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a b s t r a c t

CdS layers grown by ‘dry’ (close space sublimation) and ‘wet’ (chemical bath deposition) methods are
deposited and analyzed. CdS prepared with close space sublimation (CSS) has better crystal quality, elec-
trical and optical properties than that prepared with chemical bath deposition (CBD). The performance
of CdTe solar cell based on the CSS CdS layer has higher efficiency than that based on CBD CdS layer.
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However, the CSS CdS suffers from the pinholes. And consequently it is necessary to prepare a 150 nm
thin film for CdTe/CdS solar cell. To improve the performance of CdS/CdTe solar cells, a thin multilayer
structure of CdS layer (∼80 nm) is applied, which is composed of a bottom layer (CSS CdS) and a top layer
(CBD CdS). That bi-layer film can allow more photons to pass through it and significantly improve the
short circuit current of the CdS/CdTe solar cells.
SS
ultilayer CdS

. Introduction

CdS is one of the group II–VI compound semiconductors with
direct optical band gap of 2.42 eV, used as a suitable window

ayer for CdTe based photovoltaic devices [1]. The CdS/CdTe con-
act is the energy converting interface in the CdTe solar cell [2,3].
he electrical and the structural properties of the CdS layers can
nfluence the characteristics of CdS/CdTe heterojunction interface
nd consequently the performance of the whole cells [4]. The study
f CdS/CdTe interface is necessary and important [5,6].

Chemical bath plating is in most widespread use. It is a wet
hemical method based on the slow, controlled decomposition of
hiourea in alkaline solution and the presence of Cd2+ ions [7–9].
6.5% efficiency of CdS/CdTe solar cell was achieved by NREL with
BD CdS [10]. Although CBD CdS films have high photoconductiv-

ty and morphological properties, they tend to form the cubic phase
nd thus poor crystalline quality [11,12]. Close space sublimation
CSS) is another popular way to deposit CdS films, which is easy
o get higher quality crystal with higher substrate temperature and
ess impurity in the films [13,14]. Also CSS is a relatively inexpensive

echnique for deposition of polycrystalline thin film due to simple
onfiguration [15].

The performance of CdTe solar cells is strongly limited by the
hickness of CdS [16,17]. Though higher short circuit current can be
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achieved by reducing the CdS thickness directly, it usually severely
reduces device open circuit voltage and fill factor because single
thin CSS CdS films suffer from pinholes and shorts among grain
boundaries. Ideally, the CdS films should be thin enough to allow
high transmission and uniform to avoid short circuit effects [9]. This
requirement can be obtained with multilayer CdS [18]. The second
layer (CBD CdS) is composed of small grains and is expected to fill
the pinholes. The multilayer CdS film is more compact and uniform
than a single CSS CdS layer.

In this work, multilayer CdS films were prepared as an improve-
ment of the window layer. The total thickness of multilayer CdS
is about 80 nm, which can allow more photons to pass through
it and contribute to the photocurrent. CdS films were deposited
by the CBD and CSS methods. Chemical, electronic, morphological
and optical properties were investigated using X-ray photoelec-
tron spectroscopy (XPS), X-ray diffraction (XRD), atomic force
microscopy (AFM) and UV–vis spectroscopy.

2. Experimental

The substrates were 2 × 2 cm2 soda lime glasses coated with ITO. The substrates
were cleaned in the isopropanol and DI-water respectively for 20 min with ultra-
sonic. Then they were dried out by nitrogen. The CSS CdS film was prepared in
vacuum chamber. The vacuum of the system for close space sublimate method was
below 1 × 10−7 mbar. The source temperature was 680 ◦C and the substrate was kept

at 520 ◦C. A standard CSS CdS film (sample A) was deposited for 2 min, which was
150 nm thick. A standard CBD CdS film (sample B) was prepared in liquid chemi-
cal solution, which contained 1.5 × 10−3 mol/L cadmium acetate and 5 × 10−2 mol/L
thiourea. Ammonia was employed to adjust the solution pH to 11 at room tem-
perature. The bath temperature was kept constant at 75 ◦C for a deposition time
of 60 min. The thickness of the standard CBD CdS film was around 150 nm. Sample

ghts reserved.
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Table 1
The RMS of different CdS films: sample A, standard CSS CdS; sample B, standard CBD
CdS; sample C, thin CSS CdS (60 nm); sample D, multilayer CdS (80 nm).
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Fig. 1. AFM of different CdS films: sample A, standard CSS CdS; sample B, standard
CBD CdS; sample C, thin CSS CdS (60 nm); sample D, multilayer CdS (80 nm).
Sample A Sample B Sample C Sample D

RMS/nm 10.4 4.0 4.9 3.4

was deposited for 50 s with standard CSS process and the thickness was around
0 nm. Sample D was prepared with first standard CSS CdS process but reduced
eposition time (50 s) and an additional standard chemical bath CdS layer as sample
. The reaction of the second course was kept at 75 ◦C for 10 min. The total thickness
f the multilayer CdS film (sample D) was around 80 nm.

With all CdS films complete CdTe/CdS solar cell devices were fabricated. A 5 �m
dTe layer was deposited by close space sublimation at source and substrate tem-
eratures of 600 ◦C and 520 ◦C respectively. This was followed by an ex situ CdCl2
reatment, NP etching and gold back contact deposition. Finally the 2 × 2 cm2 coated
lass sheets were scribed with stainless steel needles into cells of 5 × 5 mm2 dimen-
ion.

Morphological properties of the samples were obtained by atomic force micro-
cope using an AC mode (Asylum research MFP-3D). Optical properties were
nalyzed by UV–vis–IR transmittance (Perkin-Elmer Lambda 900). The crystal-
ographic structure of the film was studied by X-ray diffraction (Rigaku). X-ray
hotoelectron spectroscopy (XPS) studies have been performed using an Escalab 250
pectrometer with a monochromatized Al anode X-ray source (h� = 1486.6 eV). Per-
ormances of CdTe/CdS solar cells were characterised by J–V curve. The cell efficiency
as measured under AM1.5 (100 mW/cm2) illumination using a solar simulator.

. Results and discussion

.1. Morphology and structure

Table 1 shows the roughness of sample A (standard CSS CdS),
ample B (standard CBD CdS), sample C (thin CSS CdS) and sample

(multilayer CdS). From AFM images (shown in Fig. 1), the grain
izes of sample A are much larger than sample B. The crystal qual-
ty of CSS CdS is better than that of CBD CdS film. However, more
racks among grain boundaries are found in the 3D picture of sam-
le A. These are evidently the reason that the 150 nm thickness is
ecessary for CSS CdS layer. The grain sizes of sample C are smaller
han that of sample A due to the less thickness. With the second
BD CdS layer (sample D) on top, which has a small grain size, no
inholes and cracks among grain boundaries are observed in the
ultilayer CdS. The surface is smoother than that of a single CSS

dS layer. As a window layer, the multilayer CdS is free of holes
ith a uniform grain size distribution which has a positive effect

n the performance of the final device.
Fig. 2 shows XRD patterns for deposited standard CSS and

BD films respectively. The identification and assignment of the
bserved diffraction patterns are made using the JPDS data. The
eflexes (1 0 2) at 36.6◦ and (1 0 3) at 47.9◦ belong to the hexago-
al phase of CdS and appear only in the diffractogram of sample A
CSS CdS). That indicates CSS CdS is composed of stable hexagonal
tructure. The reflexes (2 2 0) at 44.2◦ in the sample B indicate that
he CBD CdS layer has a structure mixed with the hexagonal and
ubic phases, which is metastable compared with CSS CdS films. A
arrower main peak (0 0 2) width of sample A is associated with a

arger grain size than sample B, which is also shown in AFM pictures
Fig. 1).

.2. Optical property

The optical transmittance spectra of different CdS films are
hown in Fig. 3. The absorption edge of sample A is in the range from

00 nm to 520 nm, which is sharper than that of sample B in the
ange from 480 nm to 550 nm. The sharper absorption edge indi-
ates that the CSS CdS film has better crystallinity than that of CBD
dS. Also this analysis indicates fewer defects and impurity energy

evels in the CSS CdS film. The band gap (Eg) values can be calcu-
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Fig. 2. XRD patterns for CSS and CBD CdS films: sample A, standard CSS CdS; sample
B, standard CBD CdS.

100

90

80

70

60

50

40

30

20

10

T
ra

ns
m

itt
an

ce
 [%

]

Wavelength [nm]

 sampleA
 sampleB
 sampleC
 sampleD

F
C
m

l
b
t
p
t
C
p
t
n

F
s

165 164 163 162 161 160

S2p

sample B

sample A

408 407 406 405 404

Cd3d 5/2

In
te

ns
ity

 [a
rb

.u
ni

ts
]

ig. 3. Optical transmittance spectra for different CdS films: sample A, standard
SS CdS; sample B, standard CBD CdS; sample C, thin CSS CdS (60 nm); sample D,
ultilayer CdS (80 nm).

ated by plotting (˛h�)2 against h� of the graph at the beginning of
and to band absorption and taking the intersection of the tangent
o the (˛h�)2 axis (shown in Fig. 4): Eg (sample A) = 2.42 eV, Eg (sam-
le B) = 2.38 eV. Due to better crystal quality and larger grain sizes,

he band gap of the CSS CdS film has almost the same value as bulk
dS, which can allow more photons in the short wavelength range
ass through the layer. However, the thickness of sample A is not
hin enough as a window layer of CdTe solar cell. From Fig. 3, thin-
er CdS layer, sample C (60 nm) and sample D (80 nm) has higher
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ig. 4. Band gaps of different CdS films: sample A, standard CSS CdS; sample B,
tandard CBD CdS.
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Fig. 5. X-ray photoelectron spectra of Cd3d5/2 and S2p core levels: sample A, stan-
dard CSS CdS; sample B, standard CBD CdS.

transmission at energies above Eg than sample A (150 nm) due to
the less film thickness. Thereby more photons of the short wave-
length range can pass through the window layer and contribute to
the photocurrent.

3.3. XPS analysis

Surface electronic properties are analyzed by XPS. XP core
level spectra of Cd3d5/2 and S2p are shown in Fig. 5. Fermi
level positions (EF − EVBM) of different CdS films can be calcu-
lated by subtracting the well known values for the difference of
the substrate core levels with respect to the valence band maxi-
mum (ECd3d5/2 − EVBM = 403.51 eV, ES2p3/2 − EVBM = 159.97 eV) from
the measured core levels [19]. Table 2 gives binding energy val-
ues and Fermi level positions of sample A and sample B. The Fermi
level of the CSS CdS film is closer to the conduction band than that
of CBD CdS. Higher n-doping of the CdS layer leads to higher posi-
tion of the Fermi level, which results in a higher band bending at
the CdTe side. So the built in potential in the CdTe film is increased
and consequently a higher open circuit voltage can be obtained.
Also higher n-doping of the window layer can extend the deple-
tion width in CdTe layer and increase the photoelectrons collection,
which is benefit for the performance of solar cells.

In Fig. 6, the survey spectra of sample A and B indicate that the
CBD CdS contains oxygen, which may be one reason of the low band
gap of CBD CdS layer [20,21].

3.4. Performance of solar cells

Table 3 shows the performance of the solar cells. Sample D
is the best solar cell of all samples. The short current density is
23.9 mA/cm2, which is significantly higher than the other samples.
The efficiency of sample D achieves 10.1%.

The performance of the solar cell based on the CSS CdS layer is

better than that of CBD CdS layer. One reason of this improvement
is attributed to the higher n-doping CdS layer and consequently
higher built-in potential in the CdTe film. Also a higher n-type dop-
ing CdS can increase the depletion width in the CdTe, which can

Table 2
XP core levels and Fermi levels of different CdS films: sample A, standard CSS CdS;
sample B, standard CBD CdS; sample C, thin CSS CdS (60 nm); sample D, multilayer
CdS (80 nm).

Sample name Cd3d5/2 (eV) S2p3/2 (eV) Fermi level (eV)

Sample A 405.85 162.25 2.34
Sample B 405.72 162.10 2.21
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Fig. 6. X-ray photoelectron survey spectra of different CdS films. Sample A, standard
CSS CdS; sample B, standard CBD CdS.

Table 3
Performances of CdS/CdTe solar cells with different CdS films: sample A, standard
CSS CdS; sample B, standard CBD CdS; sample C, thin CSS CdS (60 nm); sample D,
multilayer CdS (80 nm).

Sample name Voc (mV) Isc (mA/cm2) Fill factor (%) Efficiency (%)

i
t
b
t
C

c
m
t
F
b
w
f
t
i
S
p
i

F
A
s

Sample A 723 21.1 63.0 9.63
Sample B 705 20.5 57.0 8.24
Sample C 465 15.0 37.6 2.62
Sample D 700 23.9 60.0 10.1

ncrease the collection of carriers and consequently higher pho-
ocurrent as indeed observed. Another reason is attributed to the
etter crystal quality and consequently higher optical transmit-
ance and less recombination near the interface between CdTe and
dS.

Due to the lower CdS film thickness, sample C has higher opti-
al transmittance at energies above Eg than the sample A. Thereby
ore photons of the short wavelength range can pass through

he window layer and contribute to the photocurrent. However, in
ig. 7, the J–V curve of sample C shows poor performance. One possi-
le reason may be more shunt paths and shorts due to the thinner
indow layer. Another reason is the inter-diffusion at the inter-

ace between CdTe and CdS. Nonuniform CdS consumption during

he CdTe deposition and activation can result in lateral junction
nhomogeneous, especially for cell structure with thinner CdS films.
ample D has less thickness than sample A, which can allow more
hotons pass through the window layer. With the second layer, it

s more homogeneous and compact than single layer (sample C)
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ig. 7. J–V characteristics of CdS/CdTe solar cells with different CdS films. Sample
, standard CSS CdS; sample B, standard CBD CdS; sample C, thin CSS CdS (60 nm);
ample D, multilayer CdS (80 nm).
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as shown in Fig. 1. The solar cell based on sample D has not only
almost the same open voltage and fill factor as sample A, but also
higher short circuit current. It may be one way to obtain higher
performance of the CdTe solar cell with multilayer CdS films.

4. Conclusion

The CdTe solar cells based on the standard CSS CdS and CBD CdS
films achieves 9.63% and 8.24% efficiency respectively. The stan-
dard CBD CdS layer suffers from poor crystalline quality. The grain
sizes of CBD CdS are smaller than that of CSS CdS film. Due to the
large grain size, the surface roughness of CSS CdS layer is 10.4 nm,
which is rougher than that of CBD CdS (4.0 nm). XRD patterns indi-
cate that the CSS CdS layer is more like a hexagonal structure while
the CBD CdS layer has a structure mixed with cubic and hexagonal
phases. The main peak (0 0 2) of CSS CdS has decreased width due to
larger grain sizes as shown in AFM picture. Optical transmittance
spectrum shows steeper absorption edge, which indicates fewer
defects in the film and better crystalline quality. Optical band gaps
can be obtained from these transmittance spectrums. The band gap
of CSS CdS film is 2.42 eV, the same as bulk CdS, while the band
gap of CBD CdS film is only 2.38 eV. CSS CdS can allow more pho-
tons in the short wavelength range to pass through the window
layer and contribute to the photocurrent. From the Cd and S XP
core levels, the Fermi level in the CSS CdS layer shift towards the
conduction band compared with that in the CBD CdS layer. It can
be deduced that the shift causes a higher band bending in the CdTe
and consequently increases the built-in potential, which is one rea-
son for the higher performance of solar cell based on the CSS CdS
layer.

It is difficult to achieve higher efficiency with the standard CSS
CdS layer due to the thickness. A thin CdS layer can be obtained
by reducing the deposition time. Higher transmission at energies
above Eg is observed in the UV–vis transmittance spectra. However,
the performance of solar cell based on such a thin CdS film is poor
because more shunt paths and shorts in the thin CdS layer. Nonuni-
form CdS consumption during the inter-diffusion at the interface
between CdTe and CdS can cause the junction inhomogeneous,
especially for cell structure with thinner CdS films. In multilayer
structure, the second layer can fill the grain boundaries and make
the film more smooth, homogeneous and compact. This structure
is very effective in the CdTe solar cells and a higher performance is
obtained by this way.
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