
DOI: 10.1007/s00339-006-3574-4

Appl. Phys. A 84, 143–148 (2006)

Materials Science & Processing
Applied Physics A

x.l. tong�

d.s. jiang
w.b. hu
z.m. liu
m.z. luo

The comparison between CdS thin films grown
on Si(111) substrate and quartz substrate
by femtosecond pulsed laser deposition
Key Laboratory of Fiber Optic Sensing Technology and Information Processing
(Wuhan University of Technology), Ministry of Education, Wuhan 430070, P.R. China

Received: 30 January 2006/Accepted: 9 February 2006
Published online: 25 March 2006 • © Springer-Verlag 2006

ABSTRACT Two kinds of cadmium sulfate (CdS) thin films have
been grown at 600 ◦C onto Si(111) and quartz substrates using
femtosecond pulsed laser deposition (PLD). The influence of
substrates on the structural and optical properties of the CdS thin
films grown by femtosecond pulsed laser deposition have been
studied. The CdS thin films were characterized by X-ray diffrac-
tion (XRD), atomic force microscopy (AFM), scanning electron
microscopy (SEM), photoluminescence (PL) and Raman spec-
troscopy. Although CdS thin films deposited both on Si(111)
and quartz substrates were polycrystalline and hexagonal as
shown by the XRD , SEM and AFM results, the crystalline qual-
ity and optical properties were found to be different. The size of
the grains for the CdS thin film grown on Si(111) substrate were
observed to be larger than that of the CdS thin film grown on
quartz substrate, and there is more microcrystalline perpendicu-
larity of c-axis for the film deposited on the quartz substrate than
that for the films deposited on the Si substrate. In addition, in
the PL spectra, the excitonic peak is more intense and resolved
for CdS film deposited on quartz than that for the CdS film de-
posited on Si(111) substrate. The LO and TO Raman peaks in
the CdS films grown on Si(111) substrate and quartz substrate
are different, which is due to higher stress and bigger grain size
in the CdS film grown on Si(111) substrate, than that of the CdS
film grown on the amorphous quartz substrate. All this suggests
that the substrates have a significant effect on the structural and
optical properties of thin CdS films.

PACS 81.15.Fg; 81.05.Ea; 78.20.-e; 78.67.-n; 42.62.-b

1 Introduction

Cadmium sulfide (CdS) is an important group
II–VI semiconductor with a direct band gap of 2.48 eV at
room temperature. Extensive research has been done in the
last two decades on CdS thin films, mainly due to its ap-
plications in large area electronic devices like field-effect
transistors, solar cells, photoconductors, optical thin film
filters, nonlinear integrated optical devices, and light emit-
ting diodes (LEDs) or laser heterostructures for emission in
the visible spectral range [1–6]. CdS thin films have been
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grown by using various techniques, such as thermal evapo-
ration (TE), chemical vapor deposition (CVD), metalorganic
vapor-phase epitaxy (MOVPE), close space vapour transport
(CSVT), chemical bath deposition (CBD), photochemical de-
position (PD), rf sputtering (Sp), spray pyrolysis (SP), vapour
transport deposition (VTD), screen printing (ScP), and elec-
tro deposition (ED). Besides various other techniques, pulsed
laser deposition (PLD) has emerged as a technique for grow-
ing CdS thin films [7–9]. The main advantage of the PLD
technique is its simplicity and low cost, and it is possible to
obtain uniform films with good adherence and reproducibility.
The PLD has many features such as that the laser target ab-
lated by laser can create a highly energetic growth precursor,
leading to formation of nonequilibrium growth conditions, so
that high-quality films can be obtained at a fairly low sub-
strate temperature [10]. Pulsed laser deposition has become
an appealing growth technique of CdS thin films. For this
growth method, lasers in the nanosecond temporal regime
have been used commonly, i.e., nanosecond pulsed excimer
and Q-switched Nd:YAG lasers [11–13]. Recently, studies
have been reported in the literature, concerning the growth
of nitride thin films and oxide thin films and so on by fem-
tosecond PLD [14, 15]. However, there is little in the current
literature on CdS thin films formed by a femtosecond PLD.
Femtosecond lasers emit light at very high intensities (up to
1021 W/cm2) and short pulse widths (10−14 to 10−15 s).

It is assumed that when the laser pulse temporal length be-
come shorter than the time needed to couple the electronic
energy to the lattice, i.e., a few picoseconds, thermal effects
can not play a significant role. Moreover, the multiphoton ab-
sorption process which was very likely to occur at high laser
intensities currently reached with femtosecond lasers, should
also overcome the problem of a too low optical absorption co-
efficient in wide band gap (good insulators) materials [15].
The femtosecond PLD utilizes a short-pulse high-energetic
laser beam to ablate material from a target and deposit this
material onto a substrate placed in a vacuum chamber. Stress
and adhesion determine the quality of a thin film/substrate
composite. The structural and optical properties of thin CdS
films can be influenced by the substrate on which it is de-
posited. In fact, the substrate affects the deposition process
by directly determining strains due to lattice and thermal ex-
pansion mismatch. Comparison of the structural and optical
properties of thin CdS films deposited on Si(111) and quartz
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substrates is very helpful in selecting the substrate for use-
ful devices based on CdS structures. It is fairly difficult to
grow a film of high quality with a smooth surface free from
cracks, because of the large lattice mismatch and the large
thermal expansion coefficient mismatch between the grown
film and substrate. In particular, very little is known about
the role of substrates on films growth. With this as its aim,
in this paper we present the growth of CdS films on silicon
and quartz substrates by femtosecond pulsed laser deposition,
we report a study of the influence of Si(111) and quartz sub-
strates on the structural and optical properties of the thin CdS
films.

2 Experimental

Although the substrate temperature and the laser
fluence were the important parameters for CdS thin films
grown by femtosecond PLD, in order to compare the effects
of the Si(111) and quartz substrates on the structural and op-
tical properties of the CdS films, we do not discuss the effects
of the substrate temperature and the laser fluence in the paper.
The experimental process is thus as follows below.

Two samples of CdS thin films was prepared by femto-
second PLD onto Si(111) and quartz substrates, respectively.
The femtosecond PLD experiments have been realized in
a standard PLD configuration consisting of laser systems,
a deposition chamber, a CdS target and a substrate. The
details of the deposition chamber have been described pre-
viously [10]. In the experiment, the deposition was car-
ried out in a stainless steel vacuum chamber evacuated
by a turbomolecular pump to a base pressure of 10−3 Pa.
A femtosecond pulsed Ti:sapphire laser (Spectra Physics,
Spitfire 50 fs) was used for the experiments. This system
was comprised of a pulse stretcher, a regenerative ampli-
fier that was pumped by an Nd:YLF laser, and a compres-
sor. The laser emits 90 fs pulses at a central wavelength of
800 nm (photon energy 1.55 eV). The nominal beam diam-
eter was 8 mm. In the experiments, the laser was operated
in continuous shot mode at a pulse frequency of 1 kHz.
The femtosecond laser was focused by a lens on a rotat-
ing CdS (99.999%) target. The Si(111) and quartz substrates
were simultaneously placed around 4 cm from the target
and parallel to it on a rotating holder. During the deposi-
tion process, the laser fluence and substrate temperature were
1.2 J/cm2 and 600 ◦C, respectively. For the two samples of
CdS thin films deposited onto the Si(111) and quartz sub-
strates, the deposition time was 10 min. The thickness of
the two CdS thin films was measured using an ellipsome-
ter, and the thickness of the resulting films are approximately
the same, which is about 500 nm. The structural and op-
tical properties between the two kinds of thin films were
compared and analyzed by X-ray diffraction (XRD), atomic
force microscopy (AFM), scanning electron microscopy
(SEM), photoluminescence (PL) and Raman spectroscopy,
respectively.

In order to examine the crystalline structure and orien-
tation of the CdS thin films, high-resolution X-ray diffrac-
tion (XRD) was used to characterize the phases in the CdS
thin films. The X-ray diffraction (XRD) measurements were
performed on a Philips X’Pert X-ray diffractometer using

a Cu Kα1 source (λ = 1.5406 Å) and a thin film attachment.
We used the grazing angle X-ray diffraction technique here
to ensure that the diffraction patterns originate mainly from
the thin films and not its substrates. The surface morphology
and grains size of the CdS thin films were examined by atomic
force microscopy (AFM, DI Nanoscope IV SPM) and scan-
ning electron microscopy (SEM, Sirion 200 FEI). The pho-
toluminescence measurements were performed with the cw
emission at 325 nm of a He-Cd laser with an intensity of
3 W/cm2. Raman spectra were recorded by using the unpo-
larized Raman measurements. Raman spectra were recorded
by means of a Raman confocal microspectrometer appara-
tus, using the 633 nm line of a He-Ne laser and a notch filter
(200 cm−1 line-width) to suppress the scattered laser light. All
these characterization measurements were carried out at room
temperature.

3 Results and discussion

3.1 The crystalline quality of the CdS thin films

Figure 1a–b show the XRD measurements results
of the two CdS thin films samples grown onto Si(111) and
quartz substrates using femtosecond PLD under the same
experimental conditions. As can be seen from Fig. 1a-b,
the CdS films grown on Si(111) and quartz substrates ex-
hibit nine obvious CdS peaks in the diffraction pattern. The
XRD peaks which are located at 2θ = 24.9◦, 26.6◦, 28.2◦,
36.7◦, 43.8◦, 48.0◦, 52.0◦, 54.5◦ and 67.1◦ are attributed
to CdS(100), CdS(002), CdS(101), CdS(102), CdS(110),
CdS(103), CdS(112), CdS(004), and CdS(203), respectively.
The XRD results reveal that the two CdS films samples de-
posited by femtosecond PLD are polycrystalline. However,
the crystalline quality of the two CdS films samples is not
as good as that of films grown using a nanosecond laseras
reportedin the literature [13]. It is related to the dynamic
expansion of the plasma plume induced by femtosecond
pulses, which generates high-kinetic energy species. When
the smaller molecular fragments reach the substrate surface,

FIGURE 1 XRD measurements results of the CdS films grown on Si(111)

substrate (a) and quartz substrate (b)
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they have not enough time to grow in a preferential direc-
tion, so that they are overlaid and solidified by the follow-up
species. Therefore, a comparatively poor polycrystalline thin
film is formed by femtosecond PLD. As can be seen, both
the two CdS films samples have hexagonal structures and the
main reflections were the hexagonal (002) and (103). The
(002) reflection is the most intensive. This resultshows that the
microcrystalline parallelism of the c-axis in the films is pref-
erential. In addition, the second strongest peak is the (103)
peak. Compared to the (103) peak of the CdS film grown on
the Si(111) substrate in Fig. 1a, the (103) peak of the CdS film
grown on quartz substrate in Fig. 1b is obviously enhanced.
This reveals that there is more microcrystalline perpendicular-
ity of the c-axis in the films deposited on the quartz substrate
than that in the films deposited on the Si substrate. The above
differences may be attributed to the orientation on the sub-
strate, which is caused by the variations of the plume on
different substrates. The clusters included in the very high
anisotropy of the plume in femtosecond laser ablation would
be the deposition, in which the substrates are covered by the
films. The films stick to the largest and smoothest area, i.e.,
with the cleavage, on the surface of the substrate. The clus-
ters on the substrate melt and re-crystallize at the film surface
due to the high temperature prevailing during laser ablation
differences of the substrates. This causes variation of the inter-
atomic spacing with crystal size, recrystallization processes,
microscopic voids and special arrangements of dislocation
and phase transformations. Since the cleavages are parallel
and perpendicular to the c-axis, the films grow with parallel
and perpendicular orientation to the substrate surface.

3.2 The morphologies of the CdS thin films

3.2.1 The SEM of the CdS thin films. Figure 2a–b show scan-
ning electron micrographs of the CdS films grown on Si(111)

and quartz substrates. As can be seen from the figure, the films
seem to be composed of granules. There is no droplet ob-
served, which is generally assumed to be the consequence of
thermal effects during the laser-matter, liquid material being
ejected as droplets from the molten zone of an irradiated tar-
get. And droplets are generally observed in the films grown
by nanosecond PLD. In fact, the high intensity available with
femtosecond lasers, leads to multiphoton absorption, while
the use of femtosecond pulse lasers will limit the thermal dif-

FIGURE 2 SEM micrograph of the
CdS films grown on Si(111) substrate
(a) and quartz substrate (b)

fusion and its corresponding effects inside the CdS target.
Femtosecond pulse energy is absorbed in the near vicinity
of the CdS target surface, leading to high ionization of the
ablation populations of species (ions, neutrals and clusters)
deposited on substrates. The growth of CdS films by fs PLD
has shown that the two CdS film samples consist of stacked
nanocrystallites and present a polycrystalline film. The SEM
image shows that such random stacking of spherical particles
was also observed for the films grown either on Si or quartz
substrates. It suggested the substrate as a possible origin of
cluster formation. However, the CdS films grown on Si(111)
substrate also show particles but on a larger scale than ob-
served for the CdS films grown on quartz substrate. It could be
deduced that more nuclei were generated for the CdS grown
on amorphous quartz substrate when the plasma reaches the
substrate surface than that for the CdS grown on unit-cell
silicon.

3.2.2 The AFM of the CdS thin films. The corresponding
AFM images of the two CdS film samples surface topogra-
phy are shown in Fig. 3a–b. All the images were obtained
in tapping mode with standard Si tips of radius 10 nm. The
images were post-processed using a quadratic plane fit in
both directions, in some cases, a zero-order line-by-line flat-
tening routine, and Fig. 3a–b was measured by AFM over
5×5 µm2 scanning ranges. The growth of the grain size due
to substrates is clearly seen from a comparison of images
Fig. 3a–b. One can identify that the films are constructed in
the columnar shape and the surface grain size corresponds to
the actual grain size. While both films appear as dense ag-
gregates of independent nanoparticles, a clear difference in
the grains size in the two cases can be observed, namely, the
average size of particles of CdS thin films grown on Si and
quartz substrates is 74.9 and 48.8 nm, respectively. When the
flow of ablated species impinges on the substrate, the de-
posit is mainly due to the aggregation of CdS clusters leading
to a heterogeneous growth. Initially, the growth is via the
three-dimensional mode. The islands formed on the substrates
surface start to coalescence and new small islands start to
grow between the bigger islands. A certain thickness of the
films are formed, which transform the growth mode into the
pseudo-two-dimensional grow, and therefore leads to a high
surface roughness. The surface root-mean square roughness
values for the CdS thin films grown on Si and quartz substrates
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FIGURE 3 Surface three-dimen-
sional topography of the CdS films
grown on Si(111) substrate (a) and
quartz substrate (b)

were determined to be 21.9 and 20.8 nm, respectively. From
the AFM measurements one could conclude, that the CdS thin
film grown on Si substrate is slightly rougher than the CdS thin
films grown on quartz substrate. The rough surface system-
atically observed on the deposits is not the result of droplets
directly transferred from the CdS target, but is due to the for-
mation of aggregated particles. For the different substrate, the
average size of grains and agglomerated particles are also dif-
ferent, therefore, the surface roughness of the CdS thin films
grown on Si and quartz substrates is different.

3.3 Photoluminescence analysis

PL spectra of the two CdS film samples are shown
in Fig. 4a and b, respectively. The broad weak emission peak
for the two CdS thin films samples is a result of poor poly-
crystalline quality and some defects on the surface of the CdS
thin films. Each PL spectrum is characterized by two emis-
sion weak bands. A blue band emission with a peak centered
at around 445 nm, which can be attributed to excitonic transi-

FIGURE 4 Photoluminescence spectra of the CdS films grown on Si(111)

substrate (a) and quartz substrate (b)

tions. The absence of excitions is probably caused by electric
fields between the microcrystallites of thin film CdS [16].
Typically, in semiconductors like CdS, excitonic peak appears
at energies lower (wave lengths larger than 500 nm) than the
band gap energy (2.48 eV). However, as shown in Fig. 4a–b,
the maximum emission peak blue-shifts from 500 to 445 nm.
A possible explanation for the band at 445 nm is that it is re-
lated to the confinement effects and the direct inversion of
the fundamental absorption edge for the nanometric dimen-
sions of the crystallite [4]. The other green band composed of
a peak centered at around 520 nm, originated from radiative
recombination [17], which was related to the grain size dis-
tribution. The excitonic peak is more intense and resolved for
CdS deposited on quartz with respect to the films deposited
on Si(111) substrate. Such a result suggests that the CdS thin
film grown on quartz substrate has better optical properties
than the CdS thin film grown on Si(111) substrate. From the
PL analysis the quartz substrate seems to have a better match-
ing with the deposited films, as demonstrated by the higher
radiative efficiency at room temperature of the film grown
on quartz substrate with respect to those grown on Si(111)

substrate.
The green band peak at 520 nm was probably due to re-

combination at surface grains. Formation of CdS nanoparti-
cles is a result of film–substrate interaction due to molecular
forces acting at the interface of three-dimensional islands,
since the nanoparticles are probably nucleated at and re-
main in contact with the pore walls. The green band peak
intensity is larger for the film grown on quartz substrate
than that of the film grown on Si substrate. As the size of
the grains was decreased, the ratio of surface to volume of
the grain was increased and thus led to enhancement of the
green band intensity, which may be explained by the fact
that more Cd interstitials were trapped on the grain bound-
aries due to the increase of the surface-to-volume ratio of the
grain as the grain size was decreased. This is because the
films were preferentially formed by clusters, which causes
grain boundaries during the film deposition. The grain size
for the thin film grown on quartz substrate was consider-
ably smaller. These grain boundaries give rise to the for-
mation of radiative recombination centers within the green
bandgap of the PL peaks [18]. These are in good agree-
ment with the results from the AFM measurement of the
CdS films.
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3.4 Raman spectra

The room temperature Raman spectra of the two
CdS films samples were acquired in unpolarization con-
figuration. The Raman signals of the Si substrate, quartz
substrate, as well as the CdS Raman peaks, are shown in
Fig. 5a–b. The Raman feature peak centered on the n-type
Si substrate is at approximately 520 cm−1. The Raman fea-
ture peaks centered on the quartz substrate are at 476 cm−1

and 602 cm−1. The Raman spectra for the CdS grown on Si
is shown in Fig. 5a. Four CdS Raman peaks can be discerned,
these are 1LO around 304 cm−1, 2TO around 440 cm−1, 2LO
around 609 cm−1 and 3TO around 660 cm−1. The corres-
ponding full width at half maximum (FWHM) of the Raman
peaks is 15 cm−1, 9 cm−1, 12 cm−1 and 14 cm−1, respectively.
Figure 5b shows Raman spectra of the CdS grown on quartz
substrate. Four CdS Raman peaks can be discerned, these are
1TO around 214 cm−1, 1LO around 300 cm−1, 2TO around
428 cm−1 and 2LO around 600 cm−1. And the correspond-
ing full width at half maximum (FWHM) of the Raman peaks
is 13 cm−1, 25 cm−1, 34 cm−1 and 14 cm−1, respectively. In
Fig. 5a, the phenomenon of the disappearance of the scatter-
ing intensity of the 1TO mode might be that the Raman signal
of the 1TO mode is masked by the envelope of the 1LO sig-
nal. The different number of observable overtones is due to the
resonant effect of the scattered Raman signal with exciton en-
ergy. The small number of overtones observed in the present
study is due to our sample being a polycrystalline film. For the
hexagonal CdS, there are LO (longitudinal optical) phonons
which polarize along the z direction parallel to the unit cell
edge, and TO (transverse optical) phonons which polarize
along the direction parallel to the xy plane (normal to z direc-
tion). The frequencies of 1LO and 1TO of bulk CdS are known

FIGURE 5 Raman spectra of the CdS films grown on Si(111) substrate (a)
and quartz substrate (b)

to be 305, 228 cm−1, respectively [19]. In this presented work,
the down-frequency shift of the 1LO Raman peak and the de-
graded TO phonon line in CdS thin film are mainly ascribed to
the grain-size and stress effects [20], which change the vibra-
tional characteristics of CdS thin films, leading to the shift of
Raman frequency. The full width at half maximum (FWHM)
of the Raman peaks of the CdS films grown on Si(111) sub-
strate are smaller and the peak intensities are higher than that
the CdS films grown on Si(111) quartz substrate. We can con-
clude that the Raman peaks intensity of CdS thin films might
be mostly relative to the grains size. This low-frequency shift
of the 1LO Raman peak in CdS thin film is mainly ascribed
to the grain-size effect. Hence, the low-frequency shift of the
corresponding LO Raman peak in the CdS films grown on
Si(111) substrate is larger than that of the CdS films grown on
quartz substrate. In addition, because the deformation poten-
tial is the main mechanism of TO mode scattering it can only
be degraded. The deformation potential can be caused by the
lattice mismatch and thermal expansion coefficient mismatch
between the CdS films and the substrates. The TO peaks for
the CdS films grown on Si(111) substrate have a blue shift
which correspond to the TO peaks in the CdS films grown on
quartz substrate. It can be inferred that this it is due to higher
stress in the CdS film grown on Si(111) substrate than for that
the CdS film grown on the amorphous quartz substrate.

4 Conclusions

A study have been carried out to investigate the
structural and optical characterizations of CdS thin films de-
posited on Si(111) and quartz substrates using femtosecond
pulsed laser deposition. We have demonstrated that the crys-
tallinity, the surface quality and the optical character of the
CdS thin films are related to the substrates. In summary, the
two CdS films deposited by femtosecond PLD are polycrys-
talline, while the as-deposited films have a hexagonal mixed
phase. Compared to the CdS film grown on Si(111) substrate,
the grain size for the CdS thin films grown on quartz sub-
strate was considerably smaller. In addition the CdS thin films
grown on quartz substrate have better optical properties than
the CdS films grown on Si substrate, which could be the re-
sult of the interaction between the CdS nanocrystallite and the
substrates.
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