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Highly crystalline and transparent CdS films are grown by utilizing the vacuum thermal evaporation (VTE) method.
The structural, surface morphological, and optical properties of the films are studied and compared with those prepared
by chemical bath deposition (CBD). It is found that the films deposited at a high substrate temperature (200 °C) have a
preferential orientation along (002) which is consistent with CBD-grown films. Absorption spectra reveal that the films are
highly transparent and the optical band gap values are found to be in a range of 2.44 eV-2.56 eV. Culn;_,Ga,Se; (CIGS)
solar cells with in-situ VTE-grown CdS films exhibit higher values of V. together with smaller values of Js. than those
from CBD. Eventually the conversion efficiency and fill factor become slightly better than those from the CBD method. Our
work suggests that the in-sifu thermal evaporation method can be a competitive alternative to the CBD method, particularly

in the physical- and vacuum-based CIGS technology.
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1. Introduction

CdS is one of the group II-VI compound semiconduc-
tors with a direct optical band gap of ~ 2.42 eV and can be
used as a suitable window layer for Culn;_,Ga,Se; (CIGS)
based photovoltaic (PV) devices.!'~” Based on CdS films,
a very high efficiency of CIGS thin film solar cell reach-
ing ~ 20.3% has been achieved. The energy opto—electric
converting interface in the CIGS solar cell is of CdS/CIGS
heterostructure. 819 The optical and the structural properties
of the CdS layer can influence the characteristics of CdS/CIGS
heterojunction interface and consequently the performance of
the whole PV cell.l!1-12]

CdS films have been deposited by various methods
such as electro-deposition,['3] molecular beam epitaxy, 4]
physical vapor deposition,!!3] metal-organic chemical vapor
deposition,'®! spray pyrolysis,!!”! and chemical bath depo-
sition (CBD).["® Among these methods, CBD prepared CdS
film is widely used for the window layers in CIGS solar cell
fabrications because of its low cost and good quality.[>!°-21]
Although the CBD process for CdS deposition is very attrac-
tive due to its simplicity and the ability to achieve outstanding
coverage and good crystalline quality, it tends to form the cu-
bic phase with poor crystalline quality and hence additional
annealing process is unavoidable.!?>?3] Besides, CBD is a wet
chemical method, for industrial production, the wet/dry (vac-
uum) process is not conducive to CdS/CIGS heterojunction in-
terface. An in-line vacuum deposition, e.g., the same vacuum
chamber full vacuum dry preparation process, is highly desir-
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able, particularly for physical- and vacuum-based CIGS tech-
nology, for example, magnetron sputtering. To the best of our
knowledge, the vacuum thermal evaporation (VTE) method is
widely used in the preparation of thin film materials because of
its low cost, simple process, large area coating, etc. However,
VTE method preparation of CdS films is rarely reported. 4

In the present work, we use an in-situ vacuum thermal
evaporation (VTE) method to deposit CdS films and investi-
gate their structural, surface morphological, and optical prop-
erties, and compare them with those of the standard CBD-
deposited films. A complete CIGS thin film solar cell de-
vice is prepared in the same vacuum chamber. State-of-the-art
device structures including AZO/ZnO/CdS/CIGS/Mo multi-
layers are fabricated with CdS grown either by in-situ VTE
or by ex-situ CBD and their photo—electric conversion perfor-
mance are measured.

2. Experimental procedure

CdS films were deposited on glass substrates (dimesions
76 mmx25 mmXx 1.4 mm) by employing two deposition tech-
niques: VTE and CBD. The substrates were first cleaned
with trichloroethylene, acetone, and alcohol. Two VTE cop-
per electrodes were incorporated into the vacuum chamber of
a magnetron sputtering system. This allowed the sequential
growth of all necessary layers (AZO/ZnO/CdS/CIGS/Mo) in
a single vacuum growth chamber and without breaking the
vacuum. Tungsten boat was used to evaporate a CdS pow-

*Project supported by the Natural Science Foundation of Shanghai (Grant No. 13ZR1428200).

TCorresponding author. E-mail: anziloveling@126.com
© 2013 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

107803-1


http://dx.doi.org/10.1088/1674-1056/22/10/107803
mailto:anziloveling@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 22, No. 10 (2013) 107803

der source with a purity of 99.995% at a base pressure of
4% 1073 Pa. Three different substrate temperatures, i.e., room
temperature (RT), 100 °C and 200 °C were employed. The
deposition rate was regulated to be 0.2 nm/s~0.4 nm/s. CdS
films samples obtained are denoted as VTE-RT, VTE-100, and
VTE-200. In the CBD method, chromium sulfate, ammonium
chloride, thiourea, and ammonia solution were used to de-
posit CdS films in a chemical bath at a constant temperature
of 85 °C.[25:261 After the growth, CBD-CdS films were fur-
ther annealed at 400 °C for half an hour. Details of the CBD
processes can be found elsewhere.?72° The thickness values
of the standard VTE-CdS and CBD-CdS films are fixed to be
50 nm for all samples.

For the fabrication of the complete CIGS solar device, a
700-nm Mo bottom contact and a 2-pum CIGS absorption layer
were deposited by magnetron sputtering at a substrate temper-
ature of 300 °C. For the growth of CdS window layers, part
of the samples were kept in the same chamber and the CdS
source was heated thermally. For other samples, they were
taken out and immersed into the chemical bath and coated with
CdS films by using the CBD method. All devices were com-
pleted subsequently by rf-magnetron sputtering ZnO/ZnO: Al
transparent bilayers. CIGS battery device samples obtained
are denoted as CIGS-RT, CIGS-100, CIGS-200, and CIGS-
CBD.

X-ray diffraction (XRD) patterns, SEM images and opti-
cal transmission spectra were obtained using an X-ray diffrac-
tometer (PANalytical-PW 340/60 X’pert PRO), a field emis-
sion scanning electron microscope (FESEM) (HITACHI S-
4800), an atomic force microscope (AFM) (Bruker Dimen-
sion ICON), and a PerkinElmer UV-vis—NIR double beam
spectrophotometer (LAMBDA-35), respectively. Transmis-
sion spectra were recorded in a range of 300 nm-1000 nm.
The thickness values of the films were measured by employ-
ing a profilometer (Surftest SJ-301).

3. Results and discussion
3.1. Structural properties

Figure 1(a) shows the XRD spectra of CdS films de-
posited by VTE at different substrate temperatures. For com-

parison, figure 1(b) demonstrates the result from CBD film.
As can be seen from Fig. 1(a), the film grown by VTE at RT
shows the polycrystalline nature, with (100), (002), and (101)
peaks of hexagonal CdS appearing at 24.9063°, 26.6344°, and
28.0447° respectively. As the substrate temperature increases,
the (002) diffraction peak becomes most prominent and the
intensity is also enhanced while the other peaks almost dis-
appear. This implies that the preferential orientation in the
crystalline structure of the VTE films is improved as substrate
temperature increases. The preferred orientation of CdS film
originates from the controlled nucleation process associated
with the low-formation rate of cadmium sulphide.!?>*°! The
high substrate temperature enables the atoms to travel to their
stable locations as desired. " Earlier reports indicated that the
hexagonal phase CdS is superior to the cubic phase CdS and
more suitable as an n-type window layer of CIGS thin film so-
lar cell. 3!l The XRD pattern of the CBD-CdS film (Fig. 1(d))
shows a similar peak at 20 = 26.64°, indicating very small
difference from that of VTE-200. It is noteworthy to point
out that no additional heat treatment was carried out for VTE
films while the CBD films were post-annealed to achieve the
anticipated hexagonal (002) preferential orientation.

The average grain sizes (D) of the CdS films deposited at
different substrate temperatures were calculated using Scher-

rer’s formulal3?!

0.914

~ Bcos®’ M

where A, B, and 6 are X-ray wavelength (1.541), full width
of half maximum (FWHM) of the (002) peak, and the Bragg
diffraction angle, respectively. The average grain size of the
VTE films is found to increase from 45 nm~75 nm with sub-
strate temperature increasing. This suggests that microcrys-
talline grain regrows during the film deposition, improving the
crystallinities of the films. The grain size of CBD-CdS film
estimated from the (002) peak of XRD pattern (Fig. 1(d)) is
~ 50 nm. These calculated results are included and compared
in Table 1.

Table 1. Structural and optical parameters of the CdS films with the values of thickness (¢), full width at half maximum (f3), grain size

(D), and the roughness (R).

Sample t/nm B/1073 rad Diam R/mm (from AFM)
XRD SEM AFM

VTE (RT) 50 3.647 52 40-60 53 42

VTE (100°) 50 3.269 58 50-70 59 4.4

VTE (200°) 50 2.874 66 55-75 68 4.3

CBD 50 3.804 50 40-60 51 9.6
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Fig. 1. (color online) XRD spectra of CdS thin films deposited by VTE
at different substrate temperatures, marked by VTE-RT (a), VTE-100
(b), VTE-200 (c). For comparison, panel (d) shows the result from
CBD film.

3.2. Surface properties

The FESEM images of the films are shown in Fig. 2, and
the grain size values of VTE-RT, VTE-100, and VTE-200 are
found to be in ranges of 40 nm~55 nm, 50 nm~65 nm, and
55 nm~75 nm, respectively. Obviously, the CdS grains de-
posited by VTE are much larger than those of CBD-CdS film
(Fig. 2(d)). These results are in good consistence with those
calculated from the XRD results.

As a window layer, the CdS layer is required to be free
of holes with uniform coverage which considerably affects the
performance of the final device.* In this regard, all of the
films appear to be rather smooth with well-defined and round

shaped grains.3*33] In Fig. 2(d), it can be seen that the grains

of the CBD—CdS films are tightly packed and have smaller and
more uniform grain size. To derive root-mean-square (RMS)
roughness (R) data, AFM images are acquired and shown in
Fig. 3. Table 1 indicates the values of the RMS roughness
value (R) and grain size (D) of VTE-CdS and CBD-CdS films.
From Table 1, the grain sizes of VTE-CdS films deposited at
RT are nearly the same as those of CBD-CdS films. With the
increase of substrate temperature, the grain sizes of the VTE—
CdS films increase. On the other hand, the average roughness
values of VTE-CdS films are in a range of 4.2 nm~4.4 nm
with little dependence on substrate temperature. It is a little
surprising that the average roughness value of CBD—CdS films
appears to be considerably larger (~ 9.6 nm). This might come
mainly from the larger gaps between neighboring grains which
could appear as a consequence of chemical decomposition of
complex residual substances during the high temperature an-

nealing.

Fig. 2. FESEM images of CdS thin film samples denoted as (a) VTE-
RT, (b) VTE-100, (c) VTE-200, and (d) CBD.

3.3. Optical properties

The optical transmittance spectra of different CdS films
are shown in Fig. 4. All samples with a thickness of 50 nm
show good transmission (> 80%) for wavelengths larger than
550 nm, which is one of the prerequisites for window layers
in solar optoelectronic devices.[?”! As shown in Fig. 4, the
absorption edge*®! of CdS film deposited by VTE becomes
steeper with the increase of substrate temperature. Particu-
larly, all of them are sharper than CBD samples. The sharper
absorption edge indicates that the CdS film has fewer defect
states and better crystallization quality, as a result, suppress-

ing the recombination loss of the optical carriers.
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Fig. 3. (color online) AFM images of CdS film samples denoted as (a) VTE-RT, (b) VTE-100, (c) VTE-200, and (d) CBD.

The dependence of the absorption coefficient & on the in-

cident photon energy v, in semiconductors takes the form, 7]

ohv = k(hv — Eg)"?, 2)

where Ej; is the optical band gap, k is a constant related to the
effective mass associated with the band, and 7 is a constant
which is equal to one for a direct-gap material and four for an
indirect-gap material.

100

80

60

40

Transmittance/ %

20

0 1 1 1 1
300 400 500 600 700 800 900

Wavelength/nm

Fig. 4. (color online) Absorption spectra of 50-nm-thick CdS thin films
denoted as VTE-RT, VTE-100, VTE-200, and CBD.

To determine whether the CdS films deposited using
VTE have direct or indirect band gap, (ahv)? versus hv and
(ahv)'/2 versus hv plots were drawn. Better linearity is ob-
tained in the (ahv)? versus Av plot as shown in Fig. 5. There-
fore, the direct bandgap values are determined by extrapolat-
ing the linear portion of these plots to the energy axis and the

derived E,; values are presented in the inset of Fig. 5. With
the increase of substrate temperature, the VTE samples show
larger slope and therefore larger E,. Interestingly, CBD films
show largest E, but with serious band-tail absorption which
may arise from the high defect states around grain boundaries.
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Fig. 5. (color online) Bandgap derivations of CdS thin films deposited
by VTE and CBD methods, denoted as VTE-RT, VTE -100, VTE-200,
and CBD.

3.4. Electrical properties

Current—voltage (J-V) curves of fabricated CdS/CIGS
solar cells at different substrate temperatures are shown in
Fig. 6. It is found that with the increase of substrate temper-
ature, the short-circuit current density (Jy.) of VTE devices
increases considerably and the open circuit voltage (Vo) also
increases slightly. This may be attributed to the higher pref-
erential orientation and larger grain size in high temperature
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sample.[8] As a comparison, the CBD device shows small V.
and large J.. To make an analytical analysis, we consider the
analytic expression of the open circuit voltage V. as shown in
the following !

N.NyD
Voczig* - ) (3)
q q

where E, is band-gap of the absorption layer (i.e., CIGS), Dy
is the diffusion constant for electrons, Ny is the effective den-
sity of states in the conductance/valence band, 4 is the acceptor
density, and L, is the diffusion length of the electrons which
depends on recombination rate. Since Eg (of the CIGS absorp-
tion layer) is common for all devices, it is mainly influenced
by L, or the recombination, according to Eq. (3). In the CBD
device, defect states suppress L, (as implied by the large band
tail absorption in Fig. 4 and the high interfacial area in Fig. 2)
and therefore a lower V. is obtained. As to Jy, it is uncertain
why the VTE device exhibits lower Jy., but we surmise that
it is related to the poorer surface coverage for thin CdS film
with larger grain size. Alternatively, the Cd** ion diffusion
in the CBD process may improve the interfacial contact and
therefore reduce the series resistance which eventually leads
to higher Jg.
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Fig. 6. (color online) J-V characteristics of CdS/CIGS solar cells with
different CdS films.

Table 2 summarizes the device performances of all the
solar cells. Of them, the sample of CIGS-200 shows the best
performance. The open circuit voltage (Vo) and the conver-
sion efficiency are 515 mV, and 4.45%, respectively, which
are significantly higher than those of the other samples.

Table 2. Performances of CdS/CIGS solar cells with different CdS films
by VTE and CBD.

Samples Voe/mV I /mA-cm™2  Fill factor/% Efficiency/%
CIGS-RT 507 24.46 54.8 4.03
CIGS-100 510 26.26 57.6 4.07
CIGS-200 515 29.1 59.6 4.45
CIGS-CBD 461 31.85 60.0 4.23

4. Conclusions

A simple and in-sifu vacuum thermal evaporation (VTE)
technique is employed to fabricate CdS films. At a high sub-
strate temperature, good CdS window layer with large grain
sizes, highly preferential orientation of hexagonal (002), good
optical transparency, and surface properties can be obtained.
The CdS/CIGS solar cells with VTE CdS films have achieved
better performance (efficiency = 4.45%, Jyc = 29.1 mA/cm?,
Voc =515 mV, and FF = 59.6%). We believe that the better
compatibility with the present vacuum-based CIGS technol-
ogy makes the VTE a promising candidate in future industrial
applications.
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