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Cadmium sulphide (CdS) thin films were prepared by means of the chemical spray pyrolysis technique. The substrate temperature was
varied in the range from 200 to 400. The structural properties of the semiconductor were characterized by X-ray diffraction; XRD patterns
indicated the presence of single-phase hexagonal CdS. Direct band gap values of 2.37-2.41 eV were obtained. The refractive index is reported
on depending on the substrate temperature, and was obtained from transmission spectra and from spectroellipsometry measurements. As
a consequence, the optical parameters of the films were determined using the Swanepoel, Cauchy, Sellmeier and Wemple models. The
resistivity of the films was found to vary in the range’20.0°Q.cm, depending on the substrate temperature.
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Peiculas delgadas de sulfuro de cadmio han sido preparadas pétaomuimico de roto pirolitico, variando la temperatura del substrato

en el intervalo de 200 a 40Q. Las propiedades estructurales del material obtenido fueron estudiadas utilizagdaida te difracéin

de rayos X, y los patrones de difradni muestran la presencia de la fase hexagonal del CdS. Se obtuvo un ancho de banda entre 2.37 y
2.41 eV, en fundin de la temperatura de degpto. Las curvas dmdice de refracén fueron obtenidas a partir del espectro de trangmigi

por mediciones espectroelipsétricas, de manera que los paretrosopticos fueron obtenidos usando los modelos de Swanepoel, Cauchy,
Sellmeier y Wemple. La resistividadégitrica en condiciones de oscuridadivam el rango de f310°Q.cm, dependiendo de la temperatura

del substrato. Un alisis de los efectos del@odo de defsito en las propiedades de lasipelas es presentado.

Descriptores: Sulfuro de cadmio; rdo pirolitico; propiedades estructurales; propiedatjgticas; propiedadesédtricas.

PACS: 61.10.Nz; 71.55.Gs; 78.20.Ci; 78.66.-w; 78.66.Hf

1. Introduction pendence on substrate temperature. Optical properties were
obtained from transmission spectra (TS) and Spectroellip-

CdS thin films are regarded as one of the most promisingometry (SE) measurements.
materials for heterojunction thin film solar cells. Wide band2 E . tal
CdS E,= 2.42 eV) has been used as the window material to< Xpenmenta
gether with several semiconductors such as CdTeS@und The spray pyrolysis technique is a simple technology in

. T ro o ) .
InP with 14-16% efficiency [1-3]. However, due to the high which an ionic solution containing the constituent elements

cost of this material, studies were developed towards polybf a compound in the form of soluble salts is sprayed onto

crystalline gompound semiconductors and particularly thinover—heated substrates using a stream of clean, dry air. The
polycrystalline films. apparatus used for our sprayed process is diagrammed in Fig.
The deposition of CdS films has been explored by dif-1 and has been described in Ref. 11. The CdS thin films were
fel’ent techniques: Sputtering, thermal eVaporation, Chemic%repared by Spraying an aqueous so'ution Of Cadmium ChIO‘
bath deposition, and molecular beam epitaxy [4-8]; in eachide (CdC}) and thiourea [CS(NK)2] on a glass substrate
of these methods polycrystalline, uniform and hard films argcept at 200, 300 and 46C. The atomization of the chemical
obtained, and their electrical properties are very sensitive tQq|ution into a spray of fine droplets is effected by the spray
the method of preparation. Spray pyrolysis [9,10] althoughyozzle, with the help of compressed air as the carrier gas. The
it is expensive, requires the use of sophisticated materials fcgpray rate of about 10 chfmin through the nozzle ensures
large areas of deposition, now gives good quality semicony yniform film thickness. The substrates are Corning 1737
ductors which permit the fabrication of solar cells with satis-g|aSS 2x 2 cm, and are placed in a fitted socket at the surface
factory efficiency. of a substrate heater when sprayed. The heater is a cylindrical
The aim of this work is to produce CdS thin films by stainless steel block furnace, electrically controlled to an ac-
means of the spray pyrolysis technique and to investigateuracy of+1°C. The substrate temperature was varied, while
their structural, optical and electrical properties, and this dethe other spray parameters were kept constant.
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FIGURE 1. Schematic diagram of the spraying apparatus.
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The film thickness was measured by a contact pro-
filometer (Tencor Instrument 200) with an experimental error
of +£2%.

The X-ray diffraction patterns of the films were recorded
with a JEOL 60 PA X-ray diffractometer operating with a
0.15418 nm monochromatized Cy kadiation at 40 kV and
30 mA with Ni filter.

TransmissionI’ spectra of the prepared samples were
measured by normal incidence of light using a Spectronic
Unicam model UV300 double-beam spectrophotometer, in
the wavelength range 300-900 nm, using a blank substrate
as the reference position. Thus, we obtained the optical ab-
sorption edge, the refractive indexthe film thicknessl and
the optical gapF,. We define the optical gap d%., i.e., the
energy at which the optical absorption coefficient is equal to
10* cm™! [12]. At maximum transmission, we get the posi-
tion and order of the interference fringes in a non-absorbing
region of the spectra. Then, we fit to a parabolic expres-
sion forn as a function of energy using an assumed approx-
imate film thickness. The measured asymptotic transmission
is used to scale the deduced value.@id to provide the cor-
rect film thickness, which is compared with that measured by
the profilometer. These values were used in the calculation
of the optical absorption coefficient using standard formu-
lae [13].

The film thickness, the dispersion of the refractive in-
dex and the optical gap were determined using spectroscopic
ellipsometry for a spectrum wavelength range of 300 to
800 nm. All SE measurements were taken at an incidence
angle of 60 deg.

The dark electrical resistivity of the prepared films was
measured by the Van der Pauw four-probe method. The po-
tential differencel” and current/ were determined using a
conventional D.C. technique.

3. Results and Discussion

3.1. Structural properties

FIGURE 2. Effect of substrate temperature on thickness of CdS Figure 2 shows the variation in thickness with the substrate

films.
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FIGURE 3. X-ray diffractograms of CdS films with different sub-

strate temperature.

temperature; the decrease in film thickness is due to a de-
crease in the deposition rate of the initial specimens with an
increasing temperature.

Diffractograms of films produced at different substrate
temperatures (200, 300 and 4@) are shown in Fig. 3. XRD
analysis showed that the films have highly oriented crystal-
lites, with the classical hexagonal structure or wurtzite type,
with a preferential orientation along the c-axis, (002) direc-
tion perpendicular to the substrate plane. This behavior is
more intense for samples obtained at 300 and®@0@here
the peak at 26 Bis the only one present.

The degree of preferred orientation increased with the
substrate temperature. Thus, the film prepared at the high-
est temperature has a better crystalline quality, as indicated
from its XRD spectra.
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The average grain size was calculated from the Scherred.2. Optical properties
formulae, which involve the width of the X-ray diffraction
line [14]: 3.2.1. Transmittance spectrum measurement
= 0.9 , (1)  Figure 5 shows plots of transmission spectra versus wave-
Dcos®© length for the films studied. The transmission coefficient
where® is the diffraction angle,\ is the wavelength of the strongly depends on the film structure, which is determined
X-ray source and is measured in radians as full-width at by the preparation methods, film thickness and deposition
half maximum of the diffraction line. The results obtained conditions.
are shown in Fig. 4. The grain size was found to increase The number of interference fringes in the transmis-
with an increasing substrate temperature, which is the sarrgion curve (see Fig. 5) is determined by the thickness of
behavior as that reported by Ashour, in Ref. 10, for spraythe film. The refractive index in the spectral domain of
pyrolysed CdS thin films. Thus, increasing the substrate temthe medium and strong transmission is calculated using
perature decreases the density of the nucleation centers atite Swanepoel model [13] by creating smooth envelopes,
under these circumstances, a smaller number of centers stéiem the interference of maxima and minima, of the form
to grow, resulting in large grains. y=c1+ (c2+ C3x)1/2. The refractive index is first approx-
imated by [15]:

43 5

0] .
Tmax - Tmin 2”% +1

e where
35 3 3)
Tmamein 2

y In this expression[;,,,,. andT,,;, are the maximum and
the minimum transmission at the same wavelength, one being

=[N+ (V2 - n2)"] " ©)

N =2ng

(7%
(=)
)

N
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measured and the other calculated from the envelope func-
tion.

The refractive index of the glass substrate is deter-
mined by

1 1 1/2
= — — —1 4
ns TS + <T§ > ) ( )
whereT is the substrate optical transmission. By using

as the refractive index of the film, the order at both ex-
tremes of the transmission curve can be determined by the

interference fringe equation

;.:IIGURE 4. Effect of substrate temperature on grain size of CdS 2nd = m\, (5)
ilms.
where d is the thickness of the film. The: values are
0 rounded to the nearest integer or half integer. Then, with
these values and Eqg. (5), we determine the refractive index
n, which is plotted in Fig. 6. The refractive index decreases
with the substrate temperature, when the crystalline quality
is better and the crystallite size is increasing.

At the absorption edge, the absorption coefficient can be
calculated using the expression:

azéln(q{). (6)

According to Ashour [10,11] the optical gap can be deter-
mined from values of(d) in the region of medium absorp-
tion, using the expression:

----200°C

60

Transmission (%)

20+

1/2
a:B(hV—Eg) 7 @
hv
where B is a constanthv is the photon energy, in eV, and
n=1 for a direct-gap material and-4 for an indirect-gap ma-
terial. Then by plottindahy)? versushy is possible to obtain

400 500 600 700 800 %00
Wavelength (nm})

FIGURE 5. Transmission spectra for CdS thin films.
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the direct optical gap from extrapolation of the lineal portion

of the plot to the energy axis. The optical gap for the sam-TasLE I. Cauchy parameters and the fit quality.
ples studied varies from 2.37 to 2.41 (see Fig. 7), which is in

0 * —2 2
agreement with the value reported by other authors [6,11,16].__ € ) @ 1077 X
200 1.64 0.44 3.%10°¢
. 300 1.49 0.48 2.k 10°¢
3.2.2. Spectroellipsometry measurement .
400 1.39 0.52 3.% 10

The optical gap and the refractive index can be obtained from
spectroellipsometry measurements; in Fig. 8, dispersiomagLe I1. Sellmeier constants for CdS thin films.
curves measured by the ellipsometric technique are shown;
ten curves were measured in each case and a medium valugr (oc) A
is reported.
We studied the spectral dispersion of the refractive index
for CdS samples. The dispersion spectrum of the refractive
index was fitted using the Cauchy formula [17]:

B*1072) n.  B*107Z%(from (12))
200 1.722 0.968 1.65 0.949
300 1.250 0.946 1.50 0.925
400 0.742 0.931 1.32 0.918

Refractive index

Refractive Index
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Wirklengtiican) FIGURE 8. Dispersion curves measured by ellipsometry.

FIGURE 6. Refractive index of CdS films obtained with different
temperatures. ﬂ
n=aoa-+ ﬁ, (8)
where, o« and 3 are the Cauchy’s parameters aids the
wavelength of light used at SE. Far— oo, the significance
of the o parameters appears immediatelyras. The val-
ues of the fit parameters and the fit quality paramgteare

presented in Table I.
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FIGURE 7. Variation of (ahr)? with photon energy and optical gap

for CdS films obtained with different temperatures.

Another model used in the refractive index dispersion
study is the Sellmeier’ model [6], gives:

AN?
n® =1+ 2 _B’ 9)

where A and B are the Sellmeier parameters. Under these
conditions we can see that, = /1 + A, and the calculated
values are given in Table Il. Comparing these values with the
a values from Table I, we find good agreement.

Wemple and Di Domenico [18] have developed a model
where the refractive index dispersion is studied in the region
of transparency below the gap, using the single-oscillator ap-
proximation. Defining two parameters, the oscillation energy
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Ey, and the dispersion enerdy,, this model concludes that: ]

9 ~ FEaEp
n°(w) — 12 ek (20)

Both Wemple parameters can be obtained from the
slope and the intercept with the y-axis of the plot,
1/(n?—1)=f(E?). The energy oscillation and dispersion en-
ergy values are given in Table lll. The dispersion energy mea- ]
sures the average strength of interband optical transitions. & 1 T~
Wemple and Di Domenico have related this parameter to the % R
coordination number of the anion and the number of valence g 1 e
electrons per anion. The oscillator energy is related by an em- " 6+
pirical formula to the optical gap valuéZ, = 1.7E, [12,19]. ]
The calculated values of the optical gap are also presentec
in Table 1. We can see that a higher deposition temperature ] T
means a higher optical gap value. This result is very impor-
tant because it shows that the refractive index and the optical Substrate Temperature ('C)
gap of the material can be controlled by the deposition cong, g re 9. Effect of substrate temperature on resistivity of CdS
ditions. films.

Applying Sellmeier’'s model and Wemple’s model on the
same photon energy range, the A and B parameters can i film stoichiometry, as is indicated by the XRD patterns.
expressed as The results obtained are similar to those obtained by other

(10* Crem)
T

R

T T
300 400

By authors [6,13,19].
A= T (11)

h2c2 4. Conclusions

EO

The content of this paper can be summarized by the following
whereh is the Plank’s constant andis the speed of lightin  statements:
avacuum.

We calculated thé parameter values using (12), and the
results are given in Table Il. A comparison between the third
and the fifth columns shows good agreement between the two
optical models. 2. The films prepared at the lowest temperature have the

We have correlated the optical film's two parameters with least crystalline quality and the greatest thickness, as
each other; as is known, when the refractive index decreases, ~ Was observed in XRD patterns.
the value of the optical gap increases. On the other hand, a
lower deposition temperature means higher optical gap val-
ues.

1. CdS films were fabricated by spray pyrolysis using a
solution of cadmium chloride and thiourea.

3. Optical properties of CdS thin films were studied using
transmittance spectra and spectroellipsometry.

4. Refractive index and optical gap were calculated using

3.3. Electrical properties .
prop Swanepoel’'s model of transmittance spectra.

The resistivity was measured at room temperature in dark
conditions. Figure 9 shows the variations in resistivity with
the substrate temperature. All films exhibit semiconduct-
ing behaviors with resistivity in the range of 200°Q.cm,
decreasing with substrate temperature. This decrease is at-
tributed to the growth in grain size and the improvement 6

5. The normal dispersion of the refractive index was suc-
cessfully fitted with the Cauchy, Sellmeier and Wemple
et al. formula, and good agreement between the mod-
els is observed.

. The optical gap and the dispersion energy values were
determined using the Wemple and Di Domenico ap-
proximation.

TaBLE IIl. Optical gap and Wemple Di Domenico parameters for

CdS thin films. 7. The calculated values of the optical gap shown good
T(°C) Es (eV) E (eV) E,(eV) agreement between the used models.
200 6.96 4.046 2.38 8. The optical gap and oscillator energy rise, while the os-
300 5.12 4.097 241 cillator strength falls, with an increase in the deposition
400 3.05 4.114 2.42 temperature.
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