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pressure on CIGS solar absorption Layer

ABSTRACT

Efficiency degradation in flexible Cu(ln,Ga)Se (CIGS) solar cells on stainless-steel (STS) substrates
occurs due to iron impurity diffusion into the absorber layer. As the primary component of stainless-
steel, iron can penetrate the back contact and enter the CIGS absorber, where Fe impurities are
known to diminish solar cell performance. In this study, we developed a Sodium doped Molybdenum
(Mo-Na) layer as a diffusion barrier on STS substrate using various growth pressures. We examined
the Mo-Na diffusion barrier layer using Scanning Electron Microscopy (SEM), X-rdiffractometer
(XRD), and Uv-Vis Spectrophotometer. XRD analysis revealed that films grown on STS substrates
exhibited a pure chalcopyrite phase with a preferred (112) orientation. We deposited Mo back
contact and CIGS layer through co-sputtering and selenization processes, respectively, to
investigate Na diffusion through the barrier into the CIGS absorption layer. Secondary ion mass
spectroscopy (SIMS) was employed to measure Na and Fe concentrations diffused in the CIGS
layer. The SIMS depth profile and optical measurement results clearly showed that Na diffusion into
the CIGS absorber layer could be regulated by adjusting the working pressure of the Mo-Na layer.
Furthermore, we anticipate significant improvement in CIGS solar cell performance with the Mo-Na
diffusion barrier layer, as Na concentration in the CIGS absorption layer affects the efficiency of
CIGS solar cells.
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1. INTRODUCTION

The quaternary compound Cu(ln, Ga)Se (CIGS)
is viewed as a promising candidate for high-
efficiency, cost-effective photovoltaic cells. CIGS
absorber layers demonstrate a notably higher
absorption coefficient than silicon. As a well-
established thin film solar cell technology, CIGS has
reached conversion efficiencies of up to 20.4% in
laboratory conditions (1). There is increasing
attention on developing solar cell devices on flexible
substrates, offering benefits such as adaptable form,
decreased weight, and reduced material costs.
Incorporating small quantities of sodium (Na) into
the p-type absorber layer and its interfaces
significantly improves the efficiency of CIGS solar
cells (2).
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This enhancement can be attributed to

increased open circuit voltage (V oc ) and fill factor
(ff) (3), as well as higher film conductivity due to
elevated carrier density (4). However, excessive Na
doping can adversely affect cell performance by
generating deep defect states that increase
recombination (5). Additionally, Na is known to
influence the growth characteristics of CIGS.

Recent industrial advancements have led to a
significant increase in global production, reaching
hundreds of megawatts annually, despite a limited
understanding of the material. Opportunities exist to
enhance process control and uniformity, potentially
reducing the efficiency disparity between small-
scale cells and large-scale industrial modules (6). A
key industry challenge involves controlling Na
diffusion from substrates to the absorber layer.
Numerous research groups have investigated Na's
effects on CIGS growth (7-11), with conflicting
results showing both smaller (12) and larger grains
with increased film texturing (13). Various flexible
metal substrates are compatible with CIGS solar
cells, including stainless steel (STS), titanium,
molybdenum, copper, and certain alloys. STS
stands out as a particularly viable option due to its
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cost-effectiveness and high mechanical stability.
With CIGS being the most promising absorber
material, laboratory-scale certified efficiencies have
reached 18.7% on polyimide [14] and 17.7% on STS
[15] foils. STS substrates offer advantages over
polyimide, such as higher temperature stability and
tensile  strength, allowing CIGS process
temperatures up to 600 °C. However, a major
drawback of STS substrates is the potential diffusion
of iron, its primary component, through the back
contact into the CIGS absorption layer, where Fe
impurities are known to negatively impact solar cell
performance [16]. The main function of incorporating
a diffusion barrier layer in CIGS solar cell modules
is to prevent impurity diffusion from the metal
substrate into the solar cells. Oxide or nitride
diffusion barrier layers are commonly employed to
inhibit iron diffusion from STS substrates into CIGS
absorber layers. These layers should exhibit strong
adhesion to STS substrates. Many studies have
emphasized the importance of diffusion barriers and
Na on STS substrates as impurity blocking layers for

improving solar cell performance [17-19]. However,
these barriers may increase production expenses.
Our research aims to investigate the impact of
growth pressure on the diffusion barrier layer on
STS substrates on CIGS-based solar cell properties.

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

2. EXPERIMENTAL PROCEDURE:

We have used commercial stainless-steel (STS)
substrates of 25 cm? area with a thickness of d = 126
um. Table 1 showsthe physical properties of the
STS substrates.

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

Type Thickness (um) R, (nm)  CTE (ppm K™ Fe (at%) Cr(at%) Mn(at%) Ni(at%) C (at%) Si(at%
STS 430 126 20.8 104 <82 16-18  <1.0 <05 <012 <10
Initially, the STS substrates were cleaned by targets. In the selenization process, the CIG

ultra-sonication in acetone and alcohol for 5 min.
The iron oxide (a-Fe203) diffusion barrier layer was
formed on the STS substrate by annealing at 600 °C
for 1 min in atmosphere. We varied the annealing
time in order to obtain the suitable thickness of a-
Fe20s diffusion barrier layers. Subsequently, the Mo
back contact and the CIGS absorption layer were
grown by sputtering process for investigating the
diffusion of impurities into CIGS absorption layer.
The Mo back contact layer was consisted of bi-layer
structure which was deposited on the o-
Fe20zsdiffusion barrier by DC sputtering in order to
obtain an optimal Mo back contact layer. The first
layer was deposited at 10 mTorr for a 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. The Molybdenum
doped Na diffusion barrier layer is simply formed on
STS substrate by annealing the substrate at 600°C
for 1 min under air ambient.Copper indium gallium
(CIG) layer was then deposited on the Mo back
contact by DC magnetron system using a co-
sputtering method with a Cuo.sGao.2 and anin single
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precursor was selenizedby 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 different process involved is
shown in Figure 1.

The X-ray diffraction (XRD) measurement of the
CIGS solar cells was performed by using a
Rigakudiffractometer with Cu Ka radiation.The
grown Mo-Na nano layers deposited for various
working pressure were characterized by field-
emission scanning electron microscopy (FE-SEM)
and Energy Dispersive X-ray Spectroscopy
(EDX).The surface of STS substrate annealed at
600 °C for 1 minwas 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.
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Figure 1. Schematic representation of different process involved in the growth of CIGS absorption
layer for various growth pressures

3. RESULTS AND DISCUSSION deposited at various working pressures. Figure 2

FESEM was employed to examine the surface displays the planar and cross-sectional FESEM

morphology and cross-section of Mo-Na Layer images of the Mo-Na layer at different working
pressures.
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Figure 2. Plane & cross-sectional FE-SEM images of Mo-Na layers grown at (a), (b) 5 mtorr, (c),
(d) 7 mtorr, (e), (f) 12 mtorr
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Cross-sectional views reveal that all films exhibit
a columnar grain structure. Films deposited at high
pressure demonstrate greater density with closed
grain boundaries, while those at low pressure show
less density with more open grain boundaries. Top-
view images indicate larger grain sizes for 12.00 torr
compared to other samples. Pressures exceeding
12.00 torr resulted in notably different grain
microstructures due to high Na content in the layer.
Other research groups (20-22) also observed grain
size changes in CIGS absorber layers with high Na
concentrations and various Na incorporation
methods. The morphological changes in Mo-Na

2 DKy x30000 _tym
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layers suggest that Na is supplied from Na-doped
Mo, with its quantity regulated by different working
pressures. EDX measurements, presented in Figure
3, characterize the atomic concentrations on the Mo-
Na layer surface and within the layer. Fig. 3 (a)
clearly shows that the atomic concentration of Na on
the Mo-Na layer surface exceeded that within the
layer. This indicates that the amount of Na diffused
from the Mo-Na layer could be controlled by working
pressure, demonstrating that Na diffusion is strongly
influenced by the Mo-Na layer's
microstructure.Table 2 presents the atomic
concentration levels of Na, Mo, and O in the top and
bottom layers, as determined by EDX analysis.
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Figure 3. The atomic concentration of (a) surface on Mo-Na layer and (b) Mo-Na layer by EDX

Table 2: Atomic concentration levels of Na, Mo and

O by EDX analysis
Atomic % | Atomic % | Atomic %
Na Mo (@)
Top Layer 65.64 32.77 1.58
Bottom Layer 11.87 7284 15.28
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Figure 4 illustrates the SIMS depth profile of
sodium concentration in CIGS absorber layers on
Mo/Mo-Na substrates at various growth pressures.
The sodium distribution is generally uniform across
the region for most growth pressures, with the
exception of high pressures. Sodium levels
fluctuated with deposition pressure and depth,
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reaching their lowest point in the middle. The
diffusion levels and distributions of sodium in the
Mo-Na back contact layer are comparable to those
shown in Figure 5, suggesting that Mo-Na deposited
at low pressure contains notably less sodium than
that deposited at high pressure. Despite these
variations, sodium levels in the three absorber
layers appear consistent, regardless of the

underlying Mo-Na layer. All samples exhibit
significant sodium accumulation on CIGS surfaces.
This suggests that a sodium-doped Mo layer can be
readily incorporated into the CIGS production
process, potentially offering greater effectiveness
for CIGS cells on flexible substrates such as
stainless steel, titanium, or polymer.

CIG
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Figure 4. SIMS depth profile for Na concentration in CIGS absorption layer with Mo/Mo-Na layer

Mo Ma
aGS
layer
oo
1‘\.
"; ‘e.ge
=
& F
3
-
=
i —=— 5 mtorr
A& —e— 7 mterr
. ) , ‘ ) —4— 12 mtorr
1] 500 1000 1500 2000 2500
Depth (nm)

Figure 5. SIMS depth profile for Na concentration in CIGS absorption layer
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CulnGa (CIG) precursor layers were deposited
on Mo/Mo-Na/a-Fe:Os  diffusion  barrier/STS
substrates using co-sputtering techniques. These
layers were then transformed into CIGS absorption
layers through selenization at 500 °C for one hour to
examine the impact of Fe impurities from the STS
substrate. SIMS data in Figure 6 demonstrates that
the a-Fe20s diffusion barrier, created by annealing
the STS substrate, effectively impedes impurity
diffusion. With identical gradients, the influence of
impurity diffusion on CIGS solar cells with an a-
Fe2Os3 barrier layer can be easily compared. The

trace element profiles of Fe and Cr differ significantly
among samples. Without a diffusion barrier,
numerous Fe impurities migrated from the STS
substrate into the CIGS absorption layer. In the
absence of an a-Fe:Os; barrier, most Fe ions
remained within the absorber layer. High Fe signal
intensities in the CIGS absorption layer indicate
substantial Fe atom diffusion from the STS
substrate. The SIMS depth profile reveals that the a-
Fe20s diffusion barrier significantly reduced impurity
diffusion from the STS substrate and may enhance
CIGS solar cell performance.
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Figure 6. SIMS depth profile for Fe & Na concentration in CIGS absorption layer with various Mo-Na layer

The SIMS depth profile of Na concentration in
CIGS absorber layers on Mo/Mo-Na substrates at
various growth pressures is shown in Figure 4. Na
distribution is generally uniform across the region for
all growth pressures, except at high pressures. Na
levels varied with deposition pressure and depth,
reaching their minimum in the middle. The diffusion
levels and distributions of Na in the Mo-Na back
contact layer are similar to those in Figure 5,
indicating that Mo-Na deposited at low pressure
contains significantly less Na than that deposited at
high pressure. Despite these differences, Na levels
in the three absorber layers seem consistent,
regardless of the underlying Mo-Na layer. All
samples show substantial Na accumulation on CIGS
surfaces. This indicates that a Na-doped Mo layer
can be easily integrated into the CIGS production
process, potentially offering greater efficacy for
CIGS cells on flexible substrates like stainless steel,
Ti, or polymer.
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The phase structures of CIGS solar cells module
on STS substrate were examined using XRD
analysis. Figure 7 displays the XRDdiffractograms of
the CIGS solar cell structure at various growth
pressures on the STS substrate. The XRD data
clearly demonstrates the effect of growth pressure
on the Na doped Ma layer. The CIGS structure
exhibited prominent diffraction peaks at 2q values of
27, 44 and 53°, corresponding to the (112), (220)
and (116/312) planes (JCPDS-#35-1102). All
identified peaks belonged to the CIGS chalcopyrite
phase, with no secondary phases detected. As the
working pressure increased, the (112) peak position
shifted towards higher 26 values. Additionally,
impurity-related diffraction peaks appeared at 2q
values of 44.5, 65 and 82.5°. The introduction of an
a-Fe20zsdiffusion barrier layer in the CIGS solar cell
structure significantly reduced the impurity levels of
Fe, Ni and Cr. These findings indicate that the
growth pressure of the CIGS layer deposited on the
Mo-Na layer on the STS substrate significantly
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influences the structural properties of the CIGS solar
cell module. Furthermore, varying the growth
pressure of the Mo-Na layer enhanced the
crystallinity of the CIGS absorption layer. It is

believed that adjusting the growth pressures of the
Mo-Na layer in the CIGS solar structure can
enhance device performance.

CIG3(L1D)

CIG3{120204)

Intensity (a.u.)

Fe. Ni, Cr

CIGE(11631])
Fe. NiCr

wFe O
23

— S mTorr
— 7 mTorr
— 12 mTorr

Fe. NLiCr

60 70 50 20
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Figure 7. X-ray diffraction patterns of CIGS absorption layer with various Mo-Na layers

The mean crystallite size of polycrystalline CIGS
thin films can be estimated by Scherrer Eq. (22):
KA
- Bcos6O (1)
Where D is the mean crystallite size, 4 is the x-ray
wave length (1 = 1.54 A for CuKa radiation), 8 is the
full width half maximum (FWHM), ¢ is the Bragg
angle, and K is the shape factor. The calculated
crystalline size were in the range of 60-100 nm.

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

1 \/(I—R)4+4T2R2+(1—R)2
a=—In
d 27

(2)
Where d is the film thickness, R is the reflectance,
and T is the transmittance. Since chalcogenide

compounds are direct gap semiconductors (22), the
following equation can be used (24).

ahv = A, (hv— Eg)l/2 (3)
Whered, is a constant that depends on the
transition nature, the effective mass and the
refractive index, and hvis the incident photon
energy. The bandgap was then determined by
extrapolating the linear portion of (ahv)? versus hv
curve to the abscissa.

Figure 8 shows the plot of (ahv)? versus hv
which was plotted in the wavelength range of 800 —
1200 nm for the CIGS solar cell structure for
different growth pressures. The extrapolationof the
tangential line to these plots to zero absorptioncan
provide the appropriate values of the band gap
energy oftheCIGS solar cell structure with Mo-Na
layer. The optical bandgap energies of the
oftheCIGS solar cell structure for various growth
pressures were estimated to be 1.00, 1.06, and
0.97eV, respectively. It was noted that the bandgap
of CIGS absorption layer was increased by
increasing Na concentration diffused from the Mo-
Na layer.
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Figure 8. Optical bandgap of CIGS absorption layer with various Mo-Na layers

4. CONCLUSION

The attainment of high-efficiency CIGS thin film
solar cells heavily relies on sodium diffusion from the
substrate. However, regulating sodium diffusion
from soda-lime glass, a common and widely utilized
sodium source, presents challenges. Furthermore,
CIGS cells with sodium-free substrates require the
deposition of additional sodium source material. In
this study, we examined how working pressure
affects the characteristics of Mo-Na layers deposited
on stainless steel substrates using an in-line DC
magnetron sputtering system. Our findings revealed
that working pressure is a crucial factor in producing
high-performance CIGS solar cell modules. XRD
analysis confirmed that the films exhibited
appropriate composition and structure with good
crystallinity. The Mo-Na layer's microstructure was
identified as a critical factor for sodium diffusion, with
layers sputtered at high pressure demonstrating
improved sodium out-diffusion performance. As the
working pressure increased from 5mtorr to 12mTorr,
the optical bandgap of each film, determined
through transmittance and reflectance spectra, rose
from 0.97 to 1.06 eV. Our research shows that by
manipulating the growth pressure of the Mo-Na
layer, sodium can be effectively incorporated into
the CIGS absorber layer.
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1ZVOD

PROUCAVANJEEFEKTANATRIJUMANASLOJ Mo
VARIRANJEMPRITISKARASTANA CIGS SOLARNOMAPSORPCIONOMSLOJU

Smanjenje efikasnosti u fleksibilnim Cu(In,Ga)Se (CIGS) solarnim celijama na podlogama od
nerdajuceg Celika (STS) nastaje usled difuzije necisto¢a gvozZzda u sloj apsorbera. Kao primarna
komponenta nerdajuceg Celika, gvoZzde moze da prodre u zadnji kontakt i ude u CIGS apsorber,
gde je poznato da necistoce Fe smanjuju performanse solarnih ¢elija. U ovoj studiji razvili smo sloj
molibdena dopiranog natrijumom (Mo-Na) kao difuzionu barijeru na STS supstratu Kkoristeci razliite
pritiske rasta. Ispitivali smo sloj Mo-Na difuzione barijere koriS¢enjem skenirajuce elektronske
mikroskopije (SEM), Ks-rdifraktometra (KSRD) i Uv-Vis spektrofotometra. KSRD analiza je otkrila
da filmovi uzgojeni na STS supstratima pokazuju Cistu halkopiritnu fazu sa preferiranom (112)
orijentacijom. Naneli smo Mo povratni kontakt i CIGS sloj kroz procese ko-prskanja i selenizacije,
respektivno, da bismo istraZili difuziju Na kroz barijeru u CIGS apsorpcioni sloj. Sekundarna jonska
masena spektroskopija (SIMS) je kori§¢éena za merenje koncentracija Na i Fe difuznih u CIGS sloju.
SIMS profil dubine i rezultati optickog merenja jasno su pokazali da se difuzija Na u sloj apsorbera
CIGS moze regulisati pode$avanjem radnog pritiska Mo-Na sloja. Stavise, o&ekujemo znacajno
poboljSanje performansi CIGS solarnih celija sa slojem barijere za difuziju Mo-Na, posto
koncentracija Na u CIGS apsorpcionom sloju uti¢e na efikasnost CIGS solarnih ¢éelija.

Kljuéne reci: Fleksibilni Cu(In,Ga)Se2 (CIGS), nerdajuci Celik, rasprSivanje, difuziona barijera, Fe
difuzija.
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