to 1.7 eV at 4.2 K with argon ion laser (l s 514.5
nm) as the excitation source.

3. Results and discussion

Thin films of CdTe have been deposited in the
presence and absence of electric field at different sub-
strate temperatures by keeping the spray parameters
constant. The films grown under applied voltage cover
a larger area and have improved deposition efficiency.
This is due to the repulsion of electrostatically charged
droplets and droplet size reduction due to electrical
pressure. The reduction in droplet size is confirmed by
the differences in the splats seen in the optical micro-
scopic images for the films deposited with and without
electric field at 350 8C for 3 min (Fig. 2). The liquid
droplet on impact with the substrate surface spreads out
into a disk shaped structure (or splat) having the reaction
material mainly on the rim w7x. The splat diameter
depends on the volume and momentum of the droplet,
as well as the substrate temperature. A comparison of
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Fig. 2. Optical microscopic images of splat formation on the substrate
surface at TS s 350 8C for films deposited (a) without electric field
and (b) with electric field.

Fig. 2a and b shows that there is a reduction in the splat
diameter, which means that the droplet size is indeed
reduced under the electric field.

Scanning electron micrographs of films deposited with
and without electric field at TS s 350 8C are shown in
Fig. 3a and b. The films display distinct surface mor-
phologies, which arise due to the variation in the droplet
size. The films grown under an electric field has well
formed grains compared to the film grown without the
field. This may be due to the fact that since under the
electric field there is a reduction in droplet size, after
striking the heated substrate the solvent quickly evapo-
rates completing the pyrolytic chemical reaction. Since
this difference in film growth process due to droplet
size difference happens throughout the film deposition,
there will be difference in the microstructure of the
films. In fact, cross sectional SEM micrographs (Fig. 4)
show large voids in films deposited without field com-
pared to the film with field. The CdS film columnar
structure is also seen at the bottom of micrographs.

Fig. 5a and b show the X-ray diffractogram for the
films deposited with and without electric field at TS s
350 8C, respectively. In both the films CdTe deposits
with Zinc blende (Cubic) structure lattice constant of
6.483 A is nearly equal to the powder value of 6.481 A
w17x. The (111), (220) and (311) are the prominent
peaks for film A, which means that there is no preferred
orientation. As can be seen in Fig. 5a additional peaks
having considerable intensity are present, which corre-
spond to CdTeO. Since the spray deposition has been
done under nitrogen environment, there is little possi-
bility of oxygen getting incorporated in the films from
the ambient. One possible way by which an oxide phase
can be formed is during the film growth. Cd and Te
ions in the spray solution form complexes such as
Cd(OH)223, TeO and TeO2q w18x. If these complexes
dissociate slowly, it can lead to the formation of second-
ary CdTeO phase along with CdTe. This slow dissoci-
ation will happen if the substrate temperature is low and
the droplet size is large as observed for film A. However,
it can be seen from Fig. 5b that the peaks related to

Fig. 3. SEM micrographs of films deposited at TS s 350 8C (a) without
electric field and (b) with electric field.
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Fig. 4. Cross sectional SEM (Scanning Electron Microscopy) micro-
graphs of films deposited at TS s350 8C (a) without electric field and
(b) with electric field.

CdTe are unchanged in the presence of electric field.
But there is a drastic reduction in CdTeO peak intensity.
It should be noted that the droplet size is small to begin
with due to the presence of electric field and can be
further reduced while transporting to the substrate. Thus,
on arrival at the substrate the complexes will dissociate
fast, leaving Cd and Te ions, which combine to
form nearly oxide free CdTe film.

In order to confirm the role of droplet size and
evaporation rate in oxide phase formation, the films are
deposited at TS s 400 8C without (film C) and with the
electric field (film D), the corresponding X-ray diffrac-
togram are presented in Fig. 6a and b, respectively. For
film C there is a reduction in oxide peaks as compared
to the peaks in films deposited at a substrate temperature
of 350 8C. In addition, the intensity of (111) peak is
higher at 400 8C that suggests an oriented growth. The
reduction in oxide peak intensities confirms that a faster
solvent evaporation occurring at higher temperatures
results in inhibition of CdTeO formation. Reduced

20
26 (deg.)

Fig. 5. X-ray Diffraction patterns of films deposited at TS s 350 8C
(a) without electric field and (b) with electric field.

droplet size under electric field adds to this effect
reducing CdTeO intensities further, as can be seen in
Fig. 6b. It should be noted that when the droplet size is
reduced (film D) under electric field, the X-ray diffrac-
togram becomes similar to that for film B. This means
that though the fast solvent evaporation at higher tem-
peratures does reduce possibility of oxide formation, the
droplet size reduction has more significant effect. This
is further supported by the X-ray diffraction pattern for
the films deposited at TS s 300 8C (Fig. 7), which also
shows the intense oxide peak without the electric field
and its reduction under the electric field. CdTe films
have also been deposited with oxygen as a carrier gas
to verify if the oxide formation can take place at 400
8C without the electric field. Again this also leads to
the formation of polycrystalline CdTe with only small
oxide peaks in X-ray diffractogram. This confirms that
the formation of CdTeO does not occur due to the

26 (deg.)

Fig. 6. X-ray Diffraction patterns of films deposited at TSs

(a) without electric field and (b) with electric field.
400 8C
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Fig. 7. X-ray Diffraction patterns of films deposited at TS s 300 8C
(a) without electric field and (b) with electric field.

reaction with oxygen from the ambient, but due to
chemical processes occurring at the substrate itself.

The chemical composition of these films is shown in
Table 1. In addition to Cd and Te, O and Cl are present
in the films in significant amounts. A drastic difference
is evident for O and Cl atomic concentrations in films
deposited with and without electric field. In confirmation
with X-ray diffraction, the amount (at.%) of oxygen
30.0% and chlorine 6.9% in case of film deposited
without electric field at TS s 350 8C is reduced to 9.4%
and 1.7%, respectively, for film deposited with electric
field. The amount of oxygen is 14.4% for the case of
film deposited without electric field at TS s 400 8C,
which is reduced to 6.9% for film deposited with electric
field, but the variation in chlorine concentration is not
much.

Chlorine is a donor impurity for CdTe material and
also it forms complexes with cation vacancies, which
should lead to the formation of impurity levels in the
bandgap. These levels can be detected using photolumin-
escence (PL). The PL spectra of films deposited without
(film A) and with electric field (film B) at TS s 350 8C
are shown in the Fig. 8a and b, respectively. No PL
peak from band to band transition at 1.59 eV for CdTe
is observed in both the cases. The most intense emission
for film A occurs at 1.40 eV, which has also been
observed in CdTe thin films prepared by other methods.
This peak is much reduced in case of film B and is also
shifted to 1.41 eV. Another satellite peak at 0.84 eV is
observed in film A, which is completely absent in film
B.

The 1.40 eV luminescence in CdTe has been associ-
ated with atomic complexes involving Te vacancies, Cd
vacancies or alternatively Cd interstitials. The complex
(V c d-XT e) formation has been found to give this peak,
where X is a donor atom such as Cl w19x. The variation
in the intensity of 1.41 eV emission with Cl concentra-

Table 1
Elemental composition of films deposited at TS s 350 8C (A) without
electric field, (B) with electric field and films deposited at TS s 400
8C (C) without electric field, (D) with electric field

Film
name

A
B
C
D

Cd
(at.%)

30.6
44.2
41.1
45.9

Te
(at.%)

30.8
42.6
40.2
43.4

O
(at.%)

30.0
9.4

14.4
6.9

Cl
(at.%)

6.9
1.7
1.5
2.2

tion is reported by Popovich et al. w20x. Feldman et al.
w21x reported 1.41 eV peak due to the defect sites
located in intergranular regions in CdTe thin films
deposited at 425 8C by spray pyrolysis. Since there is
reduction in Cl impurity in film B compared to film A,
as well as there is an improvement in morphology, the
1.40 eV emission is suppressed and the peak intensity
is much reduced. The 0.84 eV deep level is reported by
Krustok et al. w22x in Cu and Cl doped CdTe powder.
We also observed the same peak in film A, which can
be attributed to the presence of Cl in the film. But in
film B the peak is absent due to the reduction of Cl
content in the film.

4. Conclusions

Improvement in the structural, compositional, surface
morphological and luminescence properties of CdTe thin
film deposited by spray pyrolysis under the electric field
is observed. The absence of oxide phase in the film
deposited under electric field clearly shows that chemi-
cal reaction at the substrate is influenced by the reduc-
tion in the droplet size. The influence of electric field
is more than that due to increased substrate temperature.

0.6 0.8 1.0 1.2
Energy (eV)

1.4

Fig. 8. Photoluminescence spectra of films deposited at TS s 350 8C
(a) without electric field and (b) with electric field.
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Surface morphology and microstructure of the films can
be controlled by applying electric field in addition to
other spray parameters. In fact, it is possible to achieve
an oxide free film at a temperature as low as 300 8C by
applying sufficiently high electric field to produce drop-
lets of appropriate size. In ideal spray deposition the
droplet should vaporize before striking the substrate and
then the material formed should get deposited. Suitable
spray parameters and electric field value need to be
established to achieve this. Photovoltaic quality CdTe
thin films at low temperature deposition under the
electric field will lead to the reduction of thermal budget
and make it possible to deposit on low cost substrates.
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