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Abstract A systematic study has been carried out on properties of CdS thin films grown
on glass substrates by thermal route and growth parameters have been optimized to achieve
near stoichiometry. Raman spectroscopy of the films has been carried out to get more
insight on chemical and structural information of the films. Photoluminescence study was
carried out to get the knowledge of defect-states which play major role in transport mecha-
nisms. In order to obtain electrical parameters, Hall measurement has been carried out by
van der Pauw’s technique at room temperature. Also, variation of electrical resistivity of
the films at temperature range 20-300 K has been studied. Finally effect of post deposition
annealing on the structural, optical and electrical properties of these films has been studied.

Keywords X-ray diffraction - Physical vapor deposition processes - Raman
spectroscopy - Low temperature conductivity - Semiconducting cadmium compounds

1 Introduction

In the recent past, there has been an increase in research and development of the IIB—
VIA compound semiconductors because of their importance as prospective members in
scientific, technological and industrial applications in optoelectronics particularly solar
cells (Ullrich et al. 2000; Britt and Ferekides 1993). Short optical absorption length and
difficulty of forming a shallow junction with a high-conductivity surface layer are main
reasons due to which solar cells made up of polycrystalline thin-film normally have hetero-
junction configuration. Due to favourable reasons like intermediate band gap, stability and
high absorption coefficient, CdS is the material of intense research in the thin film form.
As-deposited n type-CdS with a relatively wide band gap (~2.4 eV) was found to be best
fitted as the hetero-junction partner or ‘window’ for thin-film solar cells based on CdTe,

< M. G. Mahesha
maheshamg @ gmail.com

Department of Physics, Manipal Institute of Technology, Manipal University, Manipal 576104,
India

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-018-1451-y&domain=pdf

186 Page 2 of 14 R. Keshav et al.

which is most assuring thin-film photovoltaic material (Chu et al. 1992; Wu et al. 2001).
Optimization of thickness of CdS films is very essential to achieve high optical transmis-
sion and uniformity with the assurance of no electrical short-circuit effects (Oliva et al.
2003). It is the established fact that preparation techniques and parameters highly influence
the electrical and optical properties of the films. Among the various deposition techniques
available, vacuum evaporation (VE) is known to be trouble-free and controllable technique
for large-area deposition. Even though CdS has been studied in thin film form by several
researchers, there are not many reports on Raman scattering and low temperature electrical
conductivity analysis of the films. Raman analysis is a powerful technique which can give
detailed structural and chemical information. Hence it is appropriate to adopt the technique
to understand the structural and chemical modifications happening during annealing of the
film. Also, it is essential to investigate the electrical property to ensure the device suitabil-
ity of the prepared film. Therefore, the present paper is centred over the study of Raman
spectrum and electrical conductivity at low temperature along with associated studies to
obtain knowledge on structural and optical properties.

2 Experimental

CdS thin film of 300 nm thickness was deposited by thermal evaporation of stoichiomet-
ric powder of the compound (99.99%) in a residual pressure of 10~® Torr. Molybdenum
boat sources were used for the evaporation. The deposition rate and thickness were moni-
tored by digital film thickness monitor using a quartz crystal sensor set at 6 MHz (DTM-
10). The deposition rate was optimized to 0.3 nm/s. Deposited films have been annealed
at various temperatures under air ambience for an hour. The crystal structure of the films
was studied by X-ray diffraction (XRD) technique using a Rigaku Miniflex-600 with the
radiation source of Cu Ka (0.154 nm) at 40 kV, 15 mA in scanning range 20°-70° at scan
speed of 2°/min. The surface morphology of the films was analysed by scanning electron
microscopy (SEM) model Zeiss SEM EVO18 and atomic force microscopy (AFM) model
BRUKER INNOVA. The root mean square (RMS) surface roughness was calculated from
AFM micrographs. Optical properties of the films were examined by Shimadzu UV-1800
PC spectrophotometer in UV-Vis—NIR wavelengths ranged from 300 to 1100 nm. Raman
studies have been done using Thermo Nicolet 670 at 180° geometry with Nd:YAG laser
(1064 nm) as source. The photoluminescence study has been carried out using Agi-
lent Cary Eclise WinFLR photoluminescence spectrometer. Keithley 2450 source meter
has been used for electrical characterizations including Hall measurements. Temperature
dependent electrical resistivity measurements were carried out for a temperature range of
20-300 K in a closed cycle refrigerator (CCR) using conventional four probe technique.

3 Results and discussion

3.1 Structural and morphological characterization

X-ray diffractograms recorded for as-deposited and annealed CdS thin films were compared.
Sharpness and height of the XRD peaks are two important parameters which can be used to

assess the crystallite size and degree of crystallinity of the samples. Plot of degree of crystal-
linity and FWHM for films annealed at various temperatures is depicted in Fig. 1a. Initially
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the crystallinity has improved with annealing temperature and then it showed declining trend.
Films annealed at 673 K have shown greatest degree of crystallinity and maximum crystal-
lite size. Hence this sample has been selected for further study and compared with the as-
deposited films for structural, optical and electrical properties. Typical XRD patterns of as-
deposited and annealed CdS films are shown in Fig. 1b, c. Rietveld refinement technique was
adopted to analyse XRD data and hence to obtain crystallographic information. Refinement
is a process which minimizes the sum of squares of the weighted differences between the
observed and calculated intensities for every point in the profile under the Bragg reflections.
This is achieved by adjusting structural constants like lattice parameters, thermal parameters,
atomic coordinates and profile parameters such as U, V, W and diffractometer zero point (Von
Dreele et al. 1982).

For as-deposited films, as it can be seen, the pattern is composed of a dominant peak at 26
value 26.64° which can be assigned to the plane (111) of CdS cubic phase (JCPDS card no.
10-0454). The films have remained in cubic structure even after annealing, however, peak has
shifted to 26.24° with increased intensity. Effect of the uniform lattice strain on the diffraction
peak position was observed resulting in peak shift towards lower angles confirmed through
lattice constants (Table 1). CdS usually exists in two crystallographic phases namely, wurtzite
(a-phase) and zinc blende (p-phase). The latter is a face centred cubic (f.c.c.) structure which
may be considered as two interpenetrating face centred lattices of the elements, with the comer
of one located at the position ?lulul_x of the other, as in the diamond structure. The zinc blende
structure is related to the wurtzite structure which has one kind of atom on close packed hex-
agonal positions and the other at intermediate points, corresponding to tetrahedral voids where
each atom is surrounded symmetrically by four atoms of the other kind. The hexagonal layers
are stacked in one sequence in wurtzite and in another in zinc-blende. Literature survey shows
that transformation temperature for wurtzite-zinc blende is about 1273 K (Boakye and Nusenu
1997) and growth of CdS films at low substrate temperature (<373 K) favours cubic struc-
ture even with different preparation techniques like RF sputtering and laser ablation (El Assali
et al. 2000; Sakai et al. 1998). The crystallite size of deposited films is estimated by using
Debye—Scherrer’s formula (Chandramohan et al. 2008).
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Fig.1 a Comparison of crystallinity of films annealed at different temperatures. b X-ray diffractogram
with refined data for as-deposited and ¢ 673 K annealed films
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where 6 is diffraction angle of the concern diffraction peak, 1 is wavelength of radiation
used, # is FWHM of the diffraction peak. Calculated crystallite size is found to be 31 nm
for as-deposited and 35 nm for annealed films. Comparatively smaller crystallite size in the
as-deposited film can be attributed to relatively low substrate temperature where condensa-
tion and sticking to the region of hit of ad-atoms is more probable compared to migration
towards neighbouring crystallite. The increase of crystallite size in annealed film may be
attributed to coalesce of the smaller crystallites into effectively larger crystallites. Strain
€= @ in the films has been determined and presented in Table 1. Decreased strain in
annealed films reflects decrease in lattice imperfections and an increase in crystallite size.

The SEM examination of microstructure of as-grown and annealed CdS thin films
(Fig. 2a, b) reveal that prepared films are homogeneous, crack free, dense and exhibit
almost complete coverage on the substrate. Significant morphological changes in heat
treated films as compared with as-deposited films is evident from the SEM micrograph.
Energy dispersive spectrograph (EDS) proves that the atomic percentage of as-deposited
films was nearly stoichiometric (Cd to S ratio 1:0.996, slightly Cd rich) and after anneal-
ing, no considerable change was observed in the film composition. In addition, elemental
mapping (Fig. 2c¢, d) confirms that distribution of constituent elements of the compound
is homogeneous over considerably large area which is an essential requirement for reli-
ability and repeatability of the performance of the devices fabricated using any deposition
technique.

Figure 3 shows AFM micrographs of as-deposited and annealed films recorded over the
scanning area of 2X?2 pm square. Micrographs corresponding to as-grown films exhibit

SKa1 CdLa1

Fig. 2 SEM micrographs of CdS films of 300 nm before and after heat treatment: a As-deposited film; b
Film annealed at 673 K; ¢ and d Compositional maps of compound, S and Cd respectively for as-deposited
film
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Fig. 3 AFM micrographs of CdS films: a As-deposited films. b Films annealed at 673 K

growth as columns leaving gap in between the grains (Hasnat and Podder 2012). Anneal-
ing resulted larger crystallites with vertical growth. It is an established fact that surface
roughness, a direct result of deposition and post deposition process, leads to a consider-
able impact on surface properties. Estimation of RMS surface roughness, defined as the
standard deviation of the surface height profile from the average height, shows that surface
roughness increases from 4.60 and 5.01 nm after annealing.

3.2 Optical characterization

Figure 4a represents the optical transmittance spectra recorded for as-deposited and
annealed CdS films. Multiple beam interference fringes observed in both the films indi-
cate good degree of uniformity in film thickness. As-deposited films have shown average
transmittance of about 84% with sharp band edge at about 505 nm. About 6% reduction
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Fig. 4 a Recorded transmittance spectra (Inset: PARAV fit) and b Plot of (othv))? versus h for CdS films
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in the transmittance has been observed for the annealed films which can be attributed to
crystallite size effect and degree of crystallinity (Qinghui et al. 2007). Similar behaviour
in the transmission spectra of the CdS films prepared by other techniques have been
reported in the literature (Hasnat and Podder 2012). Software tool “PARAV” is used
to reassure the average thickness and to calculate optical constants from the transmis-
sion spectra. PARAYV fitted transmission spectra which negated the interference effect is
shown as in-set in Fig. 4a.

The energy band gap of the films was calculated by using Tauc relation (Prabahar
and Dhanam 2005).

ahd = A(E, — h9)" )

where A is a constant « is the absorption coefficient, and & 9 is the photon energy. In the
case of direct band gap transition ‘n’ is taken as V2. The linear part of the (ah9)* versus hd
plot shown in Fig. 4b describes the direct allowed transition of CdS thin films. The esti-
mated optical band gap is 2.45 eV for as-deposited films and 2.43 eV for films annealed
at 673 K. Shift towards bulk value (2.42 eV) in the optical band-gap for annealed film can
be endorsed to increased crystallite size or improved crystallinity and release in the strain.

The obtained spectral dependence of the optical constants refractive index (n) and
extinction coefficient (k) are illustrated in Fig. 5a, b. Here the refractive index, obtained
from ‘PARAV’ which adopted Swanepoel method, has shown increase after anneal-
ing treatment. The peak values of the refractive index of the films varied in the range
of 2.14-2.28 over the spectral range 600-1100 nm. Better crystallinity in the annealed
films or increase in the crystallite size leads to the higher value of n, which in turn
increases the optical reflectance and decreases the transmission. The extinction coef-
ficient k of the thin films is also calculated using the formula (Prabahar and Dhanam
2005).

al
k= in 3

k decreases rapidly with increasing wavelength in the range from 400 to 600 nm. In the for-
bidden energy gap region, variation of the extinction coefficient is dictated by light absorp-
tion. In the case of polycrystalline films, non-zero value of k for photon energies smaller
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Fig. 5 a Variation of n with wavelength. b Variation of k with wavelength
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Fig. 6 a Raman spectra of as-grown (inset: de-convoluted peaks) and b Comparison of Raman spectra of
as-grown and annealed CdS thin films (after baseline correction)

Table 2 Comparison of Raman

Sample Acem™ B(em™) Cem™) D(m™)
data

As-grown CdS film  218.4 249.3 306.6 607.8

Annealed CdS film  206.6 2452 310.7 610.8

Traji¢ et al. (2015) 212 245 305 611

Chuu et al. (1991) - - 296 600

Farid et al. (2012) - - 303 608

Lee (2004) - - 300 605

Senthil et al. (2001) - - 299 -

Tell et al. (1966) - - 305 -

than the fundamental absorption edge is generally observed which is due to extra absorp-
tion of light at the grain boundaries.

3.3 Raman scattering analysis

Figure 6a depicts Raman spectra of as-grown CdS thin films and Fig. 6b compares Raman
spectra of as-grown CdS film with that of annealed film. Four prominent Raman bands
have been observed in both the samples. The approximate band positions for as-grown
films are as follows: Band A~218.4 cm™', band B~249.3 cm™', band C~306.6 cm™" and
band D~607.8 cm™. Present work reports the investigation of Raman scattering from pho-
nons propagating on the polycrystalline CdS thin films which may be considered under
weak confinement regime according to the literature (Irimpan et al. 2008). Analysis
of Raman peaks has engendered considerable debate in the literature (Abdulkhadar and
Thomas 1995; Traji¢ et al. 2015; Chuu et al. 1991; Farid et al. 2012; Lee 2004; Senthil
et al. 2001; Tell et al. 1966). Table 2 provides the comparison of Raman study of CdS thin
films done by various research groups.

In CdS, the difference in frequency of LO (longitudinal optical phonons) and TO (trans-
verse optical phonons) propagating parallel and perpendicular to the optic axis is roughly
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equal to zero, exhibiting negligible optical anisotropy which can be approximated as cubic
nature (Abdulkhadar and Thomas 1995). As revealed from detailed analysis of X-ray
diffractogram, films have zinc blende crystal structure belonging to F-43 m (216) space
group. Trajié et al. (2015) have reported protuberant bands at 212 cm™! with B, symmetry,
E, symmetry mode at 245 cm™! and longitudinal mode at 305 cm™! with its first overtone
at 611 cm™' for CdS crystals. In present case, multiphonon lines are shifted by energies
which are approximately 1% less than exact multiple of 1LO line i.e. 306.6 cm™'. 2LO is
also known as overtone of 1LO observed at 607.8 cm™. Presence of only two characteris-
tic longitudinal optical phonon peaks of CdS here is due to the laser frequency being less
than the gap E/h (Leite et al. 1969). FWHM and frequency shift are two important fea-
tures that can give insight to the crystallinity, purity and induced strain in the hetero-struc-
ture. Compared to the spectra of the bulk, in the present study, we observed blue shift in
the spectral bands of CdS films. Also, FWHM for 1LO has decreased from 23.19 cm™! (as-
grown) to 22.45 cm™' (annealed). Frequency shift may be observed due to several reasons.
In the present study, mostly strain effect can be responsible for frequency shift as there is
mismatch in the thermal properties of the film and substrate. In case of as-deposited films,
higher FWHM can also be resultant of polycrystalline effect which is corroborated by the
appearance of XRD pattern. Decrease in FWHM or sharpening of the peak in annealed
films can be referred to larger crystallite size which can be further attributed to the increase
in surface roughness imputable to the fact that surface occupies most of the total volume
of the film. i.e., large number of atoms residing on the surface. Finally release of random
strain leading to better crystallinity and allowing minimum energy configuration, can also
be the cause of decrement in FWHM of the annealed film. Imperfections and impurities
could also give rise to frequency shift. The overall intensities of the peaks of as-deposited
CdS film are weaker than those of annealed films. The variations in ratios of intensities as a
function of particle size is considered and encountered that, the ratio of I,; /I, o increased
as the particle size increases which is a measure of strength of the electron—phonon interac-
tion. V. Sivasubramanian et al. also reported increase in the electron phonon coupling as
function of particle size irrespective of structure. (Sivasubramanian et al. 2006).

In case of bulk crystalline semiconducting materials or thicker films(> 100 pm), for the
similar excitation wavelength, Raman shifts correspond to the longitudinal optical phonons
(LO) and due to symmetry restrictions and low intensity, transverse optic (TO) and the
surface phonon (SP) modes are not observable (Filippidis et al. 1999; Badr et al. 2004).
But, in nano-structured thin films, due to large surface to volume ratio, SP mode is likely
to be observable. In case of nano-structured thin film semiconductors, due to finite size of
the particles, charge carriers in conduction and valence bands experience confining poten-
tial. It leads to size-dependent discrete states in the conduction and valence bands result-
ing in effective boost of the band gap. Also excess of Cd results in acceptor states within
the gap of CdS which produces localized states near the valence band edge. Furthermore,
phonon interaction with these states creates electron- hole pairs due to which self-energy
is acquired by the phonon and in turn it shifts the frequency of SP mode to higher values
(Nanda et al. 1999).

Relatively weaker band A~218.4 cm™!, band B~249.3 cm™' can be allotted to TO
and SP modes respectively. Modes in Raman are normally size dependent and with size
reduction SP mode is likely to observe between LO and TO modes (Kozytskiy et al. 2014;
Dzhagan et al. 2016). The present allotment is in close agreement with the results obtained
by Chi et al. (2011). This conclusion can be toned by explaining difference between the
surface layers and the internal structure of particle and the reliance of surface modes on
arrangement of atoms on the surface layers which can be detected in the Raman spectra of
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thin films (Abdulkhadar and Thomas 1995). Even though sulphur is highly Raman sensi-
tive, we have not observed any band corresponding to it which confirms that decomposi-
tion of CdS during the deposition is negligible.

3.4 Photo-luminescence analysis

Photo-luminescence (PL) is a powerful tool to examine the quality of polycrystalline thin
films by determining the radiative active defects which can act as traps in carrier trans-
port. Most of the direct band gap materials possess a general property of emission of light
called luminescence and if cause of carrier excitation is photon absorption, radiation result-
ing from the excited carriers is known to be photoluminescence. CdS thin film can be an
appealing host for photonic devices due to its expected gap emission, which is close to the
highest sensitivity of human eye. In this work photoluminescence of CdS films were per-
formed in room temperature for excitation wavelength 413 nm. Figure 7a. shows the peaks
at 2.22, 2.33 (green emission) and 1.96 eV (red emission). Films exhibited luminescence
peak at energies lower when compared to the band gap which assigns the impurities in
mid-band gap region. As evidenced in elemental analysis, balanced stoichiometry resulted
in red and green band emission regardless of annealing effect (Hwang et al. 2012). Though
the peak shift has not been manifested, the enhanced intensity of the bands for smaller crys-
tallite size may be attributed to the larger-surface to volume ratio. Hence CdS thin films
with smaller crystallite size demonstrate higher intensity luminescence when compared to
the larger crystallite diameter. Here the red band emission can be attributed to the transi-
tions of electrons trapped at surface states to the valence band and green band (2.22 eV)
can be assigned donor-acceptor-pair (DAP) recombination of (Cd;—V,) Frenkel defect
complexes. Origin of second green emission (2.33 eV) can be due to radiative recombi-
nation of electrons and holes via surface/defect states present which is associated with
transition between the shallow acceptor S; (sulphur interstitials) and CB or the transition
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Fig. 7 Photoluminescence spectra of as-deposited and annealed CdS films
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between the shallow donor Cd; (cadmium interstitials) and VB. It is also mentioned in the
literature, green band can be caused by the transition between the sulphur vacancies (Muth-
usamy and Muthukumaran 2015; Narayanam et al. 2013; Meher et al. 2017). Vacancy and/
or interstitials are commonly observed in as-grown films. However, density of such defects
reduces after annealing which results in the reduction of intensity of corresponding bands
(Meher et al. 2017).

3.5 Electrical characterization
3.5.1 Hall measurement

Under electrical characterization of semiconducting materials, Hall measurement is an
inevitable study as it provides the important electrical parameters like resistivity, car-
rier density and mobility. In thin films, Hall effect measurement evolution is based on
conformal mapping formulated by van der Pauw (Van der Pauw 1958). In the present
case, measurements are carried out by considering uniformly deposited CdS thin films
(5 mm x5 mm) without isolated holes on it. As-deposited films have exhibited n-type con-
ductivity with the resistivity of 6.69 © cm and carrier concentration 1.10x 10'® cm™ at
room temperature. After annealing, films remained in n-type without significant change in
the carrier concentration. However, the mobility has increased from 85 to 114 cm? Vlg™!
with the slight decrease in the resistivity which may be due to the improved crystallinity
and crystallite size occurred during the treatment as revealed in the XRD results. Canevari
et al. obtained the n-type low resistivity CdS films by flash evaporation method and found
the electron mobility in the range of 20-50 cm? V~! s™! (Canevari et al. 1984). Oboudi
et al. have also observed the increase in mobility after annealing which is in accordance
with present observation (Oboudi et al. 2013).

3.5.2 Temperature-dependent conductivity

Resistivity of as-grown and annealed CdS films was recorded over a temperature range of
20-300 K (Fig. 8). As observed from the graph, as-deposited films exhibited semiconduct-
ing behavior in 75-300 K temperature range and metallic behavior was observed below
75 K. Observed variation in resistivity with temperature has been explained by using per-
colation model (Christopher et al. 2016) which relates temperature with resistivity using
following equation.

p(T) = py + p]/zT1/2 _ pslnT+ p5T5 + p2T2 + p4'5T4'5 @

Scattering mechanism which mainly affects the transport properties can be analyzed
through thermoelectric power (a) and resistivity (p) measurements. Fitting parameters are
listed in Table 3. Literature review displays attempts made to explain transport properties
in chalcogenide thin films (Jacome 2001; Jacome and Giraldo 2008). In case of polycrys-
talline materials, mostly resistive network model is used to explain the electric and thermo-
electric properties. But percolation is a standard model for disordered systems. In polycrys-
talline films, grain boundaries are highly disordered, and they strongly affect the transport
properties. In case of grain boundary transport, the electronic transport mechanism is
dominated by random jumping motion of electrons along the grain boundary. Yilmaz and
Faculty (2014) has studied the electrical conductivity of thermally evaporated CdS films in
the temperature range 100400 K and it demonstrated the change in the trend of resistivity
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Fig. 8 a Variation of electrical resistivity with temperature for as-deposited CdS thin films. b Plot of Ln(p)
versus 1/T for as-deposited CdS thin films

Table 3 Resistivity

: Parameter Value
measurement—fitting parameters
po (Q-cm) 325.2
Py (Q-cm K~12) —84.45
p (Q-cm) 164
ps (Q-cm K°) 1.267x107°
p, (Q-cm K2 0.02083
pys (Q-cm K=+9) 2.926x1078

near 100 K which is in line with our present report. However, the metallic type behaviour
of the films has disappeared after annealing. This can be attributed the improved crystallin-
ity/grain size of the film after annealing.

Electrical resistivity in the temperature range 125-300 K has been analyzed by Arrhe-
nius equation (Hariech et al. 2012) to obtain thermal activation levels.

Ea
p=p0exp<k—T> (@)

where E, is the activation energy. The analysis has shown two distinct regions, 300-210 K
and 210-125 K, corresponding to 0.148 and 0.016 eV respectively. These activation lev-
els are generally attributed to disorder effect within the material (Hariech et al. 2012). S
vacancy or Cd interstice are commonly observed donor defects in CdS films and slight
excess of Cd observed in the present study supports it.

4 Conclusions

CdS thin films deposited by VE at room temperature favoured cubic structure. Even
after annealing, the films remained in the cubic structure however it resulted in release
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in strain. Raman study has shown four prominent bands and they are assigned to various
modes. Shift in the peak position of various band in the annealed film may be attributed to
strain release. Non-decomposition of the constituent elements of CdS has also been con-
firmed by the absence of band corresponding to sulphur in Raman spectra. Luminescence
study showed emission in green and red region for both as-deposited and annealed films.
Change in the intensity after annealing can be attributed to change in the surface to vol-
ume ratio. For annealed films, Hall measurement has shown increase in the mobility from
85 to 114 cm? V! s7! without significant change in the carrier concentration and resis-
tivity which can be attributed improved crystallinity. Low temperature electrical conduc-
tivity study has shown semiconducting behaviour of the film till 75 K. Below 75 K, film
exhibited metallic behaviour and the electrical transport has been explained by percolation
model which is appropriate to describe the grain boundary transport in polycrystalline thin
films.
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