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Undoped CdS films have been grown by pulsed laser evaporation (PLE) and thermal
evaporation (TE) techniques on Corning’s 7059 glass at a substrate temperature between room
temperature and 250 °C. The deposition rates are 0.07 A/s for PLE and 60 A/s for the TE
technique. These as-deposited films have high (002) preferred orientation by both techniques
even without preheating the substrate. However, films deposited by PLE have more preferred
orientation and larger grain size. These features make the PLE films have sharper Raman peaks,
smaller Raman shift of surface mode and more overtones of longitudinal optical phonon mode
observed than those in TE films. The transparency of PLE or TE films for wavelengths which
are larger than that of absorption edge is around 90% on average.

l. INTRODUCTION

CdS is an important semiconductor with a direct band gap
of 2.48 eV at room temperature. Thin polycrystalline films
of CdS are of practical interest for solar celts,'
photoconductors,4 laser materials,” and nonlinear inte-
grated optical devices.® It has been grown by thermal evap-
oration {TE) (such as conventional @vaporation7‘9 and
flash evapoi'ationm’“), chemical vapor deposition,12 f
sputtering,’® and laser evaporation'* with varying degrees
of crystallinity and optical quality. The basic requirements
of the CdS thin films on these applications are high optical
transparency, low electrical resistivity, and better crystal-
linity (e.g., high orientation) for films deposited at room
substrate temperature. Although undoped polycrystalline
CdS films with low resistivity and high transparency have
been prepared by thermal evaporation,” ! there are two
major drawbacks met in this method: first, crystallinity—
amorphous CdS films were formed at low substrate tem-
perature; second, stoichiometry—in thermal evaporation
the starting powder of CdS has to be rendered deficient in
sulphur for the purpose of keeping the films with the same
stoichiometry. It is known that the film’s crystallinity can
be improved at higher substrate temperatures due to higher
thermal energy of the adsorbed species. Nevertheless,
higher substrate temperature wiil cause the interdiffusion
effects and thus alter the stoichiometry. Furthermore, it is
particularly necessary to prepare CdS films on low-temper-
ature substrate when they are formed on the organic film
substrate.!’® These low-temperature growing CdS films are
also used as the top electrode of various optoelectronic
devices® and applied in heterojunction solar cells.’ There-
fore, the growth of the highly oriented CdS film without
postannealing at room substrate temperature is an impor-
tant challenge in applications.

In the past years, the TE technique has been used to
deposit CdS film’ " with polycrystalline structure at the
substrate temperature of more than 150 °C. The crystallin-
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ity of these films were poor (i.e., with more than two
orientation and/or the unstable structure of zinc-blende
type). Therefore, we propose a versatile technigue, namely,
pulsed laser evaporation (PLE) to grow highly oriented
and transparent CdS films on Corning’s 7059 glass at room
substrate temperature. As it is known the PLE technique
have been applied successfully for the deposition of thin
films of semiconductors, dielectric materials and high-crit-
ical temperature supe:rconductors.16 Recently, Dai et al.
had successfully applied PLE technique to grow highly
oriented SnO, film'” on Corning’s glass at room substrate
temperature and to maintain the films with the same
stoichiometry'® of target. Kwok et al.'* prepared the as-
deposited CdS film on quartz substrate with high orienta-
tion in (002) and transmittance about 70% on average at
substrate temperature of 350 °C by PLE technique. To our
knowledge, the 350 °C was the lowest substrate tempera-
ture for depositing the highly orienied CdS films so far. In
this article, we report that the as-deposited CdS films with
high orientation and larger transmittance are able to be
grown even on the Corning’s 7059 glass substrate at room
temperature.

In the present work, the undoped CdS thin films were
prepared at different substrate temperatures on Corning’s
7059 glass by using two different techniques, namely, PLE
and TE. The properties of the as-deposited thin films be-
tween these two techniques are compared and analyzed by
x-ray diffraction (XRD) pattern, Raman spectrum, and
transmittance. Our films have high orientation in (002) no
matter which technique is used and even the substrate tem-
perature is varied from the room temperature to 250 °C.
This reveals that the structure of CdS films deposited by
either TE or PLE technique have been improved with bet-
ter crystallinity at lower substrate temperature. However,
the films produced by PLE technique have larger grain size
and better crystalline structure than those produced by TE
technigue. Our improvement of the structure of CdS films
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with better crystallinity at lower substrate temperature for
the PLE films might mainly due to lower deposition rate
while that for the TE films are possibly caused by the
radiative heating from the evaporation source. We shall
explain these points in detail in Sec. IL

. EXPERIMENT

The system used for TE technique is a2 conventional
vacuum evaporator evacuated by an oil-diffusion pump
with a liquid-nitrogen trap. The lowest attainable pressure
was 1 X 107 % Torr. The heating current can rise very
quickly by controlling the autotransformer. The deposition
of films can be controlied by operating the shutter which
was mounted between the spiral tungsten basket and the
substrate. CdS powders of 99.999% purity was pressed
into pellet before loaded into basket. The substrates were
Corning’s 7059 glass slices. The substrate was heated by a
tantalum wire which was hidden inside the substrate
holder. The substrate temperature was measured by a
chromel-alumel K-type thermal couple attached beneath
the substrate holder for continuous controlling of the sub-
strate temperature by temperature controller (imade by
Eroelectronic). The substrate temperature was kept at
room temperature (30 °C) by allowing no current to flow
into the tantalum wire and was varied in the range between
100 and 200°C by the temperature controlled tantalum
heater. The accuracy of measured temperature which is
calibrated by mercury thermometer is within %2 °C. The
deposition rate was determined by the thickness of the film
and the time interval of evaporation. The thickness was
measured by an interference microscope. The deposition
rate was about 60 A/s at target temperature of 1030 °C for
the tungsten basket.

The PLE system consisted of a clean vacuum chamber
with base pressure of 3 X 10~ ¢ Torr. The pumping system
contains an Alcetel 2012A mechanical pump and 25 /s
ion pump. A homemade Xe-ion laser’® (A = 495 nm) op-
erating at a repetition rate of 1 pps (pulse per second) with
maximum pulse energy of 10 mJ was focused onto target at
about 20° from the surface normal. The target was a
pressed CdS pellet with a rough surface so that coupling of
the laser into the target was quite efficient. It is known that
the plume of evaporated species is emitted perpendicular to
the target surface,'® this low angle arrangement rendered
the window free from deposition. The laser fluence was
about 1 J/cm? and the target was moved slightly after
hundreds of shots. The substrate holder was located at
~20 mm above the target. The substrate heating system
for the PLE technique is the same as those of TE tech-
nique. The substrate temperature was controlled between
room temperature and 250 °C. The substrates were also the
Corning’s 7059 glass slices. Typical deposition rate was
~0.07 A/pulse (or ~0.07 A/s).

til. RESULTS AND DISCUSSION

By using the above-described conditions we have pre-
pared the CdS thin films by TE and PLE techniques under
different subsirate temperatures. All the surfaces of the
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F1G. 1. XRD patterns of the as-deposited films prepared by PLE tech-
nique at different substrate temperatures: (a) room temperature (30 °C),
(b) 150°C, and (c} 250 °C; (d) is the pattern of CdS powders.

films were smooth and the films adhered firmly to the sub-
strate. The color of a film surface was transparently yel-
lowish.

The structures of the as-deposited films were analyzed
by x-ray diffraction (XRD) with Cu Ka source (4 = 1.54
A). Figure 1 shows the XRD results of the films deposited
by PLE technique at substrate temperature of (a} 30°C,
(b) 150°C, and (c) 250°C, and {d) is the XRD spectrum
for the CdS powder. The thickness of these films are ~ 900
A. The pattern of powder agrees well with the previous
result for the wurzite structure of CdS. The higher back-
ground intensity in the Bragg angle of 20° to 30° is due to
the Corning glass. All the films have high orientation in
(002) direction which increases as the substrate tempera-
ture increases. Kwok er al.!* reported that high oriented
film in {002) and {004) was obtained by using ArF exci-
mer laser (193 nm and 10 pps) at substrate temperature
higher than 350 °C. Comparing our result with theirs, one
can see we obtained a preferred orientation at lower
growth temperatures. This improvement is mainly due to
our deposition rate { ~0.07 f&/pulse, repetition rate I pps)
is much lower than that of Kwok er a/ { ~0.3 zi./pulse,
repetition rate 10 pps). The deposition of high orientation
films at the low temperature substrate (room temperature
to 250 °C) which is able 1o avoid interdiffusion should be
regarded as a significant improvement in the PLE tech-
nigue. Figure 2 shows the XRD spectrum of as-deposited
films by TE technique. Spectrum (a) represents the struc-
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FiG. 2. XRD patterns of the as-deposited films prepared by TE technique
at different substrate temperatures: (a) without preheating and (b)
200°C; (c) is the pattern of CdS powders. In case (a) the substrate
temperature is measured before the deposition.

ture of film with thickness 3700 A and substrate at room
temperature, while spectrum (b), the thickness is 3200 A
and substrate at 200 °C. From these XRD pattern, they
reveal that these films have high preference direction in
(002) no matter what the substrate temperature is. Like-
wise, these results are better than the previous works”’
with the same TE technique. The reason for this improve-
ment in our TE technique might be due to radiant heating
(the surface of the substrate is estimated at ~ 100 °C) from
the high temperature of the tungsten basket (~ 1030 °C).
However, when we compared our TE films with our PLE
films which were deposited at nearly the same substrate
temperature (150 °C) and with same thickness ( =900 ;\),
we found that the XRD spectra for both films are nearly
the same except the linewidth of the XRD peak for the
PLE films is sharper than that of the TE films. This dis-
crepancy will be explained in detail in the following para-
graphs.

The surface morphology of the as-deposited films were
studied by scanning electron microscope. The surface of
PLE samples were very smooth optically. No visible struc-
ture could be observed under X 8000 multiplying. How-
ever, there were a few whitish spots on the surface of TE
samples. These particulates or precipitates are due to the
rapidly heating effect of TE process (heating the basket to
1030 °C within less than 1 min).
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FiG. 3. The Raman spectra of the as-deposited films: spectrum (a) is the
result of PLE technique at substrate temperature of 256 °C; spectrum (b)
is the result of TE technique at substrate temperature of 200 °C.

It is well known that Raman scattering spectra can give
vseful information about the crystalline of the film by eval-
uating the spectral peak position and the spectral width of
the Raman spectra. However, few work? about the Raman
study of CdS film is devoted. The 4880 A line of an Ar *
laser was used as an excitation source for the. Raman ex-
periment. Spectra were taken at room temperature in the
45° reflection geometry with the samples placed under the
micrometer stage of a triple grating spectrograph (Spex
1877C) equipped with liquid nitrogen cooled CCD detec-
tors array (Photometrics CC200). The incident power on
the sample was about 100 mW. The slit widths used led to
a resolution of 3 cm ~ !, The spectrum is corrected by neon
lamp. A typical Raman spectra of the as-deposited CdS
thin films grown by PLE (spectrum g, substrate at 250 °C)
and TE (spectrum b, substrate at 200 °C) technigues are
shown in Fig. 3. The spectra show that there are four
Raman peaks, which can be identified by comparing the
spectra obtained by previous works (such as in the inves-
tigation for bulk CdS crystals?! and for CdS crystallites in
aqueous solution?? and in glass waveguides23 ), in PLE
films. However, three peaks are observed in TE films. It
should be noted that this is the first time for as many as
four overtones to be observed by 4880 A excitation on PLE
films. The first peak is a 1LO (longitudinal optical} pho-
non peak and the others are 2LO, 3LO, and 4LO over-
tones. The LO phonon frequency for a single crystal of
CdS was given in the literature’® as 305 cm — !, while the
values measured by us were as low as 300 cm ~ ! and 297
cm ~!in PLE and TE films, respectively. This lower fre-
quency shift is attributed to the effect caused by the grain
size,?%?123 { e the effect of dimensions on the vibrational
properties in small crystalline. The manifested discrepan-
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TaBLE 1. Grain size (in angstroms) of the (002) plane deposited by PLE
and TE techniques at different substrate temperatures.

Subsirate temperature (°C)

Techniques 30 150 200 250
PLE 261 A 408 A 510 A
TE 204 A 255 A

cies on the shape and shift of Raman peaks between two
deposition techniques are due to the structure and grain
size of the films. As is well known, the crystallite size can
be estimated by the formula d = 0.94/D cos 8, where A is
the x-ray wavelength, D is the angular line width at half-
maximum intensity (in radian), and 3 is the Bragg angle.
The values of the grain size d were calculated as listed in
Table I. For both deposition techniques, the grain sizes
increase as the substrate temperature getting higher. This is
because of the mobility of evaporants on the substrate in-
creases when the substrate temperature increases. Mean-
while, the grain sizes of CdS films deposited by using PLE
technique are larger than those grown by TE technique.
This is due to the species from PLE evaporation have
higher kinetic energy ( ~ 10 eV 1vfarage)]6 than the thermal
evaporation ( ~0.1 eV range). The films deposited by PLE
method obviously have larger crystallites size which is the
major cause to have sharper peaks and smaller shifts in
Raman spectra.

The transmittance T of the as-deposited filins were mea-
sured at normal light incidence in the wavelength range
350-900 nm using a double-beam spectrophotometer (Shi-
madzu UV-210A). Figs. 4 and 5 show representative ex-
amples of the spectral dependence of the transmittance for
several substrate-temperature dependence of CdS films by
PLE and TE techniques, respectively. The absorption at
~510 nm agreed well with that of bulk material. The
transmittance curves below absorption edge are highly
thickness dependence whickh have the same tendency as the
work by El-Nahass et a/.?* The substrate temperature is an
insensitive parameter for both the methods as shown in
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FIG. 4. The spectral dependence of the transmittance for the as-deposited
films prepared by PLE technique at different substrate temperatures.
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FiG. 5. The speciral dependence of the transmittance for the as-deposited
films prepared by TE technique at substrate temperatures of 200 °C (open
circles}, 150°C (A), 100°C (4) and without preheating (8).

figures. The transmittances above the absorption edge
from both methods are all in the range of 85%-95% which
is much higher than that obtained by Kwok er a/.!* High
transparency properties of these films are able to be used
as the window of solar cells. Finally, we must point out
that the absorption edge of the thinner films by TE tech-
nigue in Fig. 5 are shifted to lower wavelength. It can be a
manifestation of a small degree guantum size effect due
to confinement of electron or hole in small volume
microcrystallites.?’

Y. CONCLUSION

In conclusion, we have grown the undoped CdS fiims by
PLE and TE techniques on Corning’s 7059 glass at differ-
ent substrate temperatures. The structure and optical
transmittance of the as-deposited films are compared. The
results show that films with highly orientation in (002)
and transparency in the range of 85%-95% have been
obtained by both methods. On the other hand, the PLE
films have sharper peaks, more overtones and smaller Ra-
man shift in the Raman studies. These properties are con-
tributed by larger grain size. Therefore, PLE methcd is
suitable for the applications of depositing CdS thin film in
which the substrate can be affected by high temperature
process.
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