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ABSTRACT

Flexible Cu (In, Ga) Sez2 (CIGS) solar cells on stainless-steel (STS) substrates face the problem of efficiency
deterioration when iron impurities diffuse into the absorber layer. Iron, the main component of stainless steel, can diffuse
through the back contact into the CIGS absorber, where Fe impurities are known to reduce the solar cell performance. In this
work, the sodium-doped Molybdenum (Mo-Na) layer was made as a diffusion barrier on STS substrate for various growth
pressures. The formed Mo-Na diffusion barrier layer was analyzed by Scanning Electron Microscopy, X-ray diffractometer
and UV-Vis Spectrophotometer. X-ray diffraction showed that the films grown on STS substrates had a pure chalcopyrite
phase with a preferred (112) orientation Mo back contact and the CIGS layer was subsequently deposited by co-sputtering
technique and selenization process, to investigate the Na diffusion through the diffusion barrier into the CIGS absorption
layer. The concentrations of Na and Fe diffused in the CIGS layer were also measured by secondary ion mass spectroscopy
(SIMS). The SIMS depth profile and optical measurement results demonstrated that the diffusion of Na into the CIGS
absorber layer was controlled by varying the working pressure of the Mo-Na layer.
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1.INTRODUCTION

One of the promising candidates for low-cost,
high-efficiency photovoltaic cells is the Cu (In, Ga) Se
(CIGS) quaternary compound. These CIGS absorber
layers show a much higher absorption coefficient than
silicon. CIGS is an established thin film solar cell
technology, where conversion efficiencies reached up to
20.4% on the laboratory scale (Reinhard et al. 2013).
Currently, there are growing demands for solar cell
devices on flexible substrates, because of several
advantages including good shapeablity, lightweight, low
material cost, etc. The incorporation of a small amount of
sodium (Na) into the p-type absorber layer and its
junctions improves the efficiency of the CIGS solar cell
significantly (Granata et al. 1997). The improvement
may be attributed to the higher open circuit voltage (Vo)
and fill factor (ff) (Sakurai et al. 2003), as well as the
higher film conductivity due to an increased carrier
density (Kessler et al. 2004). However, excessive Na
doping degrades cell performance by generating deep
defect states that increase the recombination (Su-Huai, et
al. 1999). In addition, Na is also known to influence the
CIGS growth properties.

Many industrial initiatives uplifted the world’s
solar production to hundreds of megawatts per year, but
the material is still far from being understood. There is
room for improvement in process control and uniformity,

thereby closing the gap in efficiency between small-area
cells and large-area modules from full-scale industrial
production (Wallin et al. 2012). One of the biggest
problems that the industry currently facing is the need for
controlling Na diffusion from the substrates to the
absorber layer. The influence of Na during the growth of
CIGS has been studied by several research groups
(Bodegard et al. 2000; Rudmann et al. 2004; Niles et al.
1997; Song et al. 2012; Schroeder et al. 1997). Na
influences the CIGS growth, resulting in some cases, in
smaller grains (Ruckh et al. 1996) and in some cases, in
larger grains and increased texturing of thin films
(Nakada et al. 2000). There are plenty of suitable flexible
metal substrates such as stainless steel (STS), titanium,
molybdenum, copper and some alloys that can be used
for CIGS solar cells. In particular, STS seems to be an
excellent candidate material due to its low cost and high
mechanical stability. With the effect of the most
promising absorber material CIGS, the certified
efficiencies of 18.7% on polyimide (Pianezzi et al. 2010)
and 17.7% on STS (Jackson et al. 2011) foils have been
achieved on a lab-scale so far. In comparison to
polyimide substrates, the stainless-steel substrates show
higher temperature stability and tensile strength, where
CIGS process temperatures up to 600 °C can be possible
to apply. However, a major disadvantage of stainless
steel substrates is that the iron as the main component of
stainless steel can diffuse through the back contact into
the CIGS absorption layer, where Fe impurities are
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known to reduce the solar cell performance (Jackson et
al. 2004). The main purpose of introducing a diffusion
barrier layer in CIGS solar cell module is to reduce the
diffusion of impurities from the metal substrate into the
solar cells. In particular, to prevent the iron diffusion
from STS substrates into the CIGS absorber layers, oxide
or nitride diffusion barrier layers are conventionally used.
These diffusion barrier layers should have good adhesion
to the STS substrates. Indeed, many studies pointed out
the role of diffusion barriers and Na on the STS substrate
as the impurities blocking layers for the enhancement of
solar cell performances (Bjorkman et al. 2013; Bae et al.
2013; Herz et al. 2002). However, these diffusion
barriers may increase production costs. The purpose of

this study is to investigate the effect of growth pressure
on the diffusion barrier layer on the STS substrate, on the
properties of the CIGS-based solar cells.

In this study, the effect of growth pressure on
the diffusion barrier layer in the flexible CIGS solar cell
in terms of the diffusion of metal ions into the CIGS
layers, was investigated (Fig. 1). The Molybdenum-
doped Na diffusion barrier layer was simply formed on
the STS substrate by annealing the substrate at 600 °C for
1 min under ambient air. The influence and
characteristics of the Na concentration diffused from Mo-
Na layers were studied by varying the working pressure.

Table 1. Physical properties of the used stainless-steel substrate

Mo back contact

STS substrate

Thickness CTE . - Mn . o 0
Type () R, (nm) (ppm K Fe (%) | Cr (%) (%) Ni (%) | C (%) | Si(%)
igg 126 24.8 10.4 <82 16-18 <1.0 <05 <0.12 <1.0
50 x 50 mm? Mo-Na layer
STS substrate 126um

CIGS absorption layer

Mo back contact

STS substrate

STS substrate

10nm
STS substrate

RRRRRRE

Annealing — 600 C, 1 min

Fig. 1: Schematic representation of different processes involved in the growth of CIGS absorption layer for various growth

pressures

2. EXPERIMENTAL PROCEDURE

Commercial stainless steel (STS) substrates of
25 cm? area with a thickness of d = 126 um were used.
Table 1 shows the physical properties of the STS
substrates; initially, they were cleaned by ultra-
sonication in acetone and alcohol for 5 min. The iron
oxide (a-Fe>03) diffusion barrier layer was formed on the
STS substrate by annealing at 600 °C for 1 min in the
atmosphere.

The annealing time was varied to obtain the
suitable thickness of a-Fe,Os diffusion barrier layers.
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Subsequently, the Mo back contact and the CIGS
absorption layer were grown by the sputtering process for
investigating the diffusion of impurities into the CIGS
absorption layer. The Mo back contact layer consisted of
a bi-layer structure which was deposited on the a-Fe;O3
diffusion barrier by DC sputtering to obtain an optimal
Mo back contact layer. The first layer was deposited at
10 mTorr for better adhesion and the second layer was
subsequently deposited at 3 mTorr for a lower resistivity
because the adhesion property was improved when the
working pressure was higher. Copper-indium-gallium
(CIG) layer was then deposited on the Mo back contact
by DC magnetron system using a co-sputtering method
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with a CuosGao2 in single targets. In the selenization
process, the CIG precursor was selenized by using the
thermal evaporation instrument with the effusion cell.
The CIG precursor was converted into CIGS on the
absorption layer at 500 °C for an hour to form the p-type
CIGS chalcopyrite  structure.  The  schematic
representation of the different processes involved is
shown in Fig. 1.

The X-ray diffraction (XRD) measurement of
the CIGS solar cells was performed by using a Rigaku

diffractometer with Cu Ko radiation. The surface of STS
substrate annealed at 600 °C for 1 min was identified by
Raman spectroscopy. The thickness of the diffusion
barrier was observed by using Transmission electron
microscopy (TEM) analysis. The depth profile was
analyzed by secondary ion mass spectroscopy (SIMS)
system (CAMECA IMS 7f magnetic sector) with Cs*
source ions (10 kV, current 30 nA) for Na and Fe diffused
from STS substrate.

o mtorr

Fig. 2: Plane and Cross-sectional FE-SEM images of Mo-Na layers grown at: (a) & (b) 5 mtorr, (c) & (d) 7 mtorr and (e) & (f) 12
mtorr, respectively
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3. RESULTS AND DISCUSSION
3.1 MORPHOLOGY OF Mo-Na LAYER

The surface morphology and cross-section of
the Mo-Na layer deposited for different working
pressures were characterized by FESEM. Fig. 2 shows
the plane and cross-sectional FESEM images of the Mo-
Na layer for different working pressures. The cross-
sectional view of the sample shows that all the films have
columnar grain structure. The films deposited at high
pressure are denser with closed grain boundaries while
those deposited at low pressure are less dense with more
open grain boundaries. The top-view images show larger
grain sizes for 12.00 torr compared to the other samples.
For pressures higher than 12.00 torr, significantly
different grain microstructure was observed due to the
high Na content in the layer. A change in grain size for
the CIGS absorber layer with high Na concentrations and
various Na incorporation methods was also observed by

other research groups (Rudmann et al. 2003; Ye et al.
2010; Yun et al. 2007). The change in the morphology of
the Mo-Na layers here indicates that Na is supplied from
the Na-doped Mo and its amount is controlled by the
various working pressures.

3.2 THE ATOMIC CONCENTRATION ANALYSIS
OF Mo-Na SURFACE AND ON THE LAYER

The atomic concentrations on the surface of
Mo-Na layer and the Mo-Na layer, shown in Fig. 3, were
characterized by EDX measurements. Fig. 3 (a) indicates
that the atomic concentration of Na on the surface of the
Mo-Na layer was higher than the Mo-Na layer; this in
turn indicates that the amount of Na diffused from Mo-
Na layer could be controlled by working pressure. It
shows that the Na diffusion strongly depends on the
microstructure of the Mo-Na layer.
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Fig. 3: The atomic concentrations of: (a) Surface on Mo-Na layer and (b) Mo-Na layer, by EDX
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Fig. 5: X-ray diffraction patterns of CIGS absorption layer with various Mo-Na layers

3.3 THE DEPTH PROFILE ANALYSIS

To confirm the existence of Na in the CIGS
absorber layers and to verify the dependence of Na
diffusion on the Mo-Na layer, a SIMS analysis was
performed for different Mo-Na layers prepared by
changing the pressures. From the SIMS profile (Fig. 4),

it was clear that Na concentration has a gradient
throughout the depth of the sample. The diffusion of
doped Na remains fairly even in both horizontal and
vertical directions. It was noted that Na is incorporated
well into the bulk CIGS absorber layer. The Na and Ga
grading was obtained as high intensities and is clearly
distinguishable. It was evident that the elements were
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richly distributed throughout the thin film and no signs of
Se desorption from the surface were observed. This
clearly shows that employing the Mo-doped Na layer to
supplement sodium by sputtering is an effective and
feasible approach, capable of improving sodium
distribution and applicable to large areas.

3.4 STRUCTURAL ANALYSIS OF CIGS
STRUCTURE

XRD analysis was used to investigate the phase
structures of the CIGS solar cell module on the STS
substrate. The XRD diffractograms of the CIGS solar cell
structure for various growth pressures on the STS
substrate are shown in Fig. 5. As shown in the XRD data,
the influence of growth pressure on the Na-doped Mo
layer was observed. The prominent diffraction peaks
corresponding to the CIGS structure were observed at 26
values of 27, 44 and 53° with respect to (112), (220) and
(116/312) planes (JCPDS-#35-1102). All peaks are
identified as CIGS chalcopyrite phase with no secondary
phase detected. We could also have observed that the
(112) peak position exhibits a shift towards higher 26
values as the working pressure increases. On the other
hand, the impurities-related diffraction peaks appeared at

the 20 values of 44.5, 65 and 82.5°. When the a-Fe;O3
diffusion barrier layer was introduced in the CIGS solar
cell structure, the impurity levels of Fe, Ni and Cr were
dramatically reduced. This result showed that the CIGS
layer deposited on the Mo-Na layer for various growth
pressures on the STS substrate can strongly influence the
structural properties of the CIGS solar cell module. It was
also observed that the crystallinity of the CIGS
absorption layer was improved by varying the growth
pressure of the Mo-Na layer. The Mo-Na layer prepared
for different growth pressures on the CIGS solar structure
can improve the performance of the device.

The mean crystallite size of
polycrystalline CIGS thin films can be estimated by
Scherrer eq. (Yun et al. 2007):

KA
o Lcos6

1)

where, D is the mean crystallite size, A is the X-
ray wavelength (4 = 1.54 A° for Cu Ka radiation), f is
the full-width half-maximum (FWHM), ¢ is the Bragg
angle and K is the shape factor.
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Fig. 6: Optical bandgap of CIGS absorption layer with various Mo-Na layers
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3.5 THE BANDGAP STUDIES OF CIGS ABSORP-
TION LAYER

The dependence of optical bandgap (Eg) on
various working pressures was studied using the optical
data, including transmittance and reflectance spectra
acquired from the CIGS absorption layer on Mo/Mo-Na
layer. The optical absorption coefficient (o), was
calculated using the following equation (Chuan Chen et
al. 2013):

1-R) +4T 2R2 +(1-RY
oo L JO=R) (1-R) @
d T
where, d is the film thickness, R is the
reflectance and T is the transmittance. Since

chalcogenide compounds are direct-gap semiconductors
(Yun et al. 2007), the following equation can be used
(Tauc 1974):

ahv = A, (hv — Eg)l/2 (3)

where, A,is a constant that depends on the
transition nature, the effective mass and the refractive
index, and hv is the incident photon energy. The bandgap
was then determined by extrapolating the linear portion
of (ahv)? versus hv curve to the abscissa; Fig. 6 shows
the plot, in the wavelength range of 800 - 1200 nm for the
CIGS solar cell structure for different growth pressures.
The extrapolation of the tangential line to these plots to
zero absorption can provide the appropriate values of the
band gap energy of the CIGS solar cell structure with
Mo-Na layer. The optical band gap energies of the CIGS
solar cell structure for various growth pressures were
estimated to be 1.00, 1.06 and 0.97 eV, respectively. It
was noted that the bandgap of the CIGS absorption layer
was increased by increasing the Na concentration
diffused from the Mo-Na layer.

4. CONCLUSION

Sodium diffusion from the substrate is an
essential factor in the achievement of high-efficiency
CIGS thin-film solar cells. However, controlling the
sodium diffusion from soda-lime glass, a well-known and
widely used sodium source, is complicated. Moreover, it
is necessary to deposit additional sodium source material
for CIGS cells with a sodium-free substrate. In this
experiment, the effect of the working pressure on the
properties of the Mo-Na layer prepared on a stainless
steel substrate using an in-line DC magnetron sputtering
system was analyzed. The experimental results showed
that the working pressure is the important parameter for
the high-performance CIGS solar cell module. XRD
results confirmed that the films had the right composition
and structure with good crystallinity. The microstructure
of the Mo-Na layer was identified as a key parameter for
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the Na diffusion, where the layer sputtered at high
pressure  showed enhanced Na  out-diffusion
performance. The optical bandgap of each film,
determined from transmittance and reflectance spectra,
increased from 0.97 to 1.06 eV, as the working pressure
increased from 5 to 12 mTorr. The results demonstrated
that by controlling the growth pressure of Mo-Na layer,
it is possible to efficiently incorporate Na into the CIGS
absorber layer.
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