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Abstract

Lightweight and flexible photovoltaic solar cells and modules are promising technologies leading to wide
usage of light-to-electricity energy conversion devices. This communication presents the prospects of
Cu(In,Ga)Se2 (CIGS)-based lightweight and flexible photovoltaic devices. The current status of flexible
CIGS minimodules with photovoltaic efficiencies greater than 18% and future directions to enhance their
performance toward 20% and beyond are discussed. The effects of cell separation edges, which are
formed through a mechanical, laser, or photolithography scribing process used to fabricate solar cells
and modules, on the device performance are also discussed. It was found that mechanically scribed CIGS
device edges, which are present in conventional solar cells and modules, cause deterioration of device
performance. In other words, further improvement is expected with proper passivation/termination
treatment of the edges or replacing mechanical scribing with a damage-free separation process.

Introduction

The development of lightweight and flexible photovoltaic solar cells that can be installed in places with
severe weight restrictions, curved surfaces, or with difficulty of the utilization of conventional Si-based
solar cells, is expected to lead to the widespread use of solar energy. Thin-film photovoltaic technologies,
including Cu(In,Ga)Se, (CIGS), CdTe, and other chalcogenide and organic-inorganic hybrid perovskite
solar cells, are promising for realizing this type of application, namely, highly efficient, cost-effective, and
lightweight flexible photovoltaic devices'. Among thin-film photovoltaic technologies, CIGS-based solar
cells are an attractive option owing to their advantages of relatively high energy conversion efficiency,
long-term stability, relatively short energy payback time, and small carbon footprint of products?. To date,
the photovoltaic efficiency of CIGS-based solar modules fabricated using rigid glass substrates has been
approaching 20%, for instance, 19.8% (Avancis, 665.4 cm?, 110 cells)3#, 19.8% (Solar Frontier, 24.2 cm?,
12 cells)®, and 19.2% (Solar Frontier, 841 cm?, 70 cells)®.

One of the notable features of CIGS-based modules is that they can be fabricated using grid electrodes
and monolithically interconnected structures. Here, the grid electrode structure comprises independent
cells connected with bus-bar and grid electrodes, similar to the structure of conventional Si-based solar
modules, whereas the monolithically interconnected structure is fabricated with patterned cells
monolithically interconnected on a single substrate (Fig. 1). The highly efficient CIGS solar modules with
photovoltaic efficiencies greater than 19% demonstrated on the aforementioned glass substrates have a
monolithically interconnected structure. Although both the module structures have merits and demerits, it
is not a question whether they are better or not. Nonetheless, a monolithically interconnected structure
has the merit of realizing thinner and lighter solar modules, owing to the absence of metal wires on the
module surface. To date, photovoltaic efficiencies greater than 18% have been demonstrated for CIGS
solar (mini)modules fabricated on non-glass flexible substrates, regardless of the grid electrode® or

monolithically interconnected structure’.
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In this communication, recent developments in the photovoltaic performance of lightweight and flexible
monolithically interconnected CIGS solar minimodules are presented. The remaining issues in CIGS solar
cells and modules toward higher photovoltaic efficiencies are also discussed.

Results And Discussion

Lightweight and flexible monolithically interconnected CIGS solar minimodules

To obtain enhanced device performance from CIGS-based solar cells and modules, the control of alkali
metal doping is essential. The effects of various alkali metals (Li, Na, K, Rb, and Cs) on CIGS thin-film and
device properties have been widely studied®~1°. The use of heavier elements such as Rb and Cs has been
reported to be more effective in obtaining higher photovoltaic efficiencies'?'3. In contrast, the
aforementioned 19.8%-efficiency CIGS submodule (Avancis, 665.4 cm?, 110 cells) was demonstrated
using only a relatively light alkali-metal Na-postdeposition treatment (PDT)*. This report suggests that the
beneficial effect of alkali metal doping depends not only on the alkali metal species but also on the
doping methods and processes, including the quantity and timing of the supply of alkali metals and other
experimental conditions.

The photovoltaic properties of CIGS solar minimodules #1 and #2 obtained with different alkali metal
PDTs in our laboratory are summarized in Table 1. These photovoltaic parameters were obtained from
independently certiflied measurements, which were performed at the Photovoltaic Calibration, Standards,
and Measurement Team of the Renewable Energy Research Center, AIST, and the Japan Electrical Safety
and Environment Technology Laboratories (JET), respectively, after heat-light soaking (HLS) treatments.
Variations in parameters such as open-circuit voltage (V;), short-circuit current density (Jgc), and fill
factor (FF) are assumed to be due to the difference in elemental composition ratio [Ga]/([Ga] + [In]) (GGI)
and CdS buffer thickness of these devices instead of the different alkali metal species used for PDT
(minimodule #2 has a higher GGl value and a thicker CdS layer than those of #1, see the Methods
section). This result indicates that the current technique can demonstrate approximately 18.5% efficiency
CIGS minimodules on flexible substrates using a monolithically interconnected structure. Figure 2a
shows a photograph of the CIGS solar minimodule #1. In comparison with the weight of conventional
photovoltaic solar modules in the range of 10-20 kg/m?, the weight of our CIGS minimodules fabricated
using 0.2-mm-thick flexible ceramic sheets as the substrate is equivalent to one-tenth of their weight. The
beneficial effect of metastable acceptor activation with HLS or heat-bias soaking (HBS) treatments on
CIGS small-area solar cells grown with alkali metal PDT has been reported in the literature'®'’. It was
found that a similar beneficial effect of enhancing photovoltaic efficiency with HLS treatments can be
obtained from the CIGS minimodules, irrespective of the alkali metal species used for the PDTs, as shown
in Fig. 2b. The enhancement in photovoltaic performance was due to improvements in V¢ and FF, and

this result was similar to that for small-area cells'%17.
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For further development of CIGS photovoltaic devices, enhancement of the photovoltaic efficiencies of
small-area cells, namely the baseline of device performance, is essential. In addition to alkali-metal
doping, Ag- and S-alloying for modification and control of the energy band structure in CIGS devices,
improvement in the bulk crystal quality, and surface and back interface (buffer/CIGS and CIGS/Mo
interfaces) modification are current hot topics in the CIGS community*'318-23 These approaches are
expected to lead to further enhancements in lightweight and flexible CIGS minimodule efficiencies from
the current 18.5% level demonstrated with quaternary CIGS photoabsorbers in this study to 20% and
beyond.

Effects of cell separation edges on photovoltaic
performance

As mentioned, the suppression of carrier recombination at the interface and in the bulk of CIGS thin-film
devices is important for improving the photovoltaic efficiencies. To date, much effort has been devoted to
suppress recombination at the surface (buffer/CIGS) and back (CIGS/Mo) interfaces, and in the bulk of
CIGS photoabsorbers, including grain boundaries and grain inside?*. In addition to these recombination
issues, it is suggested that scribed edges of CIGS photoabsorbers, namely, cross-sections of a CIGS
device formed in cell and module fabrication processes, are likely to be one of the important origins
leading to recombination and concomitant degradation of device performance. Nevertheless, to date,
there have been few discussions on the effect of mechanically scribed edges on the photovoltaic
performance. Therefore, in this section, the effect of mechanical scribing (MS), which has been used as a
standard technique, on photovoltaic performance is comparatively studied with photolithographically
formed edges.

MS is usually employed for P2 and P3 patterning processes for monolithically interconnected module
fabrication, as shown in Fig. 1b. Laser scribing techniques have been proposed to unify P1-P3 patterning
processes?°26. At present, however, a decreasing shunt resistance occurring at laser-scribed edges
remains an issue for proper cell separation?®. A decrease in the resistance is not a problem for P2 edges;
however, it leads to significant degradation of the P3 edges owing to the incomplete separation of cell
strings. The question is, then, whether MS is a perfect separation process or not, namely, whether the
scribed edges are negligible as recombination centers and no photovoltaic performance degradation is
expected. If not, further improvement can be expected to enhance the photovoltaic performance of CIGS
cells and modules with proper passivation/termination treatments. Hence, the effect of MS on the device
performance was studied using small-area cells on soda-lime glass (SLG) substrates. Note that only few
institutes, such as the National Renewable Energy Laboratory, have employed a photolithography (PhL)
cell separation process to date?’; and thus, there have been few reports regarding the damage effect of
conventional MS on photovoltaic performance when compared to the use of PhL.

The CIGS small-area cells fabricated using MS and PhL cell separation processes are shown in Fig. 3.
Details of the CIGS device fabrication process can be found in the Methods section. Although PhL may
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be a relatively high-cost and time-consuming process compared with MS, it has been used to precisely
define the cell area?’. As shown in Fig. 3, the cell edge formed with PhL is sharper and thus more precise
than that formed with MS. PhL etched only the CdS and upper layers, thus the CIGS layer remained.
Nonetheless, electron-beam induced current (EBIC) measurements revealed that the expansion of the
space charge region in the CIGS layer was clearly halted on the edge, implying successful cell separation.
This is consistent with the constant values observed for Jg; and external quantum efficiency (EQE),
irrespective of MS or PhL, as shown in Fig. 4.

In this study, variations in the photovoltaic parameters obtained from four types of CIGS cells were
examined. These are CIGS solar cells fabricated with (w/) and without (w/0) RbF-PDT using MS or PhL
cell separation. No anti-reflection coating (ARC) was used, and no metastable acceptor activation
treatment (such as HLS or HBS treatments) was performed before the measurements. Figure 4a shows
the data obtained from the eight cells for each type

of device. A systematic variation was observed in the photovoltaic efficiencies, and the use of RbF-PDT
and PhL led to an enhancement in the performance. It was found that the use of RbF-PDT was effective
in enhancing V¢ and FF, similar to the results shown in previous reports'??8, whereas the use of PhL was
particularly effective in improving FF. No significant variation was observed in Jgc. The current density
(J)—voltage (V) and EQE curves obtained from the best cells for each type of device are shown in Figs. 4b
and 4c. The diode parameters obtained from the corresponding cells are summarized in Table 2, where
Rsh, Rs, A and J; denote the shunt resistance, series resistance, diode ideality factor, and reverse
saturation current density, respectively. Variations observed in the J-Vand EQE curves are reasonably
consistent with the variations in photovoltaic parameters, and the use of RbF-PDT enhanced V. (Fig.
4b). The use of PhL improved the leakage current, as can be seen in the third quadrant, and no significant
variation in EQE was observed regardless of the cell type (Fig. 4c). Notably, the use of PhL leads to an
increase in Ry, resulting in an improvement in FF, and thus, photovoltaic efficiency. The light Ry, (R,
obtained under illumination) of typical CIGS cells fabricated with MS was 700-800 W cm?, which was
almost consistent with the values obtained in our previous report??, In contrast, the light Ry, of CIGS cells

fabricated with PhL was significantly high and greater than 5000 W cm?, and the dark Ry, (R, obtained
under dark conditions) was nominally infinite. This result indicates that conventional cell edges formed
with MS cause degradation of the photovoltaic performance, and thus there is room for further
improvement in the cell separation process.

lllumination intensity dependence

One of the important properties required for practical applications of photovoltaic solar cells and
modules is their photovoltaic performance under low illumination conditions, irrespective of whether they
are used indoor or outdoor. Thus, variations in photovoltaic performance with light intensity (irradiance
dependence) were measured under simulated sunlight with neutral density (ND) filters. Figure 5a shows
the J-V curves and variations in solar cell parameters measured under various light intensity conditions
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ranging from 1 to 0.01 sun (nominally equivalent to from 100,000 to 1000 Ix). For this experiment, two
small-area (0.5 cm?) cells (red and black lines and markers) randomly selected from PhL- and MS-
separated RbF-PDT CIGS devices with photovoltaic efficiencies of 20.1 and 18.6% at 1 sun, respectively,
without HLS treatments, were used. It is known that the photovoltaic performance under low illumination
conditions significantly depends on Ry, and CIGS cells with relatively low Ry, show a steep drop in V.

and FF under low illumination conditions3. This trend could be observed for the MS-processed CIGS cell
shown in Fig. 5a. On the other hand, the PhL cell showed no such drastic performance degradation under
low illumination conditions. On the contrary, even a slight improvement was observed for the photovoltaic
efficiency. These two CIGS cells were fabricated in identical growth batches from the Mo back contact
layer to ZnO:Al surface electrode layer deposition processes, thus, only the cell separation process was
different. The PhL- and MS-processed CIGS cells demonstrated comparable photovoltaic efficiencies of
18.5-20% at 1 sun, but the difference between the photovoltaic performance, particularly V.. and FF, and
concomitant maximum output power (P,,,,) became large with decreasing light intensity. The variation
trend observed for the PhL-processed CIGS cell was quite similar to the simulation results of an ideal cell
with R = 0 and Ry, = infinite3. This result indicates that the effect of cell separation process on

photovoltaic performance, that is, the MS technique conventionally used for cell and module fabrication,
is nonnegligible and a quite important issue as well as the interface and bulk issues of CIGS devices.

Figure 5b shows the lightweight and flexible CIGS minimodules (size: 8x10 and 2x10 cm?, P1: laser
scribing, P2 and P3: MS, demonstration products fabricated using relatively low photovoltaic efficiency
[approximately 15% or less] minimodules) generating electricity and lighting a green LED under room light
(fluorescent tubes) with approximately 200 Ix (nominally equivalent to 0.002 sun) illumination, indicating
that CIGS solar modules can be useful light-harvesting devices even under low illumination conditions
such as on the floor in the office of the author. Note that these CIGS solar minimodules were fabricated
using conventional MS for the P3 patterning process, and thus, further improvements are expected with
modifying the P3 patterning.

The lightweight and flexible CIGS minimodules with photovoltaic efficiencies greater than 18%, shown in
the previous section, were also fabricated with the use of MS for P2 and P3 processes. It may be
challenging to apply PhLs to large-area module fabrication in practical and industrial production.
Nonetheless, the results obtained in this study suggest that modification of the P3 process, for instance,
the use of other patterning processes or proper passivation/termination of the MS edges (this applies to
cell edges of grid-electrode structure modules), is a promising approach to further improve CIGS module
efficiencies, irrespective of conventional rigid glass substrates or flexible substrates.

In conclusion, we presented the current status and perspective of lightweight and flexible CIGS solar
modules. The availability and usefulness of CIGS photovoltaic devices under low illumination conditions
have also been suggested. For further development, improvement of CIGS solar cell performance is
essential. Approaches based on materials science and device physics, including modification of the
properties of the surface and interfaces and bulk crystal quality by alloying with Ag, S, or other elements
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as well as doping control of alkali metals, are expected to bring further progress in CIGS photovoltaics. In
addition, the development of module fabrication processes is expected to lead to further enhancements
in CIGS photovoltaic performance. It is suggested that mechanically scribed cell edges can be one of the
origin of degradation in CIGS photovoltaic devices, and thus, there is room for further improvement in the
device fabrication process as well as thin-film bulk material and interfacial properties.

Methods
Sample preparation

CIGS films (2 mm thick) were grown on Mo (1 mm thick)-coated substrates by a three-stage
coevaporation process®', where (In,Ga),Se; precursor films were prepared during the first stage using
elemental In, Ga, and Se fluxes evaporated with Knudsen cells at a substrate temperature (7g) of 350 °C.
Elemental Cu and Se fluxes were supplied during the second stage at Tg of 540-550 °C, and in the third
stage, elemental In, Ga, and Se were supplied using fluxes identical to those employed in the first stage at
Ts of 540-550 °C. Sputtered-SLG-coated (75 nm thick) flexible zirconia ceramic sheets3? and rigid SLG
substrates were used for minimodule and small-area cell fabrication, respectively. Na- and K-, or Rb-PDT
were performed using NaF and KF, or RbF evaporated by Knudsen cells in the CIGS growth chamber. NaF
and KF, or RbF were supplied after CIGS film growth with Se supply at 75 of 350 °C for 10 min. The CIGS
film growth chamber used in this study was designed to deposit uniform films over an area of 100 x 100
mm?; thus, nine 30 x 30 mm? samples could be grown under nominally identical conditions in a single
growth run. The GGl ratio used in this study was approximately 0.3, although the value used for
minimodule #1 and small-area cells were slightly higher than that used for minimodule #2. After CIGS
film growth, a CdS buffer layer was deposited by chemical bath deposition using an aqueous solution
comprising CdS0O,4, NH,CSNH,, and ammonia solutions, and water at 80 °C. The thickness of the CdS
layer used for minimodule #1 was approximately 30 nm, whereas the thickness used for minimodule #2
and small-area cells was 50-60 nm. i-ZnO and ZnO:Al layers of approximately 50 and 300 nm,
respectively, were deposited via sputtering, and an Ni/Al grid electrode was formed via electron-beam
evaporation for solar cell fabrication. For minimodule fabrication, P1 was performed by laser scribing
prior to CIGS film growth, whereas the P2 and P3 processes were performed using MS. For small-area cell
fabrication, cell separation was performed using MS or PhL for CIGS devices grown in identical growth
badges. The PhL process was performed using AZ5200NJ as a photoresist and a pre-baking process at
90 °C for 1 min before light exposure. After development, the CIGS devices were rinsed with pure water
and post-baking was performed at 115 °C for 3 min. Finally, the CdS and ZnO layers on the CIGS surface
were removed with HCl solution, followed by rinsing with acetone to remove the photoresist, which was
successively rinsed with pure water and dried with N, gas blow. The MS process was, on the other hand,
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simply performed with a metal cutter. P2 and P3 processes and small-area cell separation were
performed using the same MS apparatus.

Measurements of solar minimodule and cell properties

The CIGS minimodule performance was independently measured at AIST and JET. In-house
measurements of small-area cell parameters were performed with a direction from Jgg to V¢ at 25 °C

under 100 mW/cm? (1 sun, AM 1.5 G) illumination and dark conditions. The light intensity was adjusted
using ND filters for irradiance dependence measurements. An MgF, ARC was used for minimodules #1

and #2, and for small-area cells used for irradiance dependence studies (Fig. 5), whereas no ARC was
used for RbF-PDT, MS, and PhL comparative studies (Fig. 4). The diode parameters of small-area cells
were calculated from light and dark J-V data of the best photovoltaic efficiency solar cells in each device
type (w/ or w/o RbF-PDT, and MS or PhL) using the single diode model.

SEM and EBIC measurements

SEM and EBIC measurements were performed using a HITACHI S4800 instrument with acceleration
voltages of 5 and 15 kV for SEM and EBIC measurements, respectively.
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Tables

Table 1. Performance of lightweight and flexible monolithically interconnected CIGS
minimodules

Minimodule PDT  Efficiency (%) Voc (V) Isc (mA) FF (%) Area(cm?) No. ofcells Test center

#17 RbF 18.64 12.70 138.5 72.0 68.0 (d.a.) 17 AIST
+
#2 E;F 18.5 12.13 136.8 75.8 67.95(d.a.) 17 JET

Isc: Short circuit current. d.a.: designated area.
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Table 2. Diode parameters obtained for MS- and Phl -processed CIGS solar cells

Rgh Rs
(W cm?) (W cm?)

Scribing  RbF-PDT Jy (mA/cm?)

Dark

MS No 1289 0.38 1.46 1.00E-07
MS Yes 1118 0.46 1.43 4.70E-08
PhL Mo Inf. 0.38 1.40 5.00E-08
PhL Yes Inf. 0.25 1.43 3.80E-08
Light

MS Mo 803 0.06 1.71 3.30E-06
MS Yes 715 0.27 1.54 2.70E-07
PhL Mo 5393 0.12 1.66 2.00E-006
PhL Yes 7102 0.22 1.52 1.90E-07

Inf.: Nominally infinite.
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Figure 1

Schematic of CIGS solar module structure. a Grid electrode module. b monolithically interconnected
module.
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Figure 2

CIGS solar minimodule properties. a Photograph of CIGS solar minimodule #1. b Variations in CIGS
minimodule properties with HLS treatments.
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a Mechanical scribing (MS) b Photolithography (PhL)

Figure 3

Scribing edges formed with MS and PhL. a Schematic of MS-processed edges and a corresponding
photograph and scanning electron microscopy (SEM) images. b Schematic of PhL-processed edges and
a corresponding photograph and SEM and EBIC images.
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Comparison of MS- and PhL-processed solar cell properties. a Variations in solar cell parameters. b J-V
and ¢ EQE curves obtained from corresponding cells.
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