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Research Title: Characterization of CdS, Te,  (0<x<1) Thin Films Prepared by Close Spaced
Sublimation Method for Solar cell Application

Researcher: Mr. Thitinai Gaewdang, Mrs. Ngamnit Wongcharoen, Mrs.Tiparatana Wongcharoen and

Mr. Chaisingh Poo-Rakkiat

Faculty: Science Department: Physics

ABSTRACT

In this research, CdS Te,_ (0 < x < 1) thin films have been prepared on slide glass substrate by
close spaced sublimation method. For CdTe thin films growth condition, source temperature and glass
substrate temperature were 550 and 450 °C, respectively. In all solid solution films and CdS thin films,
source temperature and glass substrate temperature were fixed at 700 and 600 °C, respectively. When
the S mole ratio less than 0.2, the crystal structure of CdS Te, _ thin films was cubic. However, for 0.2
< x <0.8 the films were grown in mixed phases between cubic and hexagonal structures whereas CdS
thin films formed in a hexagonal phase. SEM micrographs show the grain size decreases when the S
content increases. As the S content increases, the energy gap value of CdS, Te, _ thin films varies from
.48 ¢V for CdTe thin films to 2.25 ¢V for CdS thin films. From the iransient photoconduciivity

measurements, the highest sensitivity value about 60 was obtained for the composition x = 0.2.

Keywords: CdS Te,__thin films, Close-spaced sublimation method, XRD, SEM
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Conduction band
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(a) Crystal Structure
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Lattice Constant ( z& )
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Starting % o
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Composition
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y=-0.7040x+0.64912 | y=-0.04347x+0.45685 y=-0.07995x+0.75125
0.0 0 £ -
0.2 0.01 0.84 0.86
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EDS analysis

Composition
Weight Atomic
) Cd(%)  S(%)  Te(%) | Cd(%)  S(%) Te (%)
0.0 47.74 - 5226 50.91 - 49.09
0.2 69.68 13.29 1702 53.08 35.50 11.42
0.4 75.54 18.30 6.15 52.05 44.21 3.73
0.6 77.18 21.83 0.99  49.92 49.51 0.56
0.8 7747 21.06 146 50.77 48.39 0.84

1.0 78.72 21.28 ¥ 51.34 48.66 &
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(nm)
0.0 = - = - = = = =
0.2 - - - - = 2 = =
04 275 8.30 30 0.056 2.48 0.67 7.60 7.04
0.6 275 8.30 31 0.054 | 2.39 0.67 7.20 7.17
0.8 275 8.30 32 0.094 | 3.59 0.64 11.8 5.85
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0.0 a = - Z = = = s
0.2 = = . - 2 = - =
0.4 165 1.81 212 293 1.03 6.66 0.078 8.26
0.6 165 9.87 256 2.83 1.79 5.86 0.068 4.20
0.8 165 29.63 296 38.65 10.20 3.76 0.044 4.6
1.0 “ - - - = = = -
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Abstract: CdS Te,, thin films with composition 0 < x < 1 were prepared by thermal evaporation
method on glass substrate using powder of pure CdS and CdTe compounds pressed in pellet form as a
source in vacuum 5.5X10° mbar. XRD revealed that the films exhibited the cubic zincblende structure
with the preferred orientation of (111) plane when x<<0.2. However, when x = 0.8, they had the
hexagonal wurtzite structure with the preferred orientation of (002) plane. For the composition 0.2 < x
< 0.6, the cubic and the hexagonal phases were found to coexist in the system and the films became
less preferentially oriented. SEM and AFM were used to study morphological features of the samples.
The transmission spectra of the films were studied using a double beam spectrophotometer in the
wavelength range at 300-900 nm. Optical band gap value of the films was determined from the
transmittance spectra. The variation of band gap (E,) with composition (x) of the films was in good
agreement with quadratic form giving the bowing parameter (b) =1.85 eV. From the transient
photoconductivity measurements, persistent photoconductivity (PPC) behavior was observed. The
decay current data were better fitted with the multiple exponential functions resulting into five slow
decay times. The longest carrier lifetime around 6,000 s was observed in the films with x = 0.8. Density

of trap states corresponding to its decay time was also evaluated from the decay current data.

Keywords: CdS Te,  Thin films, Thermal evaporation, XRD, Persistent photoconductivity
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INTRODUCTION

In the past years CdS/CdTe heterostructure has been regarded as one of the most promising
structure for high efficiency and low cost solar cells. Theoretical calculations suggest a maximum
efficiency around 30 % in CdTe based solar cell (Morales-Acevedo, 2006; Santana-Aranda and
Melendez-Lira, 2000). An interdiffusion process taking place at the CdS-CdTe interface during the cell
production has been pointed out as one of the efficiency limiting factors. Thus, it is important to have a
full understanding of the properties of such ternary compound CdS Te, . Optical measurements have
repeatedly revealed a reduced response at short wavelength, combined with a slightly extended
response at longer wavelength. This has been explained by the parabolic dependence of the band gap of
CdS,Te,, upon stoichiometry (Lane et al., 2000). The poor short wavelength response being a
consequence of reduced CdS window efficiency caused by Te diffusion and the formation of a discrete
homogencous interfacial layer with a reduced band gap. The slightly extended long wavelength
response was believed to be caused by S diffusion into the CdTe and the formation of a layer with a
smaller band gap than CdTe. In this study, we prepared CdS Te,  thin films of the whole range of
composition (x) by a single source thermal evaporation in vacuum. The structural, optical and electrical
properties were investigated. The crystal structure of the films was analyzed by XRD. Surface
morphology was observed by SEM. The optical transmission spectra were obtained with UV-VIS
spectrophotometer in the wavelength range 300-900 nm. The band gap values of CdS Te,_ films were
been evaluated from the spectral transmission data. In addition, the transient photoconductivity
measurements were also investigated using halogen lamp as a light source. We have studied these alloy
films in order to improve the photovoltaic (PV) performance.

MATERIAL AND METHODS

CdS,Te,, thin films were deposited on slide glass substrate by a single source thermal
evaporation in vacuum better than 5X10° mbar by keeping the substrate temperature at 100°C. CdS
and CdTe starting materials with 99.999 % purity were purchased from Sigma-Aldrich. Calculated,
mixed and ground starting materials together and then pressed in a pellet form with a pressure about 6

GPa was used as the precursors for thermal evaporation in vacuum. The glass slide substrates were
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cleaned with detergent, degreased with trichloroethelenc, acetone, ethanol and rinsed with deionized
water in an ultrasonic cleaner and finally etched in a 10 % HF solution. The crystal structure of these
films was checked by X-ray diffraction technique with a Brucker D 8 diffractometer using CuKy,
radiation. Surface morphology and grain size were revealed in accordance to SEM and AEM. Scanning
Electron Microscope was carried out at acceleration 15kV. The films thickness about 500 nm was
controlled using a crystal thickness monitor (Edwards type FTM6). Optical transmission measurements
were performed with UV-VIS spectrophotometer in the wavelength range of 300-900 nm. The band
gap (E)) of the transparent films was determined by using the equation (OthV)’ = A(hV -E,) where QL
was the absorption cocfficient, A was a constant and hV was the photon energy. The photocurrent of

CdS, Te, , thin films was measured by two probe method using halogen lamp as a light source. Two

silver electrodes with area 0.05 em? was made on the sample surface. Photoconductivity value (O) was

calculated from the relation:

L) ®

where I is photocurrent time dependence, V is applied voltage, / is distance between two electrodes, w
is the width of the films and d is thickness of the films. The sample was connected to the experimental
setup and maintained in darkness under a constant applied bias of 10 V to stabilize the current. After
the stabilization period, the current was recorded in the following sequences: 50 s in darkness, 100 s

under illumination and, finally, 150 s in the darkness.

RESULTS

CdS, Te, , thin films were successfully obtained throughout the composition range (0 <x< l).
Figure 1 shows XRD patterns of CdS,Te,  films with various compositions (x). Figure 2 shows the
variation of lattice constant “a” and “c” of CdS, Te, films. The typical SEM images of CdS, Te,_ thin
films are given in Figure 3. Figure 4 shows three dimensional (3D) AFM images of the films of

different compositions.
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Figure 1. XRD patterns of CdS Te, _ thin films.
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Figure 3. SEM images of CdS Te,__ thin films.

Figure 4. AFM images of CdS_Te,_ thin films.

The plot of percentage of transmittance as a function of the wavelength for CdS Te, _ thin films
with the whole compositions (0 < x < 1) is shown in Figure 5. The spectra showed good transparency
and interference patterns. The absorption edge was gradually shifted to shorter wavelength when
composition (x) increased. The plots of ((lh\/)2 = A(hV - Eg) of the films with different compositions
revealed the straight-line nature indicating that the optical transition in the films was direct allowed

transition and the hV-axis interception resulting the band gap value. The band gap was found to
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decrease from 1.50 eV (corresponding to CdTe) with an increase in S concentration, passing through a
minimum of 1.45 eV for x=0.4 and then increasing to 2.40 ¢V (corresponding to CdS). Figure 6 shows

the composition dependence of band gaps of the films.
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Figure 5. Transmittance of CdS Te,, thin films.
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Figure 6. Variation of band gap of CdS_Te, _ thin films.

The photocurrent of CdS, Te,, thin films for x=0.8 is shown in Figure 7. Under illumination, the
current increased immediately because a lot of carriers were exited by light illumination. After the

llumination period, the persistent photoconductivity (PPC) effect of the films for x=0.8 occurred in
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darkness. The decay of PPC in Figure 7 can be described by multiple exponential functions  ( Jiang et

al., 2011; Yadav et al., 2010) as

Ip =lgak + (Lp — Lgark )Z exp( —ti_) 2

1
where I3, 4 is the current measured in darkness, I is the PPC buildup level near the moment of light

excitation being removed, T is the PPC decay time. The normalized decay current in darkness as shown
in Fiure 8, which follows the illumination period, indicates the persistent of charge carrier traps in the
films (Arslan et al., 2008). In Figure 8 the dash line is the measured data and the solid line is the least
squares fit data by the multiple exponential functions as described above. According to the function of
fitting curve in Figure 8 we calculated that the five T values were 4.49, 24.60, 751.87, 1879.34 and
5963.02 s. Method for calculating the trap densities corresponding to the PPC decay constant was

reported in the literatures (Huang and Lin, 2011; Gu et al., 2005; Studenikin et al., 1998). The

4 14

and 1.41X10 cm2.

14 14

14 1
corresponding trap densities were 7.68X10 ,2.47X10 , 1.68X10 , 1.47X10

Figure 9 shows the decay time of CdS Te,  thin films for x=0.8 performed at different
temperatures. As Io /(Tp = Lygi )= 1/e5 the corresponding t in equation (3) is equal to time constant (T).
The T is dependent on temperature. This behavior can be explained as the probability of the thermal
activation of the localized carriers to overcome the potential barrier increases by way of increasing
temperature. The potential barrier can be estimated from the temperature dependence of the time

constant (Arslan et al., 2008) as following relation

T=1( exp( E]f‘ ) (€)

where T, is the high temperature limit of the time constant and E, is the activation energy for the
thermal capture of an electron at its trap energy level. Figure 10 shows the plot of In T versus 1000/T
on the temperature dependence of PPC decay time. The linear fit in Figure 10 provides the activation

energy of electron trapping center about 15 meV.
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DISCUSSION

For x<0.2, XRD revealed that CdS Te,_ thin films exhibited the cubic zincblende structure with
the preferred orientation of (111) plane. However, for x = 0.8, they existed in the hexagonal wurtzite
structure with the preferred orientation of (002) plane. For the composition 0.2 < x < 0.6, the cubic
and the hexagonal phases were found to coexist in the system and the films became less preferentially
oriented. Coexistence of cubic phase and hexagonal phase often occurring in the films with
composition (x) in the range 0.2-0.8 was reported (Al-Shakarchi, 2010; Wood et al., 1998: El-Nahaas
et al., 2007). Increasing in composition (x), the strongest peak intensity shifted to a higher 20 value.
This is in fact due to the partial replacement of Te atom by S atoms indicating to reduce in lattice
constant. Then, lattice constant “a” and “c” varies linearly in accordance with Vegard’s law

corresponding to the carlier report (El-Nahaas ct al., 2007).

From SEM micrographs, the average grain size of CdS, Te,, thin films increased by increasing in
composition (x). AFM image of the films with composition x = 0 showed the polycrystalline character
with pyramidal shaped crystallites, typical of cubic crystallites oriented in (111) plane. The grain size
increased from 100 nm to 250 nm as the value of x increased from 0 to 1. As composition (x) increased
up to 0.4, the coexistence of flattening and pyramidal shaped crystallites was observed. It may be
confirmed the mixed phases investigated by the XRD resuls. Then, a well-defined prism geometry was
observed when x=1. The surface roughness was found to decrease from 5.25 nm (for x = 0) to 3.24 nm
(for x = 0.4) and then, increased to 6.53 nm (for x=1). The variation of the direct band gap E, (x) with

composition (x) of the films is expressed conventionally as a quadratic form (Hadrich et al., 2009;

Adachi, 2009; Lane, 2006):

Eg(x) =E4(CdTe )+ (E,(CdS )-E,(CdTe )-b)x+bx2 (4

where b is the direct band gap bowing parameter, E, of CdS = 2.40 ¢V and E, of CdTe = 1.50 eV,

respectively, corresponding to bulk semiconductors. The bowing parameter b=1.85 indicates an
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upwards bowing of the band gap, as in good agreement with the value reported elsewhere (Adachi,
2009; Lane, 2006).

The persistent photoconductivity (PPC) effect was observed in several materials such as SnS
(Jiang et al., 2011), Cu,ZnSnS, (Jiang et al., 2012), AlGaN (Arslan et al., 2008) and ZnO (Yadev et al.,
2010). The origin of PPC can be explained that the photo-excited carriers were trapped and spatially
separated by local potential barriers which inhibited the recombination of free carriers. The holes
captured in hole trap levels and the electron captured in electron trap levels cannot be relecased
immediately, the excess carriers should stay in both conduction band and valence band in order to keep
clectric neutrality. The recombination excess carricrs consists two processeé: recombination via
electron and/or hole traps (assigned to process A) and direct recombination between conduction band
and valence band (assigned to process B). The recombination time of process B is very short and the
time of process A is relatively long, so the direct recombination (process B) must undergo a long time.

The long time existence of excess carriers gives rise to PPC effect.

The decay time of CdS, Te,_ thin films for x=0.8 performed at different temperatures leads to
obtain time constant (T) which is dependent on temperature. This behavior can be explained as the
probability of the thermal activation of the localized carriers to overcome the potential barrier increases
by way of increasing temperature. The activation energy of electron trapping center about 15 meV was

obtained.

In conclusion, CdS Te, thin films were successfully prepared by single source thermal
evaporation method using powder of pure CdS and CdTe compounds pressed in pellet form. The single
phase with composition x<0.2 (CdTe-like) and x >> 0.8 (CdS-like) were obtained. Sample with nominal
composition different of the above mentioned range presented both cubic and hexagonal phases. The
optical transition in CdeTel_x thin films was found to be allowed and direct transition. The variation of
band gap (E,) with composition (x) of the films is in good agreement with quadratic form giving the
bowing parameter (b) = 1.85 eV. The decay current data were better fitted with the multiple
exponential functions. Five slow decay times and five trap densitics values were obtained. The

activation energy of electron trapping center about 15 meV was observed.
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The future directions for our research aim at clarifying the behavior of cubic and hexagonal

coexistence phases in CdS Te, _ thin films by TEM.
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6.2 FUNANUITONOYIZNT9MIAUTUMT “Physical Properties of CdS Te, Thin Films

b4
Prepared by Close Spaced Sublimation Method” A41I51082100AA 914

Abstract. CdS Te,_ (0 < x < 1) thin films were prepared on clear quartz glass substrate by close
spaced sublimation method using stoichiometric mixed powder of pure CdS and CdTe compounds.
Crystal structure of CdS, Te, thin films was cubic structure with a preferential orientation of (111)
plane when the S mole ratio less than 0.2. However, For the composition 0.2 < x < 0.8, the cubic and
the hexagonal phases were found to coexist in the system and the films became less preferentially
oriented whereas CdS thin films formed in the hexagonal phase with a preferential orientation of (002)
plane. SEM micrographs showed the grain size decreased when the S content increased. As the S
content increased, the energy gap value of CdS, Te,_, thin films varied from 1.48 eV (for CdTe) to 2.25
eV (for CdS). Dark electrical sheet resistance of CdS, Te,, thin films decreased as a function of S
content to minimum value about 2.24X10’ Q/sq for x=0.8 and then slightly increased to 4.13X10’
Q/sq for x=1.0. From the transient photoconductivity measurements, the highest photosensitivity

value about 60.0 was obtained for the films with x = 0.8.

Keywords: CdS Te,__ thin films, close spaced sublimation, XRD, photosensitivity

Introduction

In the past years CdS/CdTe heterostructure has been regarded as one of the most promising structure
for high efficiency and low cost solar cells. Theoretical calculations suggest a maximum efficiency
around 30 % in CdTe based solar cell [1]. An inter-diffusion process taking place at the CdS-CdTe
interface during the cell production has been pointed out as one of the efficiency limiting factors. Thus,
it is important to have a full understanding of the properties of such ternary compound CdS Te,_. In
this study, we prepared CdS Te, _ thin films of the whole range of composition (x) by close spaced
sublimation method. The structural, optical and electrical properties were investigated. In addition,

photosensitivity of the films was evaluated from the transient photoconductivity measurements.
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Material and Methods

CdS,Te,  thin films were prepared on clear quartz glass substrate by close spaced sublimation method
using a home-made apparatus. The reaction chamber consists of fused quar(z tube with a flange,
mounted on a based plate 44 mm in diameter and 500 mm in length. The growth assembly contained
two graphite blocks 30X70X30 mms, with the precursor and substrate sandwiched between the two
blocks, separated by spacer. The pressure of the chamber about 2.0X 10~ mbar was monitored by pirani
gauge. The two graphite blocks were heated by radiation from two halogen lamps connected in parallel
outside the chamber to give the maximum rate power output of 3 kW. For CdTe thin films growth
condition, source temperature and quartz glass substrate temperature were 550 and 450°C, respectively.
In all solid solution films and CdS thin films, source temperature and quartz glass substrate temperature
were fixed at 700 and 600°C, respectively. The structural properties of the films were determined by X-
ray diffraction using a Bruker D8 advance with CuK radiation. Grain size and surface morphology
were revealed in accordance to scanning electron microscopy (SEM). The optical transmission spectra
were measured with a UV-VIS spectrophotometer in the 400-1000 nm wavelength range. The energy
gap value was deduced from the optical transmission spectra. The photocurrent of CdS Te,  thin films
was measured by two probe method using halogen lamp as a light source. Photosensitivity (S) was

calculated from the following relation:

where I, is photocurrent and 1, is dark current. After the stabilization period, the current was recorded

in darkness and under white light illumination with time interval fixed at 30 s.

Results and Discussion

Fig. 1 shows XRD patterns of CdS, Te,, thin films with the whole compositions (x). For x<0.2, XRD
revealed that the films exhibited the cubic structure with the preferential orientation of (111) plane.
However, for x > 0.8, they exhibited the hexagonal structure with a preferential orientation of (002)
plane. For the composition 0.2 < x < .8, the cubic and the hexagonal structures were found to
coexist in the system and the films became less preferentially oriented. Coexistence of the cubic phase
and the hexagonal phase often occurring in the films with composition (x) in the range 0.2-0.8 was

reported [2]. The diffraction angle of (111) plane shifted towards higher 20 values with an increase in



117

S content. This behavior was also observed on the one of (002) plane which suggested that the lattice
parameters of unit cell decreased. At compositions where both crystal structures are present, the basal
plane spacing is the same for the hexagonal (002) and cubic (111) planes. The equivalent hexagonal
lattice parameters could be defined for cubic type and a, and ¢, calculated for all compositions in the
manner previously reported [3]. As the composition (x) increased, the lattice parameters of CdS, Te,_
films changed almost linearly from those of CdTe phase to those of CdS phase (as shown in F ig. 2).
SEM micrographs of CdS Te, thin films of different compositions are shown in Fig. 3. From the

surface view, it can be seen that the grain size decreased as the composition (x) increased.
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Fig. 1 XRD patterns of CdS Te, . films. Fig. 2 Variation of lattice parameters of
X X

CdS Te, _films.

Transmission spectrum of the films for x=0.8, as shown in Fig. 4, revealed a sharp fall of the
transmittance at band edge which was an indication of the good crystallinity of the films. From Fig. 5,
the plot of (QLhV)’ = A(hV-E) of the films with x=0.8 revealed the straight-line nature indicating that
the optical transition in the films was direct allowed transition and the hV-axis interception resulting
the band gap value about 1.47 eV. Fig. 6 shows the composition dependence of band gaps of CdS Te,
thin films. The band gap was found to decrease from 1.48 eV (corresponding to CdTe) with an increase
in S concentration, passing through a minimum of 1.40 eV for x=0.2 and then increasing to 2.25 eV
(corresponding to CdS). From Fig. 7, dark electrical sheet resistance of CdS Te,, thin films decreased

as a function of S content to minimum value about 2.24X10’ Q/sq for x=0.8 and then slightly

increased to 4.13X10’ Q/sq for x=1.0.
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Fig. 3 SEM images of CdS, Te,_ films.
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Photocurrent response of CdS Te,_ thin films under multiple on/off white light illumination cycles was
performed in ambient air. Three repeated cycles are shown in Fig. 8, in which the photocurrent was

observed to be consistent and repeatable with the rising time and decay time are both approximately 1
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s, indicating rapid photoresponse characteristics. Fig. 9 shows the photosensitivity of CdS Te,_ thin

films with different compositions. A maximum value about 60.0 was observed on the films for x=0.8.
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CdS Te,, films.

Summary

CdS,Te,, thin films were prepared by close spaced sublimation method using stoichiometric mixed
powder of pure CdS and CdTe compounds. Crystal structure and surface morphology were examined
by XRD and SEM, respectively. The single phase with composition x<0.2 (CdTe-like) and x > 0.8
(CdS-like) were obtained. Sample with nominal composition different of the above mentioned range
presented both cubic and hexagonal phascs. The optical transition in CdS, Te,_ thin films was found to
be allowed and direct transition. A maximum photosensitivity value around 60.0 was observed in the
films with x=0.8. Since the sheet resistance of CdS,Te,., thin films in our work is high, it is necessary

to reduce its value. So, Thermal treatments incorporated with CdCl, will be plan in the near future.

Acknowledgments

This work is supported by King Mongkut’s Institute of Technology Ladkrabang under grant number

Al18-59-038.



120

References

[1] A. Morales-Acevedo: Sol. Energy & Sol. Cells Vol. 90(15) (2006), p. 2213.
[2] M.M. El- Nahass, M.M. Sallam, M.A. Afifi, and I.T. Zedan: Mater. Res. Bull. Vol. 42 (2007),

p.371.
[3] J.H. Lee, W.C. Song, J.S. Yi, K.J. Yang, W.D. Han and J. Hwang: Thin Solid Films Vol. 431-432

(2003), p. 349.



1@Na13591999

Abelas, F. 1972. Optical of Solids, pp. 23-44. North-Holland, London.

Adachi, S. 2005. Properties of Group IV, III-V and II-VI Semiconducting, John Wiley & Sons,
Ltd.

Adachi, S. 2009. Properties of Semiconducting Alloys Group IV, III-V and II-VI
Semiconducting, John Wiley & Sons, Ltd.

Al-Shakarchi, E.K. 2010. Phase Transformation of a CdTe, S, Thin Film under an Annealing
Process. J. Korean Phys. Soc. 57(6): 1421-1425.

Baccarani, G. and Ricco, B. 1978. Transport Properties of Polycrystalline Silicon Films. J. Appl.
Phys. 49(11), 5565-5570.
Bonnet, D. and Rabenhorst, H. 1972. New Results on the Development of a Thin Film p-CdTe—
n-CdS Heterojunction Solar Cell. Proceedings of the 9" IEEE Photovoltaic Specialists
Conference, Silver Springs, 1972, pp. 129-131.
Cullity, B.D. 1956. Elements of X-rays Diffraction. Addison-Wesley Publishing Company Inc.;
pp 9-14.
Dhere, R., Wu, X., Albin, D., Perkins, C., Moutinho, H. and Gessert, T. 2002. Formation and
Characterization of CdS, Te,  Alloys Prepared From Thin Film Couples of CdS and CdTe.
29" IEEE PV Specialists Conf., May 20-24 2002, New Oreals, Louisiana, pp. 484-487.

Duenow, J.N., Dhere, R.G., Moutinho, H.R., To, B., Pankow, J.W., Kuciauskas, D.,
Gessert, T.A. CdS Te, Alloying in CdS/CdTe Solar Cells. In Proceedings of the
2011 Materials Research Society Spring Meeting, San Francisco, CA, USA, 25-29
April 2011: 1-6.

Gaewdang, T., Wongcharoen, Ng., Bunkua, W., Thaisatuen, Wongcharoen, T.,and Poo-Rakkiat,
C. 2011. Effect of Ramp Time of Close Spaced Sublimation on Physical Properties of
CdTe Thin Films. Siam Physics Congress SPC. Ambassador City Jomtien Hotel, Pattaya,
23 March 23-26.

Garadkar, K.M., Hankare, P.P. and Patil R.K. 1999. Effect of Indium Doping on Structural,
Optical and Electrical Properties of Cd, 4,Hg, ;S Thin Films. Mater. Chem. Phys. 58: 64-

70.



122

Gessert, T.A., Wei, S.H., Ma, J., Albin, D.S., Dhere, R.G., Duenow, J.N., Kuciauskas, D.,
Kanevce, A., Barnes, T.M., Burst, J.M., Rance, W.L., Reese, M.O., Moutinho, H.R. 2013.
Research Strategies Toward Improving Thin-Film CdTe Photovoltaic Devices Beyond 20
% Conversion Efficiency. Sol. Energy Mater. Sol. Cells. 119: 149-155.

Gillmore, A.S. 2000. Studies of the Basic Electronic Properties of CdTe and CdS Thin Films and

CdTe/CdS Solar Cells. Thesis Proposal Colorado School of Mines.

Gordillo, G. and Romero, E. 2005. Structural Characterization of Thin Films Based on II-VI
Ternary Compounds Deposited by Evaporation. Thin Solid Films. 484: 352-357.

Green, M.A., Emery, K. Hishikawa, Y., Warta, W. Dunlop, E.D. 2015. Solar Cell Efficiency
Tables (Version 46). Prog. Photovolt: Res. Appl. 23: 805-812.

Gu, G., Kane, M.G., Doty, J.E., Firester, A.H. 2005. Electron Traps and Hysteresis in Pentacene-
Based Organic Thin Films Transistors. Appl. Phys. Lett. 87: 243512-1-243512-3.

Gunal, I. and Parlark, M. 1997. Current Transport Mechanisms in Low Resistive CdS Thin Films,
J. Mater. Sci. Master. Elec. 8: 9-13.

Guo, L., Wang, X, Feng, L. Zheng, X. and Chen, G. 2013. Temperature Sensitive
Photoconductivity Observed in InN Layers. Appl. Phys. Lett. 102: 072103-1- 072103-3.

Harris, N.S. 1989. Modern Vacuum Practice. London: Mc Graw-Hill.; pp.71-73, 76-77, 114, 118-
120.

Huang, B.C. and Lin, YJ. 2011. Effect of The Induced Electron Traps By Oxygen Plasma
Treatment on Transfer Characteristics of Organic Thin Film Transistors. Appl. Phys. Lett.
99: 113301-1-113301-3.

Ikhmayies, S.J. and Ahmad-Bitar, R.N., 2012. CdS]_yTeyThin Films: Production and Bandgap

Investigation. Solar Energy. 86: 2613-2619.
Ikhmayies, S.J. 2016. S-Rich CdS,, Te, Thin Films Produced by the Spray Pyrolysis Technique.
Energies. 9: 234-1-234-19.

Jacome, C., Flrez, M., Gurevich, Y.G., Giraldo, I.. Gordillo. G. 2001. Characterization of
CdS,Te,, Thin Films Through Thermoeclectric Power Measurements. J. Phys. D: Appl.
Phys. 34: 1862-1867.

Jiang, F., Shen, H. and Wang, W. 2012. Optical and Electrical Properties of Cu,ZnSnS, Film

Prepared by Sulfurization Method. J. Elec. Matter. 41(8): 2204-2209.



123

Johnson, C., Lin, J.Y. and Jiang, H.X. 1996. Metastability and Persistent Photoconductivity in
Mg-Doped p-Type GaN. Appl. Phys. Lett. 68(13): 1808-1810.

Kathalingam, A., Kim, M.R., Chae, Y.S., Rhee, J.K., Thanikaikarasan, S., Mahalingam, T. 2010.
Study on Electrodeposited CdSe Te,_, Semiconducting Thin Films. J. Alloys Comp. 505:
758-761.

Kittel, C. 1971. Introduction of Solid State Physics. 4" ed. New York: Jon Wiley & Sons Inc.; pp
4-32, 46-48, 56-60, 364-365, 540-552, 611-612.

Lane, D.W. 2006. A Review of the Optical Band Gap of the Thin Film CdS,Te,_,. Sol. Energy
Mater. Sol. Cells. 90: 1169-1175.

Lin, JH., Zeng, JJ., Su, Y.C. and Lin, Y.J. 2012. Current Transport Mechanism of
Heterojunction Diodes Based on the Reduced Graphene Oxide-Based Polymer Composite
and n-Type Si. Appl. Phys. Lett. 100, 153509-1- 153509-4.

Lee, J.H.; Song, W.C.; Yi, J.S.; Yang, K.J.; Han, W.D. and Hwang, J. 2003. Growth and
Properties of the Cd,_ Zn S Thin Films for Solar Cells Applications. Thin Solid Films. 431-
432:349-353.

McGuire, G.E. 1988. Semiconductor Materials and Process Technology Handbook. Park Ridge,
NIJ: Noyes: pp.340-343, 349.

Moller, H.J. Semiconductors for Solar Cells, Artech House, Inc. 1993.

Murali, K.R. and Palanisamy, T. 2010. Electrical and Optical Properties of Pulse Plated CdS Te,_
Films. Ionics. 16: 613-619.

Murali, K.R., Thirumoorthy, P., Kannan, C., Sengodan, V. 2009. Pulse Plated CdS, Te, , Films
and Their Properties. Solar Encrgy. 83: 14-20.

Ohata, K., Saraie, J. and Tanaka, T., 1973. Some Properties of CdS Te, Alloys, Jpn. J. Appl.
Phys. 12 : 1198-1202.

Ohring, M. 2002. Materials Science of Thin Films Deposition and Structure. 2™ ed. Sandiego,
CA: Academic Press: pp. 58-69, 71, 97-101, 106-109, 118-121.

Pan, G.T., Shen, T.F.R., Lai, M.H., Juang, R.C., Yang, T.C.K. 2011. The Preparation and
Characterization of CdS | Te_ Semiconductor Films for Hydrogen Production by the
Chemical Bath Deposition Method. Sol. Energy Mater. & Sol. Cells. 95: 2524-2530.

Ramaiah, K.S. 1999. Electrical Properties of In Doped CdS Thin Films. J. Mater. Sci. Mater.

Elec. 10: 291-294,



124

Ren, S.T., Zhao, F. and Chen Q. 2012. Slow-Rise and Fast Drop Current Feature of Ultraviolet
Response Spectra for ZnO-Nanowire Film Modulated by Water Molecules. Chin. Phys. B,
21(3), 038104-1- 038140-7.

Runyan, W.R. 1975. Semiconductor Measurement and Instrument. New York: Mc-GrawHill:
Bombary.

Santana-Aranda, M.A., Melendez-Lira, M. and Escobar-Alarcon, L., 2000. Structural and Optical
Characterization of Screen-Printed CdS Te, , Films, Superficies y Vacio, 10: 36-39.
Schroder D.K., 1998. Semiconductor Material and Characterization, 2" ed. New York: John

Wiley & Sons Inc.
Serin, T. Yildiz, A. Sahin, S.H. and Serin, N. 2011. Extraction of Important Electrical Parameters
of CuOQ. Physica B, 406, 575-578.
Seto, J.Y.W. 1975. The Electrical Properties of Polycrystalline Silicon Films. J. Appl. Phys.
46(12), 5247-5254.
Sharma, K. Al-Kabbi, A.S. and Saini, G.S.S. 2012. Electrical Conduction Mechanism in
Nanocrystalline CdTe (nc-CdTe) Thin Films. Appl. Phys. A. 180: 911-920.
Studenikin, S.A., Golego, N. and Cocivera, M. 1998. Optical and Electrical Propertics of
Undoped ZnO Films Grown By Spray Pyrolysis of Zinc Nitrate Solution. J. Appl. Phys.
83(4): 2104-2111.
Wei, K.; Pollak, F.H., Freeouf, J. L., Shvydka, D., Compaan, A. D. 1999. Optical Properties of
CdS, Te, (0=x=<1) Experimental and Modeling J. Appl. Phys. 85(10): 7418-7425.
Wood, D.A., Lane, D.W., Rogers, K.D. and Coath, J.A. 1999. Optical Properties of CdS Te,
Polycrystalline Thin Films. J. Electron. Mater. 28(12): 1403-1408.
Wood, D.A., Rogers, K.D., Lane, D.W., Conibeer, G.J., Parton, D. A 1998. Study of the Phase
Boundaries and Lattice Parameters of the CdS-CdTe Pseudobinary System. J. Mater. Sci.
Lett. 17: 1511-1514.
wilag 2989Tey. 2531 “MsfinysesdeuU Tanz-auIN-as R s yoanolilesauidan
laddlud.” Inenfiwut By umiiudia nndniand sadiainody YMaInTal
UMY

aa a ) =Y

s d a o ¢ = v a " as o = =
JTUHAY WHIATN, TAUY LUNULAL, NHTAL WHITNY Llﬂzﬁiﬂﬁﬂﬁ’ Q‘iﬂ}llﬁﬂiﬂ. 2543. MIATYY

Qs

= s - a & d 3 a a w
uazANMITNIAYEINANLIE Cd, Zn S el szauiduaaduaseriag, 10011350

1 = o @ o
UBRBAMZ NI AAT daniuma Tu Tatnszaeunduimummsaanszals



125

= d d a aa o 9 a ow o d o a o o =
NUUAG WHWIY, FATo unuae uazfiniml 1. 2549, “mailszRnduedyn
o ) ar g.r 1 o = d
pon laaniiodvezaougoeiudmivaa I 1S waweuraduasorfing.”

aw 1 =~ o s ¥
TTIITUIVYLAUDABD AU INYIFITAS ?I'ﬂ’l‘].luﬂ"lﬂTHIQ?JW‘iﬁ]i’Jmﬂﬂ'IL%,’IﬂEN‘YIHH

@

(AR IVEA TR

=

a o = aa o o e d o o
MUUAY ?Qﬁmiﬂj AUy uﬁ"mm HAgNAWIAUY 19BN, 2551. “ﬂ'lﬁ'l.ﬂ%ﬂﬂﬁﬁﬂ‘lj'l\i CdTe Iﬂﬂ

@ ? e ]

LR

=1 = =1 = - = o s d aw
’J‘ﬁﬂ'l'iSZL‘Hﬂfﬂ‘iLﬂMiu‘izﬂ&’ﬂix%ﬂmﬂﬂ‘i&’ﬂﬂﬂﬂuL“h’ﬁml,ﬁdﬂ1ﬂﬂﬂ.” JTINUIVYLAUD

aa

1 = o a = @
AR IMOIMTAT da10uma lu lagnszaeundudigammsmanszii

a o d a aa a 9 =y o o ~ A g a a
NUUAY WHIITY UAZTAUY UNILAL. 2553, “N15U52ANINANI9 CO Tdeale Al dwmdy
g/ 94 U o =N o A ar " = 'd s
12 1 15 swasveumadiaseiag.” TN TIVYAUDADAUL INGITITRS ao11Ty

malulagwszveoundnigunmisaianszas

a d d a aa w 9/ A owa o d a (= a 9/

NUUAY WHIY, FAUY uNWAT uaziniad 293y, 2556 “anuldhuFadunaWih
= 5 ar o o aoar
VOUFTINVBIAIN I I WO, (0.00<x=<0.05) unzasdszend.” 5109133

" = o ar as

I UDABANL NGRS amuumﬂuiaﬁwsz%amnﬁ’uﬁ'mmﬂmsmﬂﬂssm

a o d a aa a 9/ a w T = o o ~

NWUAY WHIITY, FAUY LNAA Az HWTA 21985, 2558, “MTlseAvs NG uinanadioy
Py Sy a a A a oy [ a oA
ma"luﬂmﬂﬂaaazﬂﬂnauLﬂﬂnTﬂmﬁimwﬂmsmm’Jﬂﬂﬂwiﬂu“luﬁzﬂsﬂszmm

o o '3 a A aoa ] =N a Qs
Uszgnatluaaduaioing”, sS109u3soauodonn=Snomdas ao1una Tulad
WIZVOUNAUNINUNYITAIANTZIT

Aaa o 9/ ~ =< ey 2 o o da A ey o

JAUY UNILAL. 2530. “MIMIToNLBZANEITNIAvDIETRad N netnlesow@ey lama Tua»
= = o a @ A o a ar
INYNUT IMNFTATUMINIHNA JWIDINTAUNNIING 1T

aa w = o d a =N = o

FAe udwad wazauiiag MWHITY. 2544, “onmissensumsaoudyr Aanduas

= o a 4 = = o = o ar F=1
malulatveuvaduaso1fing” mainiand ansSnoimiaes aovumnalulad
WIZUNAUTIUNMITAANTZTY
aa o 9 = = o A ~ -4 c’ﬁ ar )
IAUY UNIUAY. 2545, “@na15UsznaunisaouIy Handueaalszaviasnedani”

9

= a o = ar @
MANENT amzTInemans aaniuma luTadwszvoundudnammsaiansaly

w ¥ w o

e a d d o s e d a @ o d a
FAUY UNAUAL, TUUAY NHATY, NNTAU '}le"l]'iﬁy AT YUAIH Qiﬂ'ﬂlﬁﬂiﬁ. 2545.*M3
= = LS ' o A a a
lﬂﬁﬂlll&ﬁ3ﬂ15ﬁﬂﬂ1ﬁﬂﬂﬂ‘ﬂﬂﬂﬂaﬂu‘lﬂ Cdz_er&S Ny Zn !.W@ﬂiﬁﬂyﬁt“b’ﬂﬁllﬁ\'i@?ﬂﬁﬂ.”

a v = o o =
TENUNTUBADAULINOIMAAT dn1Uuma lu Tadnszaeundusinunms

A1ANTZ19

a a w o o

a a d o a @ A Jd 1w = =
AUy !Lﬁ")uﬂ\‘i, TTHUAY WHIATY, NWIAU WHIATN LD YOTIH ﬂ'iﬂ‘}jlﬂﬁluﬂ. 2546. “N13

EY
1 3 o

= o o o a o a w
Uszdbgidaune cd, zos 7 zn Tulfinagedmiumaduasofing s1wau55s

v = < ar o
iueAsAMEINGIMans aniuma luladnszvemnduigummsaanszly



126

an w P a o ¢ a a @ d ¢ A o o A
FAUY LUNWAY, UUAY WHITY HASNNIAY INHIVINY. 2547. “ﬂ'l'i!,ﬂ‘iﬂijﬂaﬂ‘lj'lﬂ CdS o
aas 1 = d ar
ﬁ?ﬂ In Iﬂﬂi:ﬁ!ﬂﬂiu‘i%ﬂﬂ@'ﬂgiy’lﬂ'lﬁ.” TINTHIAVUTUDADAUL INYIAIAAT D 1UN

L= Yy v @
malulasnszaeundusgammisaianszala
aa o v a  d ¢ - a ao d d a a  Jdoy d =
FAUY UNINAY, A WY wazinial WHeTy. 2549, “msilszAngNanuedEyn
o o w & ¥ ' ¢ a o
oon ladndedwozaeuvigesiudmiuiludr Wi T wasveuraduaseriind»

A w ' a 4 LY 9
SeuNsIUeAsAMLINIMaad  anniuma luladwszaeundudnanms

AANTLI
a o d = - Y s ow '3 d o =y o o
NTUUAY WHAIY, TAUY LNILAT LASNNIAY WHITHY. 2550. “ﬂﬁﬂizﬂygﬁauﬂm CUA.IO2
y [~ 2 4 a o aa 1 a o
Lﬁ'ﬂl‘l_lu‘ﬁuﬂﬂﬂﬁul!ﬁ@ﬂf@ﬁ!“ﬁﬁﬂuﬁﬂ@?ﬂﬁEJ.” TIITUIVULT UDADAUL INYIAITR T

aniumaluladnwszeemndudinunmsmanizii

ar

aa 9/ = o =y =Y o =
Fany uAIuAs uaziing K9Sy, 2551, “Maetouiaunis cds TasTeumsazatoms
Y A 2 =\ &g 9 as o o d aw
awldnaululasninerssaugiilumbmsuuasvessaduaoriiad 5109155

v a o s as
ueneAMz INUIaRs danima lulagnszseumndudnumnmsaianszi

ar

aa 9/ = o & A - [ o d A ar ;’,"_. 9 Y
TAUY UAWAT IUUAY WHIRTY UAZ NNIAU WIHITRY. 2552. “m'swmuwﬂﬂﬂmmwm
o = [=Y J aoa ' = o
Euaawaaumammﬁ%mﬁanma CdS/CdTe.” 310NUIVUTUDADAUL INGIATAAS

anniuna TuTadwszvoundudnammsainszi

s 4

aa < f o o' o B\ g S ¢ a a o 9/
IAUY UNUAYL, MIWUAY NPAIY BASANTAY WHITY. 2554 “n1silszangan Tuil
ar = = ar & a o a o aw
ﬁ"]‘l.l'}’iﬁ\ﬂ"]fuﬂrlﬂllﬁlﬂH]xﬁﬂﬂ'ﬂl"b"ﬁaliﬂﬂ@'lﬂﬂﬂ‘lfﬂﬂﬁ'ﬂllﬂ'l\? CdS/CdTe.” 18049147298

A = o ar a
iAuaRDANL INGIMNAAS Fo1umaluladwszsomndusnanmsananszfa

ar Y

aa = o d A a a d d = a o
IAUY LUNIAT ITUURAY WHIITY LAY NWIaY WHIIY. 2557, “ﬂT‘iﬂﬁgﬂ‘ngﬁZﬂTiﬁﬂH'l
wy 3 o od oA 3 T an a o a o 3
ﬂll'l}ﬂ“llﬂ\?i“lfﬁﬁ&!ﬁ\iﬂ'lﬂﬂﬂ‘ﬁﬂﬂﬁﬁl!ﬂ'lQi@ﬂﬂﬂ?')'ﬁwuﬁ CdS/CuO.” 518911 18IHEUDAD

a o a ar
AUZIMMAAT da1tiuma lulagwszaeundusnunmisaianseais

Aa o ke, Rt ¢ a a o o'V o a & e = a
Uy iLf’{'JLtﬂQ, VUUAY INHLITY, T'IW'J"FI'J WNHIATY UDY FOaIH ﬂ?ﬂgiﬂﬁluﬂ. 2558.°M13

U
& o

=) o = e = 4 = o a & o
ey 119 Cuo TauTtsueniinddeailanesunollssavsilumaduaseiindyiia

1 an o d a ' a o ar =
I0UADTIITWUT CdS/Cu0.” WU TUIFADAUSINYIFIANS f’l'ﬂ'l‘]_l‘ulﬂﬂiuiﬁﬂ‘

WIzIBUINAUTIRUNHITAIANTELI



dy I dl Y o U 14 ﬁl = 1 gj 1 Y o ¥ € Y ¥
wnanstluenasianulidmsunisldnuienisfinwisinnu ldeygnlriluldusslevisunisen

ludnsallagrsau Snvivhudilvidauwdasilon uavdesgdadadivedenarsynasaninisiiluly



128

2

5 o d
VBYaN QY UUHUBIFIABNYUBI CdTe

Wldanasgu JCPDS No.15-770

Pattern : 15-770 Radiation = 1.540600 Quality : Indexed
CdTe 2th i h k 1
23.759 100 1 1 1
39312 &0 2 2 ]
Cadmium Tellurnde 46.434 30 3 1 1
56.821 6 4 0 o]
62353 10 3 3 1
71.216 10 4 2 2
76.300 4 5 1 1
£4.469 2 4 4 Qo
Lattice : Face-centered cubic Mol. weight = 24001 89.412 4 5 3 1
97.442 4 6 2 0
S.G.: F-43m (216) Volume [CD] = 27222 102.400 2 5 3 3
110.837 1 4 4 4
a= 648100 Dx = 5856 116.146 2 5 & i
125:593 4 <] 3 2
131.817 B 7 3 1

Z= 4 Wleor = 650

COLOR : Black

SAMPLE SOURCE OR LOCALITY : Sample was obtained from
Semi-Eleraents Inc.. Saxonburg. Pennsylvama, USA.

ANALYSIS : Spectrographic analysis: 0.01-0.1% Si: 0.0001-0.001% each of
Ba. Fe and Pb

TEMP. OF DATA COLLECTION : Pattern taken at 25 C

CAS. 1306-25-8

“Natl. Bur. Stand. (U.S.) Monogr. 25, volume 3. page 21, (1964) primary

reference
Radiation : CuKal Filter : Beta
Lambda : 1.54050 d-sp : Nolgiven

SS/FOM : F15=31{0.0230.21} Internal standard : ‘W




129

v

1 s d
VBYaM AL NVUVBITIdONT VDI CdS

IWlanasgu JCPDS No.77-2306

Pattern : 77-2306 Radiation = 1.540600 Quality : Calculated
Cds 2th ] h k 1
24837 63 1 0 0
26535 45 0 o 2!
Cadmium Sulfide ! 28216 100 1 g
‘36862 25 1 0 TFi
43.738 43 1 1 0
47891 a1 1.0 3,
50.949 6 2 0 Q
51.890 31 1 1 2 -
Lattice : Hexagonal Mol. weight= 13447 52.866 13 2 o] i)
54.644 2 a 0 4
S.G.: P63nic  (186) Volume [CDJ = 9345 58.354 5 2 0 vis
80.912 2 1 0 4
a= -1.13600 Dx = 4.824 £6.858 12 2 0 3
69.359 8 2 1 0
70.962 9 2 1 1
72472 4 1 1 4
c= 871300 - 15572 8 1 0 S
75.689 5 2 1 2
Z= 2 Hcor= 7.903 77.956 1 2 0 4.
80.356 4 3 o Q
83.367 10 2 1 3
B6.434 4 b} ] 2
87.021 1 0 4] &

ICSD COLLECTION CODE : 060629

REMARKS FROM ICSD : REM  F Determmation based on medel 1 of
Fakineos, Stevensa

REMARKS FROM ICSD . REM Barnea Aust. J. Phys. 1982.35 415 424.
TEST FROM ICSD : Atleast one TF missing

“Calculated from ICSD using POWD-12++, (1897) primary reference
*Acta Crystallogr.. Sec. 8 Siructural Science. volume 40, page 521.{1084)

Stevenson. A W., Milanko. \1.. Barnea, Z

Radiation : CuKal Filter : Mot specihed

Lambda: 1 51060 d-sp : Calculated s
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