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Cu(In,Ga)Se2 based ultrathin solar cells the pathway from lab
rigid to large scale flexible technology
T. S. Lopes 1,2,3,4✉, J. P. Teixeira1✉, M. A. Curado1,5, B. R. Ferreira1, A. J. N. Oliveira1,6,7, J. M. V. Cunha1,6,7, M. Monteiro1, A. Violas1,6,7,
J. R. S. Barbosa1, P. C. Sousa1, I. Çaha 1, J. Borme 1, K. Oliveira1, J. Ring8, W. C. Chen9, Y. Zhou8, K. Takei10, E. Niemi10, F. L. Deepak1,
M. Edoff9, G. Brammertz2,3,4, P. A. Fernandes1,7,11, B. Vermang2,3,4 and P. M. P. Salomé1,6

The incorporation of interface passivation structures in ultrathin Cu(In,Ga)Se2 based solar cells is shown. The fabrication used an
industry scalable lithography technique—nanoimprint lithography (NIL)—for a 15 × 15 cm2 dielectric layer patterning. Devices with
a NIL nanopatterned dielectric layer are benchmarked against electron-beam lithography (EBL) patterning, using rigid substrates.
The NIL patterned device shows similar performance to the EBL patterned device.The impact of the lithographic processes in the
rigid solar cells’ performance were evaluated via X-ray Photoelectron Spectroscopy and through a Solar Cell Capacitance Simulator.
The device on stainless-steel showed a slightly lower performance than the rigid approach, due to additional challenges of
processing steel substrates, even though scanning transmission electron microscopy did not show clear evidence of impurity
diffusion. Notwithstanding, time-resolved photoluminescence results strongly suggested elemental diffusion from the flexible
substrate. Nevertheless, bending tests on the stainless-steel device demonstrated the mechanical stability of the CIGS-based device.
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INTRODUCTION
Silicon (Si) wafer-based technology dominates the photovoltaic
(PV) market share (≈92%), while Cu(In,Ga)Se2 (CIGS) has only a
minor part, with 2%1. Despite its low market share, CIGS PV shows
lower manufacturing costs and material consumption over Si
wafer technology, having the potential to be the cornerstone for
building-integrated PV (BIPV), due to its applicability for light-
weight and flexible applications2,3.
Conventionally, CIGS solar cells are developed using soda-lime

glass (SLG) as a substrate. However, SLG is a concern for scalability
due to high fabrication costs during module assembly and it also
increases the module weight3. Thus, efforts have been made to
develop high-efficiency CIGS solar cells with different substrates,
such as flexible substrates, that can replace the SLG, mitigating
the final device’s cost, weight and rigidity. However, the
replacement of SLG is complex due to the panoply of require-
ments that the substrate must meet due to the CIGS composition
and growth conditions: similar thermal expansion coefficient with
CIGS, thermal stability at high temperatures (>400 °C), chemical
inertness with CIGS elements, among others4,5. The prime
candidates for flexible substrates are metals and polymers. Metals
show high thermal stability but require an additional layer to
block elemental diffusion. In contrast, for polymers, only
polyimides can withstand temperatures >400 °C, but the thermal
expansion coefficient is not compatible with the CIGS one5. With
these several requirements, breakthroughs in the CIGS technology
are usually accomplished with an SLG substrate. Despite the
challenges of replacing SLG, the performance of CIGS solar cells
performances with flexible substrates are not far from those
achieved by SLG ones, as CIGS solar cells on flexible substrates

show an efficiency value of 22.2%6, with SLG reaching 23.35%7.
Furthermore, decreasing the absorber thickness to the ultrathin
range (<900 nm) is required to increase fabrication throughput
and decrease fabrication costs by reducing the usage of critical
raw materials8. However, by thinning the absorber, recombination
losses at the rear interface became a major loss mechanism. One
strategy to tackle those losses is to passivate the rear interface by
depositing a dielectric layer between the absorber and the rear
electrode9–14. These passivation layers need to be patterned to
establish electrical contact. The ideal contact dimensions need to
be optimised, considering their geometry and spacing. None-
theless, a high coverage area by the dielectric is preferred for an
efficient passivation15,16. Electron-beam lithography (EBL) and
optical lithography have successfully pattern dielectric layers in
ultrathin CIGS solar cells12,13,15,17. While optical lithography offers
high throughput, its drawback is its low resolution. Although EBL
can pattern with high resolution, it suffers from high cost and low
direct-write speed, hindering its scalability in the CIGS industry. To
leverage the ultrathin CIGS technology, a patterning technique
with low cost, high throughput, and high resolution is required.
One potential candidate that matches such requirements is
nanoimprint lithography (NIL). NIL acts as a parallel patterning
method in which a surface pattern, a stamp, is replicated into a
material-coated substrate by mechanical contact and 3D material
displacement18. A significant amount of research has been done
to explore the NIL capabilities and meet the industry demands
since its suggestion by Stephen Y. Chou et al.19. As a result, NIL is
already used in several technologies and industries, such as
organic light emission displays, memories, biomedical devices,
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microelectronics, among others20–27. However, NIL is still to be
established in the (ultra)thin film solar cell’s technology.
In order to meet the need for on-site renewable energy,

lightweight CIGS based solar cells in flexible substrates are
explored in this study with rear passivation by NIL. We studied
rigid devices (5 × 5 cm2) with a SiOx passivation layer patterned by
NIL and benchmarked them with devices patterned by EBL. After
that, the scalability capabilities of NIL are demonstrated through
the patterning of a 15 × 15 cm2 semi-squared flexible stainless-
steel substrate. Silver (Ag) was incorporated into the CIGS layer
(ACIGS), as adding Ag improves crystallinity of thin CIGS devices
and allows for low deposition temperatures, matching the
requirements of the flexible substrate28–30. The flexible device
shows a slightly lower performance than the rigid ones. A set of
advanced characterisation techniques was used to understand all
the devices, their performance, and to design an experiment to
obtain flexible solar cells with a comparable performance to their
rigid counterparts. The solar cells’ performance shows the
potential for industry scalability for flexible and lightweight
ultrathin CIGS based devices, and NIL is a suitable candidate to
follow this upscale.

RESULTS AND DISCUSSION
Patterned substrates characterisation
Top view SEM images and cross-section AFM profiles were taken
from the NIL-SLG and EBL-SLG substrates to determine the
dimensions and profiles of the point contacts. Figure 1a, b show
top view SEM images of the NIL-SLG and EBL-SLG substrates,
respectively. The average and standard deviation diameter value
of 40 point contacts, per substrate, obtained through the SEM
top view image analysis is 142 ± 9 nm for NIL-SLG and 129 ± 6 nm

for EBL-SLG. The larger diameter for NIL-SLG likely arises from
the O2 etch process to remove the residual layer, which may
enlarge the point contact dimension, due to its isotropic
component. On the other hand, EBL-SLG substrate presents
point contacts in an elliptical shape caused by astigmatism of the
EBL system17. AFM cross-section profiles of a representative
point contact for NIL-SLG and EBL-SLG are shown in Fig. 1c, d,
respectively, with the 20 nm SiOx layer defined between the
dashed lines. The AFM cross-section profiles show a complete
etch of the SiOx layer for both substrates and even a minor etch
of the Mo layer, ensuring the quasi-ohmic contact between the
ACIGS and the Mo layer31. From the AFM cross-section profile,
the point contact diameter average and standard deviation
value for NIL-SLG is 47 ± 20 nm and 42 ± 16 nm for EBL-SLG. We
should note that the difference between the diameter values
obtained through top-view SEM images and the AFM profile
comes from the etching steps that narrow the point contact into
a “V” shape, as the SEM values comes from the top of the contact
and the AFM ones are related with the effective interface
diameter with the Mo. Nonetheless, the point contacts show
similar dimensions for both lithography processes, which is
desired since we aimed to have similar architectures, including
equivalent over-etching results to minimise the morphological
difference between substrates.
The 200 mm Si point contact stamp SEM top view images

shown in Fig. 2, were taken during the NIL fabrication to
evaluate the process uniformity: (i) the nanoimprinting
process—Fig. 2a, b; (ii) the residual layer removal—Fig. 2c and;
(iii) the resist removal—Fig. 2d. Figure 2a, b. were taken at
opposite edges of the wafer, with a distance of 40 mm, to access
the demoulding quality. An imperfect demoulding process leads
to elongation in a particular direction32. Figure 2a, b show

Fig. 1 Rigid substrates morphological characterization after the lithographic process. Top-view SEM images of: (a) NIL-SLG and (b) EBL-SLG
substrates. The SEM images were taken with a Horizon field width (HFW) of 5 µm and an acceleration voltage of 5 kV. AFM cross-section
profiles of a representative point contact of: (c) NIL-SLG and (d) EBL-SLG substrates obtained with a scan rate of 0.5 Hz. We note that the AFM
obtained distance for both substrates is within average values for the SEM measurements.
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clearly defined circular point contacts, with no deformation, and
an average dimension of 420 ± 12 nm. From the AFM profile
presented in Fig. 2e, the point contact seems to have well
defined vertical sidewalls with a depth of 110 nm and a diameter
of 405 nm, compatible with the SEM top view dimension. These
results support the uniformity of employing NIL to perform a
double polarity inversion in the 200 mm fabricated stamp, and
the high quality of the produced stamp to pattern the large
scale solar cell.
The patterning process of the Flexible highlights the indus-

trialisation aspect of NIL, as the imprinting step took only 7 min.
However, exposing the same pattern with EBL would take up to
8000min of non-interrupted machine runtime. NIL on non-flat
surface substrates, such as steel, commonly employs high pressure

to overcome the surface roughness18, hence SEM top-view images
are mandatory to check the uniformity of the process18. Figure 3
shows the top-view SEM images of Flexible at opposite sites on
the substrate after the resist removal process. From the top view
SEM images, the point contacts show well-defined and circular
dimensions, indicating a successful demoulding. An uniformity in
shape geometry in the whole sample is important as demoulding
can lead to artefacts in the shape of the features, as that is not the
case here, we can conclude that the demoulding has no issues.
The average diameter for the point contacts obtained by SEM
images is 391 ± 39 nm. The uniformity of the point contacts shape
indicates that our STU-NIL process and the use of a flexible IPS®
can overcome the surface roughness of the steel wafer, leading to
uniform features.

Fig. 2 Characterization of the NIL process on the 200mm point contact stamp. Top view SEM images of the 200mm point contact stamp
(a) and (b) after the NIL process, (c) after the Si etching, and (d) After the resist removal and wafer cleaning. e AFM cross-section profile of one
point contact of the Si stamp.

Fig. 3 Flexible substrates characterization after NIL process. Top view SEM images after the resist removal, at opposite sides of flexible
substrate, with the identification on the location of the SEM images. The point contact shape and dimension are retained regardless of the
distance between the measurement, which indicates high quality for the demoulding step.
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Solar cells results
The three studied devices’ representative illuminated J–V curves
and figures of merit average values are presented in Fig. 4a and in
Table 1, respectively. The average power conversion efficiency
values obtained for SLG substrates are very close, 12.6 and 12.3%
for NIL-SLG and EBL-SLG devices, respectively. Nevertheless, a
slight decreased value is obtained when moving to the large area
flexible stainless-steel based device, 11.7%, even though it is a
<1% conversion efficiency decrease. Such results highlight the
potential of the developed process to include large flexible
substrates in the CIGS based ultrathin solar cells portfolio13,33–35.
The EBL-SLG device shows a roll-over behaviour, responsible for its
FF value lower than NIL-SLG. This roll-over anomaly likely indicates
a presence of an electronic barrier36,37, which might be related
with Na distribution problems36,38. Nonetheless, in the NIL-SLG
device—which has the same pattern and received the same
amount of NaF precursor—the said rollover is absent. Remarkably,
the NIL-SLG device achieved a FF value of 79.2%, which is higher
than the FF values obtained in high efficiency sub-micrometre
CIGS-based solar cell devices39,40, albeit 1.2% lower than the one
achieved in the current world record CIGS based thin film solar
cell7. Nonetheless, an absolute decrease of 12.4% in the FF value is

observed for the Flexible device when compared to the NIL-SLG.
This loss might be explained by the high roughness present in the
steel substrate and by the difficulty in cell definition. AFM
measurements show a root mean square surface roughness of
18.6 nm for the stack Steel/Mo, ~300% higher than the one
obtained for the SLG/Mo which is 4.9 nm. Notwithstanding,
we highlight the low standard deviation values (Table 2) for the
Flexible devices, indicating the high uniformity of the individual
solar cells. The Flexible devices show the highest JSC values
amongst the fabricated solar cells, which may come from light
trapping effects due to the steel surface roughness, which will

Fig. 4 Solar cell results of the fabricated devices. a Representative illuminated J–V curves; b Relative total diffuse reflection of Mo into a SLG and
Stainless-steel substrate; c XPS survey spectra of Mo based substrates without etch process, Mo_Ref, and with a BCl3 and C4F8 based etch process for
substrate Mo_NIL and Mo_EBL, respectively are shown; d SCAPS fit to the EBL-SLG and NIL-SLG illuminated J–V curves presented in a.

Table 1. The figures of merit average and standard deviation values for the fabricated devices and in dark blue the one obtained via SCAPS fit for
EBL-SLG and NIL-SLG, additionally the rear barrier for holes, and the SRV for electron and hole are also presented.

Devices VOC (mv) JSC (mA/cm2) FF (%) Efficiency(%) Barrier (eV) e-SRV (cm.s−1) h-SRV (cm.s−1) Rs (ohm.cm2)

EBL-SLG 744 ± 3 24.0 ± 0.3 68.6 ± 2.7 12.3 ± 0.5

NIL-SLG 730 ± 2 21.7 ± 0.5 79.2 ± 0.6 12.6 ± 0.4

Flexible 628 ± 3 27.9 ± 0.5 66.8 ± 0.3 11.7 ± 0.3

EBL-SLG 730 25.3 66.3 12.3 0.140 1.07E+ 02 1.60E+ 02 2.88

NIL-SLG 734 23.3 80.2 13.7 0.160 1.00E+ 04 1.00E+ 04 0.085

Table 2. Description of the samples’ nomenclature, the thickness of
the passivation layer, lithography used and the rear stack.

Substrate/
Device name

Lithography
technique

Dielectric layer
thickness (nm)

Rear stack

EBL-SLG EBL 8 SLG/Mo/SiOx

NIL-SLG NIL 20 SLG/Mo/SiOx

Flexible NIL 20 Steel/Mo/SiOx
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increase the optical path length inside the device, thus increasing
the JSC value33. Relative diffuse reflectance measurements of Steel/
Mo and SLG/Mo substrates are presented in Fig. 4b. A broadband
increase is observed for the stainless-steel substrate. However, the
light trapping effect evaluated through the inclusion of the
obtained surface roughness in the solar cells architecture via 3D
finite-difference time-domain optical simulations41, shows a lower
JSC enhancement than the one measured. Thus, optical phenom-
ena are insufficient to solely explain the difference between the
JSC of the Flexible and the SLG based devices42. Considering the
SLG devices, a difference on the JSC value of 2.3 mA cm−2 was
obtained, while keeping 98% of the EBL-SLG VOC value, the NIL-
SLG device presents an unexpected decrease in the JSC. So far, the
obtained results show two main differences between the SLG
solar cells; a 2.3 mA cm−2 JSC difference between them, and a roll-
over anomaly in the EBL-SLG suggesting charge extraction
problems. These differences are unexpected as the substrate
architecture is nominally the same, as well as the upcoming layers
and its processing, including the absorber. We relate this
difference to two major points: a non-uniform distribution of the
Na doping, although both samples have the same NaF thickness,
and/or the effectiveness of the passivation layer (chemical and
field-effect passivation effects). Both these points should have
somehow a connection to the lithographic process and its
operational conditions—exposure, resists, and more importantly
the chemical nature of the etch process, which was different for
the two SLG based substrates. As the two SLG lithographic
procedures required different etch processes, which inevitably led
to different by-products, XPS surveys were performed on three Mo
based samples that mimic the etch by-products. Thus, SLG
sputtered 350 nm Mo substrates were submitted to equal etching
conditions together with the same cleaning steps for the
correspondent devices. Hence, Mo_EBL was etched in a C4F8
based chemistry for 45 s in an APS system at a pressure of
2.6 × 10−6 bar with a flow of 50 sccm at 13.56 MHz, and Mo_NIL
with a BCl3 based chemistry for 50 s at a pressure of 2.6 × 10−6 bar
with a flow of 15 sccm at 13.35 MHz, with Mo_Ref being submitted
to only cleaning steps. We note that the survey was conducted on
a bare Mo substrate, without dielectric and nanopatterning.
However, the identification of elements in the Mo substrate
should follow the detention of elements on a Mo surface in a
patterned device, despite a possible overestimation by XPS in
non-patterned substrates. All the XPS surveys spectra are
presented in Fig. 4c. A major difference stands out: the Mo_EBL
spectrum shows a fluor (F) contribution. None of the other
samples show the presence of F. The F appears as by-product of
the C4F8 based etch used in the EBL sample. Despite the existence
of F on the Mo_EBL surface, we note the presence of Carbon (C)
and Oxygen (O) peaks with varied intensity between the samples.
Such peaks may appear due to sample handling and exposure to
air. No detrimental impact is expected by the presence of F in the
EBL-SLG sample, as every studied sample had a NaF treatment,
and this element is commonly used both in alkali-precursors in
post-deposition treatments36. Moreover, it is not expected that F
had an impact in the observed barrier in the EBL-SLG device, since
the roll-over behaviour was also previously observed in devices
with substrates architectures obtained through BCl3 etch15.
Furthermore, a closer inspection to the F 1 s spectra, not shown,
has the presence of two peaks: one at 688.2 eV, and a small
shoulder with a peak 684.6 eV. The former indicating the presence
of an organic compound43 with the latter being an inorganic44.
The organic compound may have formed due to a reaction of the
etching gases during the process, with the inorganic compound
being formed with a reaction of F to the Mo layer. Such
compounds may react and potentially affect the NaF dissociation
and chemistry during the CIGS growth and the relation between
Na, O, F and Se and Na diffusion is quite complex45,46. Hence, an in
depth study of how these compounds may affect Na distribution

and even the NaF dissociation should be conducted. Moreover,
SCAPS software was used to further discuss the SLG-based
devices. The implementation of an 1D Poisson solver along with
complex architectures that may not be totally described by the
one-diode model, bring an additional complexity in the deconvo-
lution and discussion of the electrical parameters. In order to
better describe the developed architectures, the SCAPS model was
fitted to the EBL-SLG and NIL-SLG measured J–V curves, as shown
in Fig. 4d, by varying the rear contact barrier (i.e. contact work
function) and the surface recombination velocity (SRV) for
electrons and holes, in order to achieve the lowest Chi-square
sum value. The fitted figures of merit are presented in Fig. 6b. This
model was implemented for five scenarios of compensation varied
from 17 to 67% in the bulk region, where (1) the rear contact
transport barrier height was varied from 0 to 0.3 eV since a roll-
over effect was observed in the EBL J–V curve, and (2) the SRV for
electrons and holes were varied from 104 to 102 cm/s, as the rear
passivation effect on SRV observed experimentally typically varies
within such range values47,48. An important result comes from the
compensation level that better describes the J–V curves, which is
11% (abs.) higher for the EBL-SLG comparing to the NIL-SLG. This
result is compatible with a more efficient integration of Na in the
NIL-SLG device, raising the point that having additional F in the
substrate may difficult the NaF dissociation and consequently
the incorporation of Na on the ACIGS. Additionally, it is known that
the Na presence is a prerequisite as a catalyst to the MoSe2
formation providing a quasi-ohmic contact49, which might explain
the higher simulated series resistance (RS) value for the EBL-SLG
device. No significant rear barrier height was obtained for both
devices. Therefore, the charge accumulation responsible for the
roll-over effect might be related to other phenomena. Note that,
the AFM measurements revealed that in the EBL-SLG solar cell the
average individual contact area is 20% lower than the NIL-SLG
one, in addition the hole (h-)SRV obtained value for this device
suggests a higher hole density available to be extracted, which
may lead to charge accumulation at the rear contact in the EBL-
SLG solar cell. The accumulation of both effects leads to a series
resistance increase revealed by a roll-over effect. The fitted figures
of merit show lower SRV values for the EBL-SLG in comparison to
the one obtained for the NIL-SLG. The presence of F in the Mo
layer may create an additional field effect, allowing for an
improvement in the JSC value. Notwithstanding, the SRV values
must also reflect the slight differences in the passivation
architecture dimensions. Although, an improved rear interface
passivation effect might be obtained by the presence of F, it also
affects the NaF dissociation and the compensation values, and
therefore the optoelectronic properties of the ACIGS, leading to
similar VOC values between both devices. Furthermore, given that
the Flexible device also went through an etching process based
on C4F8 and given its high JSC values, it is possible that for this
sample the presence of F in the Mo surface together with the
higher diffuse reflectance may be responsible for its high JSC.
However, a detrimental impact in the optoelectronic properties of
the ACIGS is expected, which will affect the VOC value. None-
theless, the large VOC drop observed in the stainless-steel device
might not be fully explained by this effect, as it was seen that in
the SLG-based devices the VOC values are similar.
It should be noted that the SLG based CIGS solar cells

commonly show higher VOC values than those achieved by
stainless-steel substrates50,51, thus, the lower VOC value for Flexible
solar cells is an expected but unwanted result. Common causes for
such difference may come from diffusion of elements present in
the steel substrate, such as iron (Fe), towards the CIGS51,52, which
might have occurred due to the used CIGS growth temperature50.
The small drop in the overall Flexible performance is mostly due to
the significant decrease in the VOC values. Thus, despite of the
diffusion barrier and the SiOx passivation layer, some impurities
may still diffuse towards the absorber. Thus, cross-section STEM
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images and EDS line scans were taken for the Flexible device to
study the elemental distribution in the ACIGS layer. Figure 5a
shows a cross section STEM image for Flexible device, with Fig. 5b,
c showing the EDS line scan profile for the substrate’s elements
throughout the complete device and the ACIGS elements plus Fe
in the absorber layer, respectively. The STEM image shows a
conformal layer growth of the solar cell stack layers. The complete
device’s line scan in Fig. 5b initially shows a high signal from
elements present in the steel substrate, such as Fe and chromium
(Cr), with Fe having the highest atomic percentage. A residual
percentage of titanium (Ti) and nickel (Ni) was also detected into
the stainless-steel substrate, while an increase in the atomic
percentage of Ti was observed in the barrier region. The Si signal
detected supports the SiOx based nature of that barrier. Moreover,
once we reach the diffusion barrier, we observe a decrease of Fe
and Cr elements, as Ni, Ti, and Cr reach a near zero atomic
percentage at the Mo layer. Such a drop in atomic percentage
indicates that the diffusion barrier together with Mo significantly
prevented further diffusion of these elements onto the CIGS. Note
that, at the Mo/ACIGS interface the Si signal increases. This
phenomenon is explained due to the proximity between the Si
Kα= 1.740 keV and the Se Lα= 1.379 keV, which indeed reflects
the common formation of the nanometric MoSe2 interfacial
layer31. The elemental distribution in the ACIGS layer (Fig. 5c)
follows the trend expected for an inline deposition process.
Furthermore, we note that the ACIGS elemental distribution

observed by STEM may show some variations from the one
measured by XRF. Such difference results from experimental
artefacts, such as Cu grid on the lamella, Ga implantation from the
lamella preparation and addition experimental error from the
techniques. The Fe element was also scrutinized in this layer.
However, only a very residual presence of Fe was detected, which
does not allow for a clear conclusion considering its presence in
the absorber, since it may be an artefact. In this regard, TRPL
measurements were performed in order to evaluate possible
differences in the recombination mechanisms between devices.
The TRPL decay of the three studied samples is presented in
Fig. 5d, being all well described by a biexponential function
with two characteristic decay lifetimes53–55: τ1 is often linked to
charge separation and τ2 to recombination mechanisms. A clear
difference in the TRPL decay is observed between the SLG based
devices and the stainless-steel one, which presents a faster decay
in comparison to its SLG counterparts. Both SLG devices present
similar decay curves, with slightly higher τ1 and τ2 values for the
EBL-SLG in comparison to the NIL-SLG. The trend of the τ2 values
from these two solar cells is well aligned with the one from the
VOC values, both parameters showing a small gain for the EBL-SLG.
Thus, no significant differences on the optoelectronic properties
were found between the two SLG solar cells. Despite the many
physical factors that may determine the TRPL decay, the
significant change observed in the Flexible decay, strongly
indicates additional non-radiative recombination mechanisms

Fig. 5 Flexible device characterization by STEM and TRPL. STEM and EDS graph for the flexible device a cross section STEM image for
Flexible device with the corresponding layers of the device identified; b EDS line scan for the complete device. For clarity, only the elements
present in the substrate, diffusion barrier and Mo contact are shown. The EDS line scan region is shown in the image; c EDS line scan in the
ACIGS layer, where the corresponding elements together with Fe are shown; d room temperature TRPL decay for EBL-SLG, NIL-SLG and
Flexible. A double exponential decays is observed for all substrates.
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that are not present in the rigid devices, which is compatible with
the low VOC value obtained for the Flexible solar cell. Therefore,
elemental diffusion from the stainless-steel substrate at doping
levels which are not detected by EDS might have diffused towards
the ACIGS leading to additional non-radiative recombination
channels, which might explain the much faster TRPL decay in the
Flexible device in comparison to the rigid solar cells. Moving
forward, the development of either new diffusion barriers and/or
using a thicker Mo layer51 should be developed to completely
block metal diffusion towards the absorber, as it allows for a
smoother transaction between laboratory devices and industry.
Moreover, additional growth optimisation of CIGS based layers at
low temperatures could also help to mitigate said issue30,56.
In order to study the mechanical stability of Flexible device

(Fig. 6a), we calculated the applied strain, ɛ, on the device surface
as it allows for the description of the physical device deformation
during the bending57,58:

ε ¼ t
2R

(1)

where, t is the total thickness of the device, being 114 µm
(substrate included) and R the bending radius,14.4 mm. Thus, a
strain of 0.4% is induced in the devices when bent. Figure 6 shows
a small variation in the and JSC and VOC value throughout the
bending tests, which might be due to an artifact resulting from
the J–V setup optimized for flat devices. Still the fact that the
parameter did not degrade indicates that: (i) the mechanical strain
did not led to a change in the ACIGS lattice; and (ii) the optical
properties were unaffected by mechanical deformation. However,
the FF and efficiency values decreased in the first 50 bending
cycles, while stabilising for the subsequent bending cycles. Studies
show that FF might decrease in solar cells during bending
measurements due to a deterioration in the window layer
properties59–61. In fact, the ZnO based window layer used in our
device is compatible with previously reported poor mechanical
stability, since only a few bending cycles are needed to break
down the material properties62,63. Hence, the cause for perfor-
mance loss in our devices could be the degradation of the window
layer properties, with the exact cause being the subject of further
studies. For flexible applications, where mechanical stability is of
utmost importance, a different TCO should be used, such as Ag
nanowires together with thin AZO, which demonstrated higher
mechanical stability compared to standard TCO layers64,65. None-
theless, the stable VOC and JSC shows the mechanical robustness of
the electrical and optical properties of ultrathin CIGS based layer
on stainless-steel substrates. The solar cell results of Flexible and
NIL-SLG show that NIL can pattern devices with efficiency values

close to the well-established EBL process. The results of the
Flexible device indicate that with the correct patterning techni-
que, together with an optimized growth process, ultrathin flexible
devices may reach the performance of rigid substrates.
The pathway for the development of high-performance

ultrathin flexible solar cells was established in this work. As
ultrathin devices need the incorporation of a patterned passiva-
tion layer, we show that NIL processing is fit for both patterning
the necessary structure and flexible substrates. Firstly, the
NIL process was compared to a well-established lithography
approach, EBL, in rigid substrates, followed by the patterning of a
large area flexible substrate (15 × 15 cm2). SEM and AFM analyses
demonstrated the NIL uniformity on a 200 mm wafer and over an
area of 15 × 15 cm2, as well as the reproducibility between
lithographic processes. Rigid devices demonstrated similar
performances. Despite the similar TRPL decay lifetimes and VOC
values, the EBL patterned device showed a higher JSC value, and a
roll-over effect leading to a lower FF, compared to the NIL
patterned device. XPS survey measurements showed the
presence of F in Mo substrates etched by C4F8 based chemistry,
being this element a by-product of the etch procedure used in
the EBL device. The measured J–V curves were fitted with SCAPS,
revealing different levels of compensation in the ACIGS layer, and
RS and SRV values. These variations might be explained by the
presence of F in the EBL device substrate, highlighting that
the etch process of the patterning might be important for device
performance. Furthermore, similar rear contact barrier values
were obtained for both devices, therefore the roll-over effect was
linked to charge accumulation, brought by the lower contacting
area and h-SRV value for the EBL device. Nonetheless, the
complexity of the simulated architectures along with the 1D
nature of the simulation software might not be sufficient to
explain the fit parameters through a one-diode model vision and
more studies of the rear interface recombination are generally
needed. The flexible device had a power conversion efficiency
value of 11.7%, slightly lower, albeit not a significant performance
decrease, compared to the rigid devices. The flexible stainless-
steel performance reflects the high ACIGS growth temperature,
which might have promoted the diffusion of detrimental
elements towards the absorber, which could also explain the
TRPL sharper decay for the flexible device as opposed to the rigid
ones. If present, Fe, is at a concentration too low to be clearly
identified with STEM-EDS. However, the ACIGS absorber is
extremely sensitive to Fe impurities and as such future works
should work in understanding if there is really Fe diffusing and in
alternative approaches to mitigate said diffusion. The high steel
surface roughness values usually leads to lower FF values, in

Fig. 6 Mechanical bending of the flexible device. a Photography of the bent Flexible device; b Flexible figures of merit variation as a
function of the bending cycles.
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accordance to what was observed in this work. The flexible device
showed excellent mechanical properties as the performance after
500 bending cycles showed only an 18% variation to before
bending and this degradation being likely linked to the TCO layer.
As such, future studies of flexible substrates should be focused on
improving diffusion barriers, processing, lowering roughness and
making the TCO layer less prone to mechanical damage. All in all,
we showed the successful implementation of rear passivation
strategies in a lightweight large area flexible device, which is
critical to the development of the CIGS technology in non-
traditional PV markets.

METHODS
Three ultrathin CIGS based devices were fabricated: two SLG-
based and one with a flexible stainless-steel substrate. For the case
of SLG-based substrates, two different patterning techniques
were compared: one substrate was patterned by EBL (EBL-SLG)
and the other one by NIL (NIL-SLG). Afterwards, a 15 × 15 cm2

flexible stainless-steel substrate was patterned using a NIL process
(Flexible). Table 2 summarizes the fabricated devices with the
description of the fabricated substrates. Given the dimensions of
the stainless-steel substrate, a NIL stamp able of patterning such
large area was developed. SiOx passivation layers with 8 and
20 nm were deposited on a Mo contact (350 nm) for the steel and
in the SLG based substrates, respectively, through plasma-
enhanced chemical vapour deposition (PECVD) in an SPTS MPX
CVD system31,35,66. A thinner SiOx for the Flexible sample was
chosen, since a lower thickness is more suitable for flexible
applications67. The SiOx layer thickness was estimated by an OPM
NanoCalc optical profilometry system.

SLG based substrates lithography
Figure 7 shows a schematic of the lithography process for the SLG-
based substrates coated with SiOx. We used the same pattern
architecture for both substrates for comparison purposes: 100 nm
point contacts diameter with 1 µm pitch in a hexagonal array. The
pattern dimensions were chosen to balance a high dielectric
coverage area with a low EBL exposure time15. The EBL procedure
started with spin-coating an electron sensitive resist, 430 nm of
Polymethyl methacrylate (PMMA) (Fig. 7b), followed by an
exposure step (Fig. 7c.2) using an acceleration voltage of 100 kV
in a Vistec 5200 system. Then, the pattern was developed for 40 s
using a Methyl isobutyl ketone (MIBK) developer diluted in
Isopropanol (IPA). Afterwards, the exposed SiOx layer was opened
by Reactive Ion Etching (RIE) (Fig. 7e) in an STPS Advanced Plasma
System (APS) at 13.6 MHz in C4F8 chemistry with a flow of 50 sccm
for 45 s. Finally, the remaining PMMA was removed (Fig. 7f) by
immersing the substrate in an ultrasound bath in acetone. For the
NIL patterned substrate, the process started by spin-coating a
Simultaneous Thermal and UV (STU®) resist (TU7-120, Obducat)
with a thickness of 150 nm (Fig. 7b). Before the imprint, the
hexagonal array contact pattern was transferred from a 100 mm
nickel stamp to an Intermediate Polymer Stamp (IPS ®) by UV-NIL.
The use of IPS® extends the initial stamp lifetime and enables to
work with UV for non-transparent substrates and moderate
pressures32,68. A UV-NIL process was conducted to transfer the
pattern to the IPS®, in a NanoImprint Eitre 6 system (Obducat AB).
Initially, the pressure was raised to 15 bar for 30 s, followed by UV
exposure for 180 s, while maintaining the pressure. Subsequently,
the IPS® was rolled to the substrate for the imprint. The imprint
started with increasing the stage temperature to 65 °C with a
pressure of 15 bar for 80 s. Then the UV light was turned on for
180 s, while maintaining the temperature and pressure (Fig. 7c.1).
A 70 nm residual TU7-120 resist layer was removed by O2 etch in
an STPS Pegasus system for 5 s with an O2 flow of 115 sccm at
13.56 MHz (Fig. 7d.1). Then, RIE was used to open the point

contacts in an STPS Inductively Coupled Plasma Source (ICP)
system for 50 s in a BCl3 chemistry with a flow of 15 sccm at
13.56 MHz (Fig. 7e). The resist layer was stripped by O2 plasma
ashing with an O2 and Ar flow of 200 sccm and 20 sccm,
respectively (Fig. 7f).

Flexible stainless-steel substrate master stamp fabrication and
lithography
The fabrication of a 200 mm Si stamp with point contacts was
divided into two lithographic processes: (i) EBL, to produce
400 nm wide nano-pillars, with the same EBL procedure as
described elsewhere69; and (ii) NIL, to invert the stamp polarity
from pillars to point contacts. Figure 8 shows a schematic of the
workflow for a two-step polarity inversion process to manufacture
a 200mm point contact Si stamp from a Si pillar stamp. This
workflow requires two polarity inversion processes, which involves
two distinct working stamps, namely an Ormostamp polymer
(Micro-Resist Technology GmbH) and an IPS®, which results in a
point contact and a pillar pattern, respectively.
The first polarity inversion was conducted by dispensing an

Ormostamp droplet on a Si pillar stamp, placing a glass wafer on
top of the Ormostamp and squeezing it for a uniform distribution
at 5 bar for 300 s, followed by UV exposure for 35 s, obtaining a
point contact structure in this intermediate stamp (Fig. 8a).
After the transfer process, 70 nm of an anti-sticking layer was
deposited on the Ormostamp surface in an STPS Pegasus system

Fig. 7 Rigid substrates lithography process. Schematic representa-
tion of the lithography process for patterning SLG-based substrates
with NIL (Left) and EBL (Right). The fabrication steps are as follows:
(a) SiOx deposition; (b) Resist coating; (c) Lithography exposure; (d)
Residual layer removal; (e) SiOx etching; and (f) Resist Removal.
Schematic, not at scale.
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for 10 s with 13.56 MHz in a C4F8 chemistry. For the second
polarity inversion an IPS® was rolled into the Ormostamp surface,
followed by a UV-NIL step. For this process, the pressure was
raised to 15 bar for 30 s with no UV, followed by UV exposure for
180 s while maintaining the pressure, obtaining a pillar structure
on the IPS® (Fig. 8b). The fabrication process of the Si point
contact stamp was then performed through a STU-NIL process
using the IPS® pillar intermediate stamp. For that, the IPS® was
rolled on a Si wafer coated with 500 nm of TU7—310 Obducat
resist. In the STU-NIL step, the temperature and pressure were
raised to 65 oC and 15 bar and maintained for 80 s, followed by
UV exposure for 180 s, while maintaining the above conditions
(Fig. 2c). The resulting residual layer was 100 nm and was
removed with an 8 s O2 etching process in an STPS Pegasus
system (Fig. 8d) and followed by an etch of the Si layer by
110 nm in an STPS ICP system (Fig. 8e). At the end of the etching
process, the remaining resist was stripped with O2 plasma
ashing (Fig. 8f).
The lithography process for the flexible stainless-steel substrate,

with a hexagonal array of 400 nm point contacts with a pitch of
2 µm follows the NIL procedure shown in Fig. 7. We used the Si
stamp described above for the stainless-steel substrate imprinting.
For the lithography process, the wafer was coated with 160 nm of
TU7-120 resist (Fig. 7b). Before the imprint, the pattern in the Si
stamp was transferred to an IPS®, by UV-NIL for 180 s at 10 bar, the
Si stamp was coated with an anti-sticking layer to ease the
demoulding in an STPS Pegasus system. After the transfer, an anti-
sticking layer was deposited on the IPS® surface in an STPS
Pegasus system. The imprint conditions were done with the same
parameters as the SLG-based substrate (Fig. 7c.1). The resist
residual layer was removed with an O2 etch in an SPTS Pegasus
system for 5 s with an O2 flow of 115 sccm (Fig. 7d.1). Afterwards,
RIE was used to open the point contacts in an SPTS APS for 20 s
(Fig. 7e). The remaining resist layer was removed through an O2

plasma ashing (Fig. 7f).

Solar cell integration
After the lithography processes, all the substrates from both sets
were integrated into ultrathin ACIGS based solar cells. Before the
ACIGS growth, a 15 nm Sodium fluoride (NaF) was evaporated
on all substrates. The ACIGS was grown in a one-stage co-
evaporation process. Two references samples based on Sub-
strate/Mo/ACIGS were grown in the same deposition run as the
fabricated devices (one per run) and were used for elemental
distribution using X-Ray Fluorescence (XRF) For the SLG glass
substrates, the estimated ACIGS thickness was 720 nm with ([Ag]
+[Cu])/([Ga]+[In]) ≈ 0.82, [Ga]/([Ga]+[In]) ≈ 0.40, and [Ag]/([Ag]
+[Cu]) ≈ 0.09. For the flexible stainless-steel substrate the ACIGS
layer had an estimated thickness of 650 nm, with [Ag]+[Cu]/
([Ga]+[In]) ≈ 0.88, [Ga]/([Ga]+[In]) ≈ 0.43, and [Ag]/([Ag]+[Cu]) ≈
0.12, as determined by X-ray fluorescence (XRF) performed
in a Panalytical Epsilon 5, with a maximum 5% elemental
composition variation70. After the growth of the ACIGS layer,
the remaining CdS/i-ZnO/ZnO:Al layers were fabricated

following the Ångstrom baseline standard process70. Per device,
12 solar cells with an area of 0.1 cm2 were individualised by a
lithography process.

Substrates and solar cells characterisation
Scanning Electron Microscopy (SEM) was used for top view
images of the substrates with acceleration voltages of 3 kV and
5 kV in a NovaNanoSEM 650 FEI system. Before the ACIGS
growth, the substrates’ architectures were analysed, by a Bruker
Icon Atomic Microscope (AFM) in tapping mode with a scan rate
of 0.5 Hz. Completed solar cells were characterised by current-
density against voltage (J–V) measurements with an AM1.5 G
illumination source at 1000 W.m−2, performed in a home-built
system. Bending cycles were conducted manually in a tube with
a 14.4 mm radius. In total, 500 bends were performed, and
illuminated J–V measurements were conducted before bending
and after 1, 5, 10, 20, 50, 100, and 500 bending cycles, after
returning the device to a planar state. An ESCALABTM 250Xi
(Thermo ScientificTM) XPS system was used for the substrate
surface survey measurement, with an X-ray monochromatic
source of Al Kα (1486.86 eV). The measurements conditions were
used with a pass energy of 200 eV and, a dwell time of 300 ms,
three repetitions, and a scan region between 0 eV and 1200 eV
was carried out. Scanning Transmission Electron Microscopy
(STEM) with energy-dispersive X-ray spectroscopy (EDS) was
conducted on the Flexible device in a probe-corrected FEI Titan
G2 ChemiSTEM equipped with a Super-X EDX System, operating
at 200 kV. The device lamella was prepared by focused ion
beam (FIB),in a Cu grid, prepared in a FEI Dual-Beam Helios
450 S. For the EDS maps, the following elements and their
corresponding characteristic emission spectrum lines were
chosen: Fe Kα= 6.403 keV, Cr Kα= 5.414 keV, Ni Kα= 7.477 keV,
Ti Kα= 4.508 keV, Si Kα= 1.740 keV, Mo Kα= 17.441 eV, Ag
Lα= 3.150 keV, Cu Kα= 8.040 keV, Ga Kα= 9.241 keV, In
Lα= 24.210 keV, and Se Kα= 11.207 keV. Time-Resolved Photo-
luminescence (TRPL) was measured at room temperature with a
Picoquant photospectrometer with a TimeHarp 260 single
photon counter. The excitation intensity was ~0.1 W.cm−2 and
the frequency was 3 MHz with an excitation wavelength of
532 nm. The one dimensional SCAPS was used following Violas
et al. baseline71 to fit the experimental J–V curves allowing for an
in-depth discussion of the obtained electrical performance of
the produced devices.
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Fig. 8 200 nm point contact stamp replication process. Schematic with the 200mm point contact Si Stamp fabrication steps. Not at scale.
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