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Growth of Cul buffer layer prepared by spraying method
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Abstract: Cul thin films with nano-scale grains of about 35nm were deposited via spraying method with using acetonitrile as solvent.
The influence of iodine doping concentration in acetonitrile solution on the structure, topographic and optical properties of Cul thin
films was investigated. X-ray diffraction results showed that Cul iodine-doped films doped Cul:l, were in p-phase of zinc blende
structure with (111) preferential plane. Scanning electron microscopy revealed that the microstructure of Cul films depended on the
relative amount of doping iodine in the solution. When the iodine doping amount in acetonitrile solution was 0.025 g, the film was
uniform and compact, the optical transmittance was 75.4% in the part of visible region and the energy band gap was close to 2.96 eV.
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1 Introduction

Thin film solar cells based on wide-gap chalcopyrite
are promising for the next generations of photovoltaic
modules[1]. In recent years, up to 12% power conversion
efficiency has been achieved by fabricating
Mo/CulnS,/CdS/TCO structure device[2]. Mismatch in
the electron affinity and band offset at the junction
between CulnS, and CdS were considered to be one of
the major limiting factors towards further increasing the
efficiency value[3]. Also, the use of Cd in synthesizing
the materials was not favored due to its toxicity. The
interest in alternative buffer layers to CdS in CulnS, (CIS)
photovoltaic technology is motivated primarily by the
potential to enhance solar cell current generation by the
use of materials with wider band-gap than CdS and by a
desire for Cd-free cells[4—5]. In comparison with CdS,
Cul has several advantages as follows: 1) Cul with a
band gap of 3.0 eV may outperform traditional CdS
material (E;=2.4 eV) and transmit higher energy photos;
2) Cul has a better lattice-matching to CulnS, thin film
absorbers than CdS[6]; 3) from the point of environment
safety, the establishment of a Cd-free process is
significantly desirable
Cd-containning waste discharged from the chemical-bath
deposition (CBD) process[7]. As a simple wide band gap

in order to eliminate the

semiconductor, Cul belongs to the I-VII semiconductors
with zink blende structure. Cul has three crystalline
phases, a, f and y. The low-temperature y-phase (cubic)
behaves as a p-type semiconductor. The uppermost
valence bands of Cul (/s ;and [ ) are derived from
the 3d states of Cu and 5p states of I. The direct
fundamental band gap of Cul corresponds to the energy
difference of /s pand I, | valleys at the /” point in the
Brillouin zone and was reported as 3.0 eV[8]. Optimal
results were obtained on cells with Cul buffer layer. For
large-scale application, Cul was used as a buffer layer on
n-CIS absorber in CIS CuT based
manufactured in a roll-to-roll process. A device
efficiency of 9.2% was achieved[9]. KONOVALOV/[10]
studied the material requirements for p-Cul/n-CulnS,
type solar cells and found that this material combination
should be rather beneficial for solar cells since there was
virtually no valence band offset. VERSCHRAEGEN and
BURGELMAN]11] found that the spike height and the
spike width in Cul/CulnS, interface were determined by
Cul doping concentration. However, Cul is a relatively
new material, its physical properties are still not
effects of

microstructure

solar cells

well-known, and the iodine  doping
and optical
properties of Cul films have not been reported yet.

In this study, the spraying method to fabricate Cul

concentration on the

thin films was utilized, and the influence of the iodine
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doping concentration on structure, topography and
optical properties of Cul films was investigated. The film
growth mechanism and possibility of using Cul films as
the buffer layer of CIS solar cells were also discussed.

2 Experimental

A wide band gap p-type Cul film with a thickness
of about 85 nm was obtained by spraying a precursor
solution consisting of 0.25 g Cul in 50 mL acetonitrile.
In order to study the influence of iodine doping
concentration on the morphology, structure and optical
property of Cul films, solutions of 0.25 g Cul and 0.005,
0.015, 0.025 and 0.035 g I, in 50 mL acetonitrile were
prepared and sprayed on Cu, glass and CulnS,(CIS)
substrates, respectively. That is, 0.25 g Cul was fixed
and the n(I,) to #n(Cul) values in mixed solution varied
from 0.015:0.25 to 0.035:0.25. The preparation of
CulnS, films was reported in Ref[12]. During the
spraying process, the substrate temperature was constant
at 110 °C to accelerate the volatilization of solvent and
improve the crystallinity of Cul films.

X-ray diffractometry (XRD) was used to identify
the crystalline phases, using a Bruker Discover D8 X-ray

diffractometer with CuK, radiation (1=1.54178A). Phase
assignment was done by comparing the corresponding
d-spacing with the JCPDS database. Surface morphology
of the films was observed on a scanning electron
microscope (SEM) at an accelerating voltage of 20 kV.
High resolution transmission electron microscopy
(HRTEM) images were used to study the structural
characteristics of the films. The optical properties of the
films were measured at normal incidence in a
wavelength range from 300 to 760 nm using a
double-beam UV-Vis spectrophotometer.

3 Results and discussion

3.1 Surface morphology

Fig.1 shows the SEM images of Cul films with
different iodine doping concentrations on Cu substrate. It
is interesting that an addition of a trace amount of iodine
significantly influences the shape of the Cul grains. Cul
grains with elongated shape are obtained in the absence
of iodine. Closely packed spherical Cul grains are
obtained in the presence of iodine in Cul coating solution.
When n(I,)/n(Cul)=0.025:0.25, the grain sizes apparently
increase, and the resulting layer consists of up to 1 pm

Fig.1 SEM images of Cul thin films with
different n(I,)/n(Cul) values: (a) 0:0.25;
(b) 0.005:0.25; (c) 0.015:0.25; (d) 0.025:
0.25; () 0.035:0.25
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aggregates which are known as good charge carrier
conducting particles[13].

When iodine doping amount in acetonitrile solution
is 0.025 g, the typical HRTEM image is presented in
Fig.2. A representative Cul crystal is shown in Fig.2(a),
the grain size of which is approximately 35 nm. The
corresponding fast Fourier transform (FFT) along the
[110] zone axis (square area in Fig.2(a)) is displayed in
the inset of Fig.2(b). Electron diffraction indicates that
the plane spacing is 0.348 nm (Fig.2(b)). For Cul film
used as the buffer layer deposited on the top of the
CulnS, absorber, the importance lies on whether the
plane spacing matches one of the absorber layers. It can
be obtained from Fig.2(b) that the plane spacing is the
same as that of the chalcopyrite CulnS,, which means
that iodine-doped Cul thin films Cul:l, doped iodine are
suitable for fabricating high quality heterojunctions with
lattice-matched CulnS, absorber[11].

Fig.2 TEM image (a) and electric refraction pattern (b) of Cul
grain for n(l,)/n(Cul)=0.025:0.25

3.2 Structural properties

Fig.3 shows the X-ray diffraction patterns of Cul
thin film with different iodine doping concentrations. It
can be seen that Cul films doped iodine exhibit a
preferential orientation along (111) plane, which
corresponds to y-phase with a zinc blende face centered

cubic structure. It is worthy to note that the intensity of
Cul (111) reflection peak in Fig.3(c) apparently becomes
sharpest and strongest, which indicates that the
crystallinity of Cul film is improved when the iodine
doping amount increases to 0.025 g. An average value of
the crystallite size at (111) plane can be also obtained by
applying Scherrer’s formula[14]. The average diameter
of Cul crystallite is 32 nm when n(l,)/n(Cul)= 0.025:0.25,
which is in accordance with the result in Fig.2(a).
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Fig.3 XRD patterns of Cul thin films with different n(I,)/n(Cul)
values: (a) 0:0.25; (b) 0.005:0.25; (c) 0.015:0.25; (d) 0.025:0.25;
(e) 0.035:0.25

3.3 Optical characteristics

Fig.4 shows the optical transmittance spectra of Cul
thin films with different iodine doping concentrations.
The transmittance measurements at room temperature
show that Cul films with or without iodine doping have
an average transmittance as high as 65% in a wavelength
range larger than 513 nm, which is comparable to that of
the ZnS films deposited from acetate solution[15]. In
Fig.4, it is found that the maximum transmittance in the
visible regions is 75.4% when the iodine amount in
acetonitrile solution is 0.025 g, which is close to the
transmission of 75% obtained by SANKAPAL et al[16].
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Fig.4 Optical transmittance spectra of Cul thin films with
different n(1,)/n(Cul) values
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Fig.5 shows the square of absorption coefficients o
versus the photon energy (4v) for the Cul films as a
function of the iodine doping concentration. a can be
evaluated from the measurements of optical
transmittance (7) and film thickness (d) as

o=—In(T)/d )
The optical band gap E, is related to the absorption
coefficient a according to

ahv=A(hv—E,)" (2)

where A is a constant; % is the Plank constant; and n=1/2
for direct gap material. It is now well established that
Cul is a direct gap semiconductor, so the optical band
gap E, can be obtained by extrapolating the linear
portion of the plot (hva)’ versus hv to o=0, which is
illustrated in Fig.5. Linear nature of the plots indicates
that the Cul is direction bandgap material. The
extrapolation of the liner parts of the curves to energy
axis gives the direct bandgap ‘E,’ value as 2.96 eV for
n(1,)/n(Cul)=0.025:0.25, which is in good agreement
with the value of 2.97 eV reported by other workers[16],
as shown in the inset of Fig.5. It can be seen that the
optical absorption edges of all films are very steep,
which implies that Cul films have a good homogeneity in
the shape and size of the grains.

2.5
2.960 5
=
2
-
2.0 FE¥aoss,
£
5
=%
1.5 _%2.950 4
STE 2
k
= 2 2945, 3
S0
2.940
0 0.05 010 015
05F (L, )n(Cul)
0 -
L L

1 1 1
1.5 1.8 2.1 2.4 2.7 30 33
Photon energy, hvieV
Fig.5 Square of absorption coefficients o’ vs photon energy
for Cul films with different n(l,)/n(Cul) values: 1—0:0.25;
2—0.005:0.25; 3—0.015:0.25; 4—0.025:0.25; 5—0.035:0.25

3.4 CIS/Cul microstructure

Fig.6 shows the SEM image and XRD pattern of
Cul thin films deposited on CIS film when
n(1,)/n(Cul)=0.025:0.25. From Fig.6 (a), it can be seen
that a better surface coverage is observed on CulnS,
surface. Fig. 6(b) shows X-ray diffraction pattern of Cul
films deposited on CIS. The XRD diffraction peaks
correspond to (112), (103), (200), (204) and (312)
reflection lines of CIS phase, (111) and (220) reflection
lines of Cul phase, (111) and (200) reflection lines of

copper phase, and the diffraction peak of the copper
phase originates from Cu substrate. CulnS, chalcopyrite
structure is confirmed by the presence of the
characteristic peaks of chalcopyrite (103)[17]. It is
obvious that the CIS film has a single-phase chalcopyrite
structure with (112) preferred plane. Preferential
orientation of Cul film is observed along (111) plane
which is in accordance with y-phase with a zinc blend
structure faced centered cubic structure. The (111)
preferred plane in Cul films is beneficial for good lattice
matching with CIS (112) for efficient device
fabrication[18]. Cul is suitable for using as the buffer
layer of thin film solar cells with CulnS, absorber layer
by replacing CdS.

§;S(3 12)

20 30 40 50

=2}
=

Fig.6 SEM image (a) and XRD pattern (b) of Cul thin films
with n(l,)/n(Cul)=0.025:0.25 deposited on CIS film

4 Conclusions

1) Cul films doped iodine exhibit a preferential
orientation along (111) plane, which corresponds to
y-phase with a zinc blende face centered cubic structure.
This is beneficial for good lattice matching with CIS
(112) for efficient device fabrication.

2) The microstructure and optical property largely
depend on the relative iodine doping concentration in
acetonitrile solution. When n(I,)/n(Cul)=0.025:0.25, Cul
film consists of up to 800 nm-aggregates formed by 35
nm-particles, the d(HKL) spacing is 0.348 nm, the
maximum transmittance in the visible regions is 75.4%
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