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Ellipsometric studies of microscopic surface roughness of CdS thin films
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Abstract. Analysis of changes in surface roughness of CdS thin films with preparation
temperature was carried out using variable angle spectroscopic ellipsometry (VASE). The
films studied were prepared by spray pyrolysis technique, in tt/e substrate temperature range
200-360°C. The VASE measurements were carried out in the visible region below the band
gap (E 8 = 2-4 eV) of CdS so as to reduce absorption by the film. The thickness of the films
was in the range 500-600nm. Bruggeman's effective medium theory was used for analysis
of the surface roughness of the film. The roughness of the film had a high value ( ~ 65 nm)
for films prepared at low temperature (200°C) and decreased with increase in substrate
temperature. This reached minimum value ( ~ 27 nm) in the temperature range 280-300°C.
Thereafter roughness increased slowly with temperature. The growth rate of the films was
calculated for different temperature ranges. It was found that the deposition rate decreases
with the increase in substrate temperature and have an optimum value at 300°C. Above
this temperature deposition rate decreased sharply. The scanning electron micrograph (SEM)
of the film also showed that the film prepared at 280-300°C had very smooth surface
texture.
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1. Introduction
At present CdS thin films are widely used as the window material in several CdS
based thin-film solar cells CdS/CulnSe2 (Basol et al 1991), CdS/CdTe (Arita et al
1991). Basol et al (1991) reported that the chemically prepared CdS film is a more
ideal window material in thin-film solar cells. They have used ellipsometry for the
calculation of optical constants of CdS films. The main objective of the study of
polycrystalline CdS thin-films deposited by spray pyrolysis technique has been
preparation of film with smooth surface, high transparency and high electrical
conductivity in order to increase the efficiency of solar cells. CdS films are prepared
by using different techniques such as vacuum evaporation (Kakayama et al 1976),
MBE (Shay et al 1975), spray pyrolysis (Cameron et al 1979), CBD (Kaur et ai 1981),
etc. The optical properties of CdS thin films are determined to a large extent by the
microstructure of the film (Chopra and Das 1983). Detailed studies were reported by
various groups on electrical and structural properties of CdS film prepared by spray
pyrolysis technique (Banerjee et al 1978; Gupta and Agnihotri 1978; Kwok 1980;
Albin and Risbud 1987; Valyommana et al 1992), but fewer reports are available in
the case of optical and surface properties of these films prepared by spray technique
(Chow et al 1981; Escosura et al 1984; Nolly et al 1987).
In this work we have calculated the changes in surface roughness of CdS film
prepared at different temperatures in the range 200-360°C. The variation in surface
roughness was analysed using ellipsometry which is a highly sensitive and nondestructive optical technique for determining the optical and structural properties of
thin films (Azzam and Bashara 1977). It is very sensitive to surface irregularities like
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surface roughness, interdiffusion and interlayer formation in multilayer thin-film
systems (Azzam and Bashara 1977). The CdS film analysis in the present work was
carried out using variable angle spectroscopic ellipsometry (VASE) and we have
calculated the changes in surface roughness as well as deposition rate with preparation
temperature.
2. Theory
Ellipsometry is an optical characterization technique. In this the change in polarization
state of light that occurs upon non-normal reflection from the surface of the sample
is measured and interpreted to determine the physical properties of the sample. The
sample properties can be obtained from the optical model which relates the ellipsometric parameter p to the physical properties of the sample through a set of mathematical relations. For example, for a multilayer system (Azzam and Bashara 1977),

(1)
where ea and es are the dielectric constants of air and substrate and ej that of the jth
layer, d~ the thickness of the jth layer, ~ the angle of incidence, and ;l the wavelength.
The parameters are determined by least-square regression analysis. Theoretical values
of the ellipsometric parameters ~b~ and Ac are calculated using Fresnel's reflection
coefficients of the optical system. The experimental ~b, and A~ are calculated from
the intensity of light reflected from the thin-film system for different azimuths of
analyser. The best-fit model is calculated from the unbiased estimator values obtained
from the eUipsometric calculation (Vedam et a11985). A detailed theory of ellipsometry
is given elsewhere (Vijayakumar 1991a).
If the layer is not perfectly filled with a single material but has voids or inclusions
of a different material, the optical properties of the mixed layer are no longer
determined by the optical constants of one of the constituent materials alone. In the
present study the top surface layer of the sample can be considered as a fiaixture of
two components, i.e. air and CdS thin film. If ea and eb are the dielectric
constants of the two components of the mixture layer and ec that of the mixed layer,
the Bruggeman's effective medium approximation is given as (Bruggeman 1935)

fe'-ece
a - 2ec + (1 - f ) ~ 5 ~

=0'

(2)

where f is the volume fraction of the component a.

3. Experimental
The CdS thin films were prepared by spraying aqueous solution of CdC12 and thiourea
(0.01 M) on glass substrates kept at different preparation temperatures. Atomization
of the chemical solution into a spray of fine droplets is effected by a spray nozzle,
with compressed air as carrier gas. The spray rate was kept at 12 cm3/min. The details
of the sample preparation are given elsewhere (Vijayakumar 1991b). The substrate
was a clean glass slide without any additional polishing. The back side of each sample
was roughened to eliminate the backside reflection. All measurements were done at
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room temperature keeping the sample exposed to the ambient. The ellipsometer was
of photometric type with polarizer-system-analyser (PSA) arrangement (Azzam and
Bashara 1977). A detailed description of the ellipsometric system and calculation is
given elsewhere (Vijayakumar 1991a). The analysis of double-layer thin-film system
is done using a FORTRAN program incorporating Bruggeman's effective medium
theory. Multiple-angle measurements were performed at all wavelengths with angle
of incidence range 60-75 ° at an angle interval of 2.5 °, which is found to be the most
sensitive region of the present CdS thin-film system (Sunny and Vijayakumar 1984).
4.

Results and discussion

The surface of CdS thin film prepared by spray pyrolysis technique is not smooth
and has a microscopically rough top surface (Sunny and Vijayakumar 1994). In order
to analyse the relation of this roughness with the substrate temperature at which the
film is prepared, the film is assumed to have different layers as depicted in figure 1.
Here the top layer contains the rough portion of the film as well as air and hence it
has an effective refractive index as described in § 2. The thickness of the top layer is
taken to be dl, which is equal to the rms value of the height of the surface irregularities
of the film. Hence the rneasure of this thickness gives direct information about the
average height of roughness of the film.
Now using VASE the variation of dl for fdm prepared at different substrate temperatures is measured and shown in figure 2. From this figure it can be understood that
the film prepared at low temperature has high surface roughness. This value decreases
with increase in substrate temperature and reaches a minimum at ,~ 280--300°C and
thereafter the roughness value increases slow!y with temperature. Figure 4 shows
SEM photographs of surface roughness of CdS fdms prepared at different temperatures.
From the SEM photographs it is clear that the CdS film prepared at 300°C has very
smooth surface and below and above this temperature the roughness value increases
as indicated by VASE measurements in figure 2. The variation in the surface roughness
can be explained from the growth rriechanism of the spray-coated CdS thin films.
Figure 3 shows the deposition rate r (A/min) of CdS film at different substrate
temperatures in the raiage 200-360°C. It can be seen that the deposition rate decreases
with increase in substrate temperature. But the decrease is slow when the substrate
temperature is in the range 200-300°C. The deposition rate decreases at a much
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Figure 1. Model of the film used for the VASE analysis. This film is assumed to have two
layers in which the top one contains the surface irregularities. (a) Air/film/substrate system,
(b) air/rough layer/film/substrate system, d, dl and d2 are the thickness of different layers.
N,, N f, N f l , N f2 and N, are the complex refractive indices of different layers.
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Figure 4. SEM photographs of CdS film prepared at different substrate temperature: (a) film
prepared at 200°C, (b) at 300~C and (e) at 360c'C.
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higher rate as the substrate temperature goes above 300°C. At low temperature large
droplets may not get sufficient heat energy to vaporize before reaching the substrate
and hence comparatively large droplets reach the substrate. This results in a higher
deposition rate and also makes the film surface rather rough. This is shown by the
VASE measurements and the roughness has a high value of ~ 65 nm at 200°C. It is
also clear from the SEM photograph (figure 4a).
At moderately high temperature (i.e. in the range 280-300°C) the droplets reaching
the substrate may get reduced due to the vaporization and this may result in the
reaction (leading to the formation of CdS) taking place completely over the substrate.
This may be the reason for smoothness of the surface of film prepared in this
temperature range, as revealed by the ellipsometric study as well as SEM (figures 2
and 3b). But at very high temperature considerable amount of the solvent is vaporized
far away from the substrate. The chemical reaction leading to the formation of CdS
will then occur in the vapour phase and this does not contribute to the growth of
the film over the substrate surface resulting in a drastic reduction in film deposition
rate. Moreover the fine particles of CdS thus formed may be adhering to the film
surface making it rough again. This is also clear from the VASE studies as shown
in figure 2. The SEM photograph shown in figure 4c also confirms the VASE
measurements on surface roughness.

4. Conclusion
CdS films were prepared by spray pyrolysis technique over glass substrate at different
substrate temperatures ranging from 200 to 360°C. VASE was used for the analysis
of CdS thin films. Ellipsometric studies show that the films prepared at low and very
high temperatures have rough surface layer, but films prepared at 280-300°C have
very smooth texture with top rough layer having a thickness of ~ 27 nm. The growth
rate is also affected by the substrate temperature. When the substrate temperature
is increased from 200°C to 300°C the growth rate decreases rather slowly. But as the
temperature goes above 300°C the decrease becomes faster. From this study it becomes
clear that the films prepared at about 280-300°C have good optical and physical
q'~lalities than others and hence these films are best suited for solar cell applications.
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