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Abstract—We report on crossing the 20% efficiency line for
thin-film solar modules. The efficiency of our cadmium-free
Cu(In,Ga)(S,Se)2 (CIGSSe) mid-sized modules (30×30 cm2) based
on the cost-efficient AVANCIS stacked elemental layer – rapid
thermal processing absorber process has evolved in the last two
years reaching 19.6%, 19.8% and recently we have achieved an
efficiency level of 20.3% as independently measured by NREL. The
recent improvements were made possible by thorough variations in
absorber composition and elemental distribution. The optimization
of the absorber thickness, and of the band gap profile through
the engineering of sulfur content and gradient at the absorber
surface induces an improved absorber quality leading to a distinct
increase in the product of short circuit current density and open
circuit voltage (JSC × VOC). Moreover, improving the absorber
homogeneity and adjusting the absorber-buffer interface play an
important role in enhancing the fill factor.

Index Terms—CIGSSe, photovoltaic modules, record efficiency,
solar modules, thin-film.

I. INTRODUCTION

SOLAR energy is a clean, free, and sustainable energy
source. Thin-film technology is considered the second gen-

eration for photovoltaic modules. The most potential thin-film
technologies from the point of view of cost-efficient and stable
efficiency can be limited to Cadmium Telluride (CdTe) and
Cu(In,Ga)(S,Se)2 or (CIGS). The CIGS compound is a thin-film
technology based on CuIn(S,Se)2 (CIS) and CuGa(S,Se)2 (CGS)
[1], with a band gap that can be varied from around 1.0 eV (CIS)
to around 2.4 eV (CGS) [2]. On cell-scale, CdTe has reached an
efficiency of 22.3% whereas CIGS has achieved 23.6% [3]. For
module scale, CdTe has reached a maximum efficiency of 19.5%
for a full-size module, whereas for CIGS, AVANCIS raised the
record efficiency within the last two years achieving efficiencies
of 19.6% and 19.8% on 30×30 cm2 module-size [3]. In this pub-
lication, we report on the path to achieve a record efficiency for
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mid-sized modules of 20.3% as the highest ever reported light-
to-electricity conversion of cost-efficient thin-film photovoltaic
technologies and being the first thin-film technology to break
the 20% efficiency line on a module level of size 30 × 30 cm2.

II. MODULE FORMATION AND CHARACTERIZATION

The presented breakthrough was achieved at the Munich
R&D research center dedicating a complete pilot line for the
production of 30 × 30 cm2 modules. An overview of our pilot
line process is presented in Fig. 1.

A. Absorber Formation

A higher strain point soda lime float glass is used as the
substrate. A Silicon Nitride (SiN) layer is then deposited to act as
an alkali diffusion barrier. A double layer of Molybdenum (Mo)
metal with a Selenium (Se) barrier layer in between is deposited
on top of the SiN [4]. A first patterning step is performed to
define the cell structure using a picosecond (ps) laser process.

Afterward, a low-temperature precursor deposition is per-
formed using the proprietary so-called stacked elemental layer
(SEL) process where a sodium-doped copper-indium-gallium
(Cu-In-Ga:Na) precursor layer is deposited using magnetron
sputtering followed by a Se capping layer deposited by thermal
evaporation [5]. The absorber formation is then completed by
annealing the precursor stack using a rapid thermal processing
(RTP) tool in a sulfur-containing atmosphere leading to the
formation of the CIGSSe absorber semiconductor.

B. Heterojunction Layers and Patterning

After the absorber formation, a Na-based postdeposition-
treatment (PDT) step is introduced to passivate and enhance the
absorber surface and bulk. The Na concentration and annealing
temperature were adapted in order to achieve an optimized
module efficiency. No heavy alkali PDT is used in the exper-
iments and modules reported in this article. Then, a sputtered
zinc-oxysulfide Zn(O,S) buffer layer [6], [7] is deposited on top
of the treated absorber surface.

The second patterning step is conducted using a ps laser
process before the deposition of an aluminum-doped zinc-oxide
(ZnO:Al) window layer using magnetron sputtering. The final
patterning step is performed by a mechanical scribing technique
achieving a dead zone down to 60 µm.
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Fig. 1. AVANCIS standard pilot line process.

C. Module Formation

The module is then contacted and encapsulated with a lami-
nation foil and front glass with antireflective properties.

D. Characterization

Different characterization techniques are applied at different
stages of the module formation. Characterization techniques
from #1 to #6 were performed on bare absorbers after completing
the RTP step, while characterization techniques #7 and #8 were
performed on complete-stack modules. Detailed description of
each characterization technique is described as follows.

1) Optical Scanner: A Microtek ScanMaker 9800XLPlus is
used to obtain a scanned image of the absorber front surface
after the RTP step using CCD technology.

2) Time-Resolved Photoluminescence: A pulsed diode laser
with a wavelength of 638 nm and pulse width of about 200 ps
is used to excite the absorber. The emitted signal is detected
by a germanium avalanche photodiode cooled down with liquid
nitrogen; the system is equipped with a band pass filter (715 nm)
to block the excitation laser signal. For each sample, multiple
measurements are performed on different spots to check the
homogeneity and to get a representative value indicating the
lifetime of the whole absorber.

3) Glow-Discharge-Optical-Emission-Spectroscopy
(GDOES): Depth profile analysis by GDOES was applied
to evaluate the chemical composition within the CIGSSe
absorbers. The system uses an argon plasma for sputtering and
a CCD-array to detect the photons emitted during the relaxation
of the sputtered and excited atoms and ions in the plasma. All
GDOES depth profiles were measured using a GDA 650 HR,
a system built by Spectruma Analytik in dc excitation mode
(constant voltage – constant current mode) including an anode
with an inner diameter of 2.5 mm. The excitation parameters
were set to 1000 V and 12 mA. The WinGDOES software was
applied to automatically determine quantitative depth profiles of
mass concentration which are then corrected with a calibration
method developed internally based on [8].

4) Raman Spectroscopy: A HeNe laser is used as an excita-
tion source with a wavelength of 633 nm. For all measurements,
the same acquisition parameters were used, i.e., neutral filter,
grating, slit width, objective, and monochromator. For each
absorber, 9 different spots are measured, with a relative distance
of about 50 µm and for each spot 2 acquisitions are carried out.
The S/Se values refer to the ratios of the integrated areas of the
A1 mode-peaks (S-S and Se-Se, respectively)

5) X-Ray Fluorescence (XRF): XRF measurements were
carried out in an S8 Tiger Series-2 Bruker-AXS instrument
with a 3 kW-Generator, a scintillation counter and proportional
counter. The absorbers were measured under vacuum with 60
kV/50 mA settings using “ML-Quant” software (thin-film pro-
gram) calibrated with CIGSSe deposited on Mo-Glass.

6) Focused Ion Beam Combined With Transmission Electron
Microscopy and Energy Dispersive X-Ray Spectroscopy (FIB-
TEM/EDX): These measurements were performed on absorbers
using a Dual FIB/SEM (Scanning Electron Microscopy) Zeiss
NVision 40 (Carl Zeiss Microscopy GmbH) with dual FIB/SEM
FEI Versa 3D (FEI Thermo Fisher) using a FEI Titan3G and
SuperX Si-drift EDX detector system.

7) Current-Voltage (I-V): In the AVANCIS’ pilot line, I-V
parameters are measured at several stages during module pro-
duction and stabilization: before encapsulation, after encapsu-
lation, and for the final module, mainly after light-soaking,
partially under varying conditions and with varying durations
(from hours to several days). High precision I-V measurements
are conducted under continuous light with I-V sweeping du-
rations in the range of hundreds of milliseconds. Particular
attention is given to temperature control of the device under
test during this prolonged exposure to standard test conditions
(STC) irradiation. As a light source, a Xenon light bulb is used,
calibrated such that a reference device with similar spectral
response delivers a short-circuit current (ISC) as certified by an
external lab under STC. Short-pulsed measurements (flasher)
are conducted for verification.

For monolithically interconnected thin-film modules, the def-
inition of the correct aperture as required by certifying labs
can be crucial. Although the aperture is clearly defined by
the laser scribes of the cell structuring and the isolation cuts
perpendicular, for external measurements, we additionally ap-
ply an opaque frame onto the front glass. Depending on the
geometry of the simulator’s light source and the sample as well
as the ratio of diffuse and direct light, the shadow cast by the
opaque frame differs and can lower the irradiance on the first
and the last cell in the serial connection, leading to differing
measured I-V curves depending on the detailed setup of the sun
simulator.

8) External Quantum Efficiency (EQE): For measurement
of the quantum efficiencies or spectral response, an individual
cell is electrically contacted during production of the thin-
film module. The EQE is then measured on the encapsulated
device using monochromatic chopped light together with a white
bias light. Spatial homogeneity of spectral response has been
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Fig. 2. (a) JSC × VOC as a function of absorber thickness. (b) EQE curve for
two different absorber thicknesses indicates the increase in JSC with increasing
absorber thickness.

quantified for individual samples but cannot be guaranteed for
all devices produced. Together with routine measurements of
the spectral distribution of the sun simulator, spectral mismatch
factors are computed but turn out to be negligible for most
devices, considering the measurement errors inherent to both
the EQE and spectral measurements.

III. ROUTE TOWARD 20%

The achieved record efficiencies are based on a route of
optimizations for different process steps. Coming from a 16.6%
module record efficiency in 2014 up to an efficiency of 19%
in 2019 [9], the optimizations were first focused on having a
Cd-free buffer layer by introducing a Na-doped InS buffer with
either an intrinsic ZnO layer or later with an intrinsic (Zn,Mg)O
layer (achieving an efficiency milestone of 18 %) [10].

Afterward, the Na-doped InS buffer and intrinsic (Zn,Mg)O
layers were replaced with a Na-PDT step followed by a Zn(O,S)
buffer layer, which allows process simplification in terms of
direct sputtering of the ZnO:Al window layer atop of Zn(O,S)
buffer layer [7], [9], [10]. Finally, the main focus was shifted
toward optimizing the absorber quality with consequent Na-PDT
and Zn(O,S) buffer adjustments as summarized in the following
sections.

A. Absorber Thickness

The CIGS absorber thickness was increased from 1.4 to
2.3 µm leading to an increase in the Current-Voltage product,
short circuit current density× open circuit voltage, (JSC ×VOC)
as illustrated in Fig. 2(a). This increase in JSC × VOC is affected
mainly by the increase of JSC due to increased absorption as a
result of the thicker part of the absorber layer [11]. This can
be derived from the long wavelength region in the EQE of
Fig. 2(b).

Although the increase in JSC × VOC product was quite
significant after increasing the absorber thickness, the fill factor
(FF) could not be maintained for the initial thicker absorber
type due to inferior diode parameters as depicted in Fig. 3 (both
saturation current density J0, and ideality factor n, showed worse
values, but only J0 is presented here), leading to a slight reduction
in the total efficiency.

Fig. 3. (a) FF values and (b) saturation current density (J0) for the two absorber
thicknesses indicating worsened diode parameters with increasing absorber
thickness.

Fig. 4. Optical scanned image of the thick absorber type before and after
optimization.

Fig. 5. GDOES profiles of (a) [Ga]/([Ga]+[In]) ratio, (b) [S]/([S]+[Se]) ratio,
and (c) band gap (Egap) of darker and brighter appearing areas within the same
30 × 30 cm2 absorber.

B. Absorber Homogeneity

Deeper analysis of the thicker absorber type revealed a
strong inhomogeneity within the same absorber material with
areas showing a darker appearance compared with surrounding
brighter appearance areas as illustrated in Fig. 4.

The analyses of the darker and brighter appearing areas re-
vealed that the darker area is characterized by a higher rough-
ness, higher Ga toward the absorber surface, higher S at the ab-
sorber bulk, and consequently higher bandgap (Egap) as shown
by the GDOES profiles in Fig. 5.

Several optimization steps were performed to improve the ab-
sorber homogeneity. A more homogeneous absorber appearance
could be achieved by varying the chalcogens during the absorber
formation through the following two approaches.
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Fig. 6. Optical scanned images for absorber appearance as a function of
varying the Se/CIG ratio.

Fig. 7. GDOES profiles of (a) [Ga]/([Ga]+[In]) ratio, (b) [S]/([S]+[Se]) ratio,
and (c) band gap (Egap) of two different absorbers with low and high Se/CIG
ratio.

Fig. 8. (a) FF values and (b) saturation current density (J0) for a thin absorber
type of 1.4 µm (black), an un-optimized thick absorber type of 2.3 µm (red) and
an optimized thick absorber type (green).

1) The Se/Metal ratio (Se/CIG ratio) was optimized within
the precursor. Decreasing the Se/CIG ratio helps to im-
prove the absorber homogeneity as observed in Fig. 6 as
an effect of reducing Ga toward the absorber front surface
and consequently reducing the absorber front band gap
(enhancing the FF values) as confirmed by the GDOES
profiles of low and high Se/CIG ratios in Fig. 7.

2) The sulfur profile was optimized within the absorber for-
mation as will be explained in more detail in the following
subsection.

These optimizations for the absorber homogeneity resulted in
significant improvement in the absorber appearance as shown in
Fig. 4 as well as an enhancement in FF and diode parameters as
presented in Fig. 8 and published in [11] and [12].

On the other side, reducing the Se/CIG ratio leads to slight
reduction of S in the absorber bulk depicted in Fig. 7 which
leads to a reduction of the JSC × VOC product. For the above-
mentioned reason, an optimization to successfully combine the
advantages of the improved JSC ×VOC product (from increased
absorber thickness) and FF (from improved absorber uniformity)
was required.

Fig. 9. JSC × VOC product as a function of (a) [S]/([S]+[Se]) ratio and
(b) [Ga]/([Ga]+[In]) ratio at absorber front surface as determined from GDOES
profiles.

Fig. 10. GDOES profiles of (a) [Ga]/([Ga]+[In]) ratio, (b) [S]/([S]+[Se])
ratio, and (c) band gap (Egap) for a variation of the RTP annealing temperatures
above 500 °C.

C. Sulfur Optimization Through the RTP Step

As reported in Section III-B, reducing the Se/CIG ratio suc-
ceeded in enhancing the homogeneity (and FF) of the thick
absorber type in exchange of losses in the JSC × VOC product.
The RTP step was then optimized with the goal of improving
the band alignment between the absorber and buffer layers.
This was achieved by optimizing the ratios of [S]/([S]+[Se])
from the absorber front surface with the [S]/([S]+[O]) ratio
of the Zn(O,S) buffer layer, which resulted in improving the
JSC × VOC product without negatively affecting the absorber
homogeneity.

Our thorough analysis shows that the optimization is mostly
governed by the valence band and not by the pure surface band
gap widening of the absorber surface as can be derived from
Fig. 9. The JSC × VOC product improves with increasing the
[S]/([S]+[Se]) ratio and not by increasing the [Ga]/([Ga]+[In])
ratio at the absorber front surface despite the fact that both ratios
will lead to widened absorber surface band gaps when increased.
While the Ga surface increase mainly acts on the conduction
band, the S surface increase leads to both a lowered valence
band and an increased conduction band [13].

Optimizing the RTP step plays an important role for opti-
mizing the S in the absorber bulk and toward the absorber front
surface without significantly varying the Ga toward the absorber
front surface, as illustrated in Fig. 10.

According to Fig. 10, increasing the RTP annealing temper-
ature (above 500 °C) promotes more incorporated S toward the
absorber bulk and absorber front surface leading to an increase
in the bandgap (with a corresponding increase in VOC for opti-
mized absorbers) without increasing Ga significantly toward the
absorber surface (except for very high temperatures). The RTP
annealing temperature was optimized to be low enough to have
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Fig. 11. Raman spectra for varying RTP annealing temperature above 500 °C.

minimal effect on the Ga-profile, while achieving the desired
increase in S (and corresponding VOC increase). This observa-
tion can also be supported by the Raman measurements. Raman
spectra plotted as a function of RTP annealing temperature reveal
that a rise in the temperature results in the exchange of the
Se-compound by the S-compound where more active S atoms are
incorporated. This can be observed from the intensity reduction
of the Se-compound compared with the intensity increase of the
S-compound as shown in the A1 modes of Fig. 11. The lines at
180 and 290 cm−1 are attributed to Se-Se and S-S vibrations,
respectively.

Moreover, the RTP step is optimized to avoid the increase of
S toward the absorber backside. An increased S-incorporation
toward the Mo(S,Se)2 layer has been proven to be the root cause
of a secondary barrier at the back interface for high sulfurization
levels [14], [15].

The recent improvements were achieved by optimizing the
band gap profile through the engineering of sulfur content and
gradient, especially at the absorber surface which induced an
improved absorber quality (improved carrier lifetime) with a
distinct increase in JSC.

D. PDT and Buffer Optimizations

A sputtered Zn(O,S) buffer is already the second generation
of Cd-free dry buffers processed by physical vapor deposition
(PVD) at AVANCIS. The first generation Cd-free buffer was an
InxSy-based buffer layer, instead of the classical chemical bath
deposited (CBD) CdS buffer [4]. A dry PVD process prevents
the costly and harmful wastewater disposal, such as required
in the case of CBD of CdS or Zn(O,OH)S buffers, and InxSy

improves optical response in comparison to CdS.
However, also evaporated InxSy buffer imposed certain limi-

tations, such as inferior blue response with respect to Zn(O,S),
as well as the relative complexity of the evaporation process with
respect to sputtering using a scalable Zn(O,S) target.

In the case of sputtered Zn(O,S) buffer, a careful adjustment
of its [S]/([S]+[O]) ratio as well as tuning of Na-PDT in terms
of alkali distribution within absorber-buffer interface was found
essential to enhance diode behavior, which in turn enabled the
high efficiency levels for the R&D modules. It was observed,
that Na-PDT drives significant VOC and FF improvements by

Fig. 12. Correlation between saturation current density (J0) and ideality factor
(n) for the effect of Na on different buffer layers. The three lines represent linear
fits from experimental data.

TABLE I
EXTERNALLY CERTIFIED I-V CHARACTERISTICS

reducing nonradiative recombination losses experienced with
Zn(O,S) buffer, as depicted in Fig. 12. The lines in Fig. 12 are
linear fits from experimental data.

IV. CHAMPION MODULE

Several optimization approaches were presented in this arti-
cle. AVANCIS latest independently certified world record aper-
ture area efficiency of 20.3% (certified by NREL) for laminated
CIGSSe modules of size 30× 30 cm2 was achieved by variations
in absorber composition and elemental distribution, as well as
adjustments in Na-PDT and Zn(O,S) buffer.

Principally, the optimization of the band gap profile through
the engineering of both gallium and sulfur contents and their
gradients at the absorber surface induces an improved absorber
quality and distinct increase in JSC at nearly no losses in VOC.
The improvement in JSC × VOC product is then the main
contributor to the achievement of an overall higher efficiency of
20.3%, despite small losses in FF as compared with the previous
19.8% champion module (likewise certified by NREL). In this
section, we will present the main characteristics of our recent
champion module.

Fig. 13 presents the data of the I-V measurement at NREL
of our 30 × 30 cm2 champion module (measured under a
continuous light solar simulator). The module was stabilized
by light-soaking prior to measurement.

In Fig. 14, we depict the long track record of champion
efficiencies of AVANCIS’ 30 × 30 cm2 R&D CIGSSe modules.

Table I provides the primary I-V characteristics of AVANCIS’
latest three record module efficiencies as externally certified by
NREL.
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Fig. 13. I-V curve of the certification measurement at NREL.

Fig. 14. Evolution of AVANCIS’ 30 × 30 cm2 externally certified champion
module efficiencies.

Different characterization techniques were used to investigate
the improvements achieved in our recent record process (mea-
sured on absorber types similar to the ones used for our champion
module) compared with our previous record.

Fig. 15(a) illustrates the Raman and XRF (inset) measure-
ments for S of two absorber types: the absorber of our recent
champion module with red points, and the absorber of our
previous champion module with blue points. The sulfur profile

Fig. 15. (a) S/Se ratio from Raman measurements and sulfur to chalcogen
ratio from XRF measurements (inset). (b) GDOES [S]/([S]+[Se]) ratio for the
two different absorber types; recent record (red) and previous record (blue).

Fig. 16. (a) Band gap (Egap) profile from GDOES measurements and (b)
photoluminescence (PL) lifetime for absorbers similar to our recent (red curve)
and our previous (blue) record efficiencies.

in the absorber was optimized in a way that the optical active S
(Raman) toward the surface was increased despite a slight overall
reduction of compositional S in the absorber (XRF data).

The increased Raman S/Se signal shows the strong increase of
the active surface-S despite the lower S content at the surface as
depicted from the sulfur GDOES profiles in Fig. 15(b) indicating
an enhanced incorporation of optical and electrical active S in
the absorber crystals and not only elemental S located to the
grain boundaries [16], [17].

This optimization process was achieved by controlling the
S-incorporation during ramping phases. It was found that a
strong dependence of the anion ratio [S]/([S]+[Se]) on the
[Cu]/([In]+[Ga]) ratio takes place when S is incorporated during
the temperature ramping up phase [5], [18], [19], [20].

On the other side, the Ga-profile was also optimized in order
to reduce Ga toward the front surface (first 500 nm) and move
it toward the back surface. This change in Ga profile helped to
further improve both front and back interface surfaces. Lower
Ga toward the absorber front surface helped to improve the band
alignment with the buffer layer whereas increasing Ga toward the
back surface helped to reduce the diffusion of sulfur toward the
back-absorber side in order to prevent the formation of backside
interface barriers.

Indeed, reducing Ga toward the absorber front surface (with
slight increase of active S at the front surface) succeeded in
reducing the band gap minimum in the absorber bulk as can be
observed in Fig. 16(a). The reduction in the band gap minimum
(based on Ga-reduction) whereas increasing S toward front sur-
face helped to avoid losses in VOC, improving the VOC-deficit
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Fig. 17. STEM microstructure for (a) an absorber similar to the absorber of
our recent record module, (b) absorber front side [green square in (a)] with large
grains indicating high absorber quality, and (c) absorber back side [red square in
(a)] with large number of voids indicating relatively poorer absorber quality and
potential nonradiative recombination sources. Arrows point out pores. IL1 is the
first interface layer between Mo and glass whereas IL2 represents the second
interface layer between Mo and absorber back side.

by more than 30 mV and increasing the JSC (as a result of
band gap lowering), thus significantly improving the JSC×VOC

product. The enhancement in the VOC-deficit is also supported
by the increase of the PL lifetime (about 10 ns in average) for our
recent absorber compared with our previous one as depicted in
Fig. 16(b). Moreover, the S-reduction toward the absorber back
interface with Mo plays a role in reducing interface barriers at
the back contact and improves the FF.

SEM/TEM microstructure measurements performed on our
recent absorber shown in Fig. 17 reveal fine crystallites at the
absorber back interface to the Mo contact and larger crystallites
of several 100 nm up to µm range in the upper part of the layer.
While the absorber bulk to the front surface shows large grains
indicating high absorber quality [Fig. 17(b)], the back side of
the absorber shows large number of voids [Fig. 17(c)] with
black areas within the CIGSSe absorber layer representing pores
and indicating that there is still room for improving our recent
absorber through optimizing the absorber back interface. This
has also been proven by depth-resolved PL spectroscopy mea-
surements that revealed the backside of our CIGSSe absorbers
as a source of nonradiative recombination as published in [21].

STEM-EDX measurements confirm the accumulation of S
toward the Mo-absorber back interface and toward the absorber
surface as observed in Fig. 18. Fig. 18(a) represents the part of
the absorber used for the EDX mapping, whereas Fig. 18(b) and
(c) represent the Se and S mapping, respectively. S is enriched
mainly at the surface, at grain boundaries, toward the Mo back
electrode, and around pores as indicated in Fig. 18(c) and by
the red arrows in the S-Se mapping of Fig. 18(d) whereas Se is
depleted in these regions [see Fig. 18(b)]. In is enriched in the
upper part of the absorber (In-rich phase toward the absorber
front surface), whereas Ga is enriched in the lower part of the
CIGSSe layer (Ga-rich toward the absorber back side) as can be
observed in Fig. 18(e). Cu is distributed mostly homogeneous
through the absorber layer [see Fig. 18(f)].

Based on the above-mentioned results, it can be concluded
that the presented optimization has indeed succeeded in im-
proving the absorber quality through a significant increase of
the JSC × VOC product. The overall efficiency of the module
is therefore driven by a gain in JSC × VOC despite a small loss
in FF (slightly worsened J0 and n) compared with our previous
19.8% absorber.

Fig. 18. STEM-EDX mapping for (a) our recent absorber indicating the main
elemental distribution: (b) Se, (c) S, and (d) S-Se map showing the distribution
of chalcogens through our absorber. (e) S-Ga-In map showing the enrichment
of In toward the front surface whereas Ga is enriched toward the back absorber
surface. (f) Cu.

V. CONCLUSION

The presented results demonstrate that the cost-efficient
AVANCIS SEL-RTP process combined with an all-sputtered
buffer and window layer extends the lead of AVANCIS for
thin-film power conversion efficiency. We achieved a new world
record aperture area efficiency of 20.3% for monolithically serial
connected 30 × 30 cm2 CIGSSe thin-film PV module (certified
by NREL) which is in general the highest value for cost-efficient
single junction thin-film PV modules of that size and the first
thin-film module in that size to exceed the 20% efficiency line.
In addition, these modules do not contain hazardous materials
such as lead or cadmium.
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