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Much attention has been paid to thin crystalline silicon (c-Si) photovoltaic devices due to their excellent
flexibility characteristics, stable efficiency, and possibility of use as highly efficient next-generation
flexible photovoltaic devices (FPVs). To fabricate thin c-Si FPVs, it is important to improve their light-
absorption properties while maintaining the flexible characteristics. In this study, vertically aligned
microwires (MWs) on a 50 um-thick thin c-Si substrate are designed for novel FPVs. Increasing the
length of the MWs enhances the optical properties of the thin c-Si without affecting its flexibility. To
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maximize the efficiency of the thin c-Si FPVs with MWs, tapered MWSs and a localized back-contact
structure are devised. This device shows a maximum efficiency of 18.9%. In addition, the proposed thin
c-Si FPV with MWs shows high stability without any change in efficiency, even with 1000 bending cycles
with a bending radius of 12 mm. Thus, we successfully demonstrate battery-free flexible electronic
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Broader context

devices integrated with our thin c-Si FPVs with MWs.

Flexible photovoltaics (FPVs) are one of the most promising research fields in the solar energy industry because they can be utilized as a continous power source
for wearable and portable electronic devices. Thin crystalline silicon (c-Si) has attracted much attention as a potential means for FPVs because of its excellent
flexibility while retaining the advantages of c-Si PVs of high efficiency and stability. For highly efficient thin c-Si FPVs, it is important to maximize light
absorption while maintaining the flexibility characteristics. In general, the conventional c-Si photovoltaics have increased light absorption by applying surface
structures. However, the surface structures without consideration of the flexibility would limit the flexibility of the FPVs because induced stress during bending
cannot be uniformly dispersed. In this study, we fabricated FPVs based on a radial junction with vertically aligned tapered microwires on thin c-Si to realize
highly efficient FPVs. We showed that tapered microwires are an ideal structure for highly efficient thin c-Si FPVs because these structures can maximize the
light absorption without affecting the flexibility of the thin c-Si substrate. Our proposed flexible c-Si radial junction photovoltaics with vertically aligned tapered
microwires that provide excellent photovoltaic performance and flexibility are expected to serve as a promising power system for wearable and portable

applications.

Introduction

Portable electronics, designed for communication and entertain-
ment, are rapidly expanding into our daily lives as they are
incorporated into wearable devices such as wristwatches, bracelets,
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and eyewear.' Because of the drastically increased consumption of
electrical power for portable and wearable devices, the integration
of photovoltaic devices into such electronics has been extensively
investigated to achieve a continuous power output.> Flexible photo-
voltaics (FPVs) have attracted considerable attention because they
can be installed on the curved or bendable surfaces of portable
electronics as a continuous power source.® Therefore, numerous
studies have developed FPVs, including organic solar cells,*
dye-sensitized solar cells,” and perovskite solar cells.® Despite
tremendous efforts in improving FPVs, however, they have thus
far exhibited efficiencies that are very modest in comparison with
those of non-flexible crystalline silicon photovoltaics (c-Si PVs,
26.3%).”® Although c-Si PVs with thick c-Si wafers (>200 um)
currently account for more than 90% of all PV market share due to
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this material’s abundance, high efficiency, and stability, it is
difficult to make these wafers flexible because they tend to be
fragile when an external force is applied.””®

To overcome this issue, research has focused on developing
thin c-Si PVs because they are projected to have high flexibility
while retaining the advantages of c-Si PVs, such as high efficiency
and stability.>*'® It has been reported that thin c-Si wafers with a
thickness of 50 um can not only achieve the theoretical maximum
efficiency (~29% power conversion efficiency) with no light-
absorption loss, but also have high flexibility, with a bending
radius (Rpending) Of Up to approximately 10 mm.”'” However, planar
c-Si wafers with a thickness of less than 50 um not only have a high
surface reflectance over 30% but also absorption loss in the near-
infrared (NIR) region due to the low light-absorption coefficient
of c-Si, resulting in significant efficiency degradation.'® One
promising approach for realizing a highly efficient thin c-Si FPV
involves the application of nanoscale or microscale structures,
such as textured structures,'>**'®1° nanowires,?**!
cones,">"*?* and hierarchical structures™ to the surface. Although
nanostructures show high light-absorption properties, nano-
structured PVs have low quantum efficiency in the short-
wavelength region because of recombination loss due to Auger
recombination with a large doped surface area.'>>* In contrast
to nanostructures, vertically aligned microwires (MWs) with radial
p— junctions formed by core-shell structures are particularly
attractive for achieving high-efficiency PV devices due to their
excellent light-trapping and radialjunction effects.”>>° Further-
more, the MWs are expected to be irrelevant to the flexible
characteristics of thin c-Si regardless of their length during bending
because of the gap-adjustment effect caused by the empty space
between the wires.*"

Here, as a simple structural strategy for these FPVs, we apply
various lengths of vertically aligned MWs onto the thin c-Si
FPVs (50 um). The Rpending value of the hybrid structure with
various lengths (10-30 pm) of MWs positioned on the 50 pm-
thick c-Si wafer is approximately 10 mm, regardless of the
length of the MWs. Light absorption by the thin c-Si FPV with
tapered MWs can be maximized by reducing the surface reflection
to less than 2% by a gradual change of the effective refractive
index.>* Our best flexible device under optimized conditions exhibits
a maximum power-conversion efficiency (PCE) of 18.9%. Further-
more, the thin c-Si FPV with tapered MWSs maintains constant PV
characteristics during up to 1000 repetitions of bending tests. This
result shows that MW-based thin c-Si FPVs can be commercialized
as highly efficient flexible solar cells. Thus, the use of MWs to
construct an ideal hybrid structure on a thin c-Si wafer presents
a unique opportunity for practically realizing highly stable and
efficient FPVs.

nano-

Results and discussion
Flexibility characteristics of thin c-Si with MWs

The flexibility of c¢-Si strongly depends on its thickness. c-Si
with a thickness of 50 pm shows high flexibility, with an
Rpending value of ~10 mm, indicating that thin c-Si wafers are
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promising for FPVs. For the thin c-Si, however, extremely low
absorption of long-wavelength light occurs due to the low light-
absorption coefficient of ¢-Si (6.4 x 10* ecm ! at a wavelength of
1000 nm). In addition, the planar thin c-Si substrate has high
surface reflection, originating from impedance mismatching
between air and the c-Si. To increase the light absorption of
photovoltaics, random pyramidal structures have been
employed for conventional c-Si PVs.” However, the random
pyramidal structures formed on the thin c-Si intrinsically
possess crack initiation sites under bending, as shown in
Fig. Sia (ESIf). Due to the mechanical defects, the surface
textured thin c-Si would be more easily broken when an
external force is applied compared to the planar thin c-Si
without the surface structures (Fig. S1b, ESIt). Therefore, a
novel strategy is needed to improve light absorption while
maintaining superior flexibility for the thin c-Si FPVs. In this
study, we applied vertical Si MWs to a 50 pm-thick flexible c-Si
substrate to improve its light-absorption characteristics. The
vertically aligned MWs of lengths ranging from 10 to 30 pm
were fabricated onto the thin c-Si substrates via photolithography
and reactive ion-etching processes. The MWs have a regular
hexagonal arrangement with a 2 pm diameter and a 2 pm gap
between wires. To evaluate the flexibility of the thin c-Si as the
MW length increases, an external force was applied to the
samples using a bending tester, as shown in Fig. S2a (ESIT).
The Ryending Was obtained by measuring the initial length of the
sample (Linitia) Without the external force and the changed length
after applying the force, as follows:

Liniial

AL n2h?
Liniar 12 Linjgiat?

Rbending =

2n

Here, Liniia, AL, and 7 represent the initial bending sample
length, the change in sample length during the bending test,
and the substrate thickness, respectively.®® Fig. 1a shows the
Ryending Values of planar ¢-Si with thicknesses ranging from 50 to
80 pm, as well as those of 50 um-thick c-Si with vertically aligned
MWs of lengths ranging from 10 to 30 pm. By increasing the
thickness of the planar c-Si from 50 to 80 pum, Ryending increased
from 9.4 to 16 mm, showing that the thicker c-Si substrate has
lower flexibility. The Rpenging values of the 50 um-thick c-Si with
vertically aligned MWs were almost consistent, falling in the
range 9.4-9.75 mm. This indicates that the flexibility of thin ¢-Si
with vertically aligned MWs depends only on c-Si thickness,
rather than the MW length.

To elucidate the experimental results, we designed a thin
¢-Si structure for mechanical simulation, as shown in Fig. S2b
(ESIT). The designed width and length of the thin c-Si were
60 and 700 pm, respectively, while the thickness was varied
from 50 to 80 um. The thin c-Si had one end fixed, such that the
deflection at that end was zero. The deflection distance at the
free end of c-Si under an applied stress of 200 N m > was
numerically obtained using the following equation:

_ 43
T EP
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Fig.1 (a) Experimental bending properties of various thicknesses of
planar thin c-Si from 50 to 80 um (red solid line with circles), as well as
thin c-Si (50 pm) with various MW lengths from 0 to 30 um (black solid line
with circles). (b) Calculated deflection distances of various thicknesses of
planar thin c-Si from 50 to 80 pum (orange solid line with circles) and
simulated deflection distances of thin c-Si (50 pm) with various lengths of
MWs from 0 to 30 pm (black solid line with circles) under an applied load of
200 N m~2 (c and d) Stress distribution of thin c-Si with MWs.

where d, o, L, ¢, and E represent the deflection distance at
the free end of the thin c-Si, applied stress, length, thickness of
the thin c¢-Si, and Young’s modulus of c-Si, respectively. The
deflection distance increased with decreasing thickness of the
thin c-Si (orange solid line with circles in Fig. 1b), indicating
that thinner c-Si is more flexible. We also performed a finite-
element method simulation (COMSOL, Multiphysics software
package) of the mechanical characteristics of the thin c-Si with
MWs. The deflection distances of the thin c-Si with MWs were
consistent with the value for the 50 pm-thick c-Si without MWs,
regardless of the MW length (black solid line with circles in
Fig. 1b). This result can be explained by the regular stress
distribution in the thin c-Si with MWs under a mechanical load,
as shown in Fig. 1c and d. The induced stress was dispersed
uniformly regardless of MW length when an external stress was
applied to the thin c-Si substrate. These results demonstrate
that the mechanical properties of thin c-Si with MWs are highly
suitable for FPVs.

Characteristics of thin c-Si flexible PVs with MWs

By increasing the MW length, the light absorption of the thin
¢-Si can be improved owing to the reduced surface reflection
and enhanced optical-path length due to multiple scattering of
incident light (Fig. S3a and b, ESI+).>® Fig. S3a (ESIt) shows the
enhanced light absorption of the thin c-Si with increasing MW
length. The integrated photon-flux absorption is an important
factor because it can be used to estimate the theoretical current
density (Js.) of PV devices. The integrated photon-flux absorp-
tions and theoretical Ji. values of each sample were calculated
by the obtained absorption spectra (Fig. S3b, ESIt) with solar
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Fig. 2 (a) J-V characteristics and (b) EQE of the planar 50 um-thick c-Si
(orange solid line) and 50 um-thick c-Si with various MW lengths: 10 um
(dark cyan solid line), 20 um (blue solid line), and 30 um (red solid line)
under AM 1.5G illumination. (c) Open-circuit voltage (black solid line with
circles) and short-circuit current density (orange solid line with squares).
(d) Fill factor (green solid line with triangles) and efficiency (blue solid line
with inverted triangles) extracted from the J-V curves plotted in Fig. 2a.

Length of microwires (um)

spectral photon-fluxes (AM 1.5G illumination) integrated over a
wavelength range of 300-1100 nm (Fig. S3c, ESIt). The thin c-Si
(50 pm) with 30 pm-long MWs showed an integrated photon-
flux of 87% and a theoretical J. of 38.1 mA cm™?, around 47%
higher than that of the planar structure (integrated photon-
flux = 59%; theoretical J;. = 26.0 mA cm™2).

We fabricated 50 pm-thick c-Si FPVs with MW lengths
ranging from 10 to 30 pm. Fig. 2a shows the current density-
voltage (J-V) curves of the thin c-Si FPVs with various MW
lengths under AM 1.5G illumination. The PV parameters are
summarized in Table 1. In Fig. 2a, the J,. value obtained with
30 pum-long MWs is 34.6 mA cm >, representing a 51%
improvement compared with the value for the planar devices
(22.9 mA em™?). Although the values of J,. in Fig. 2a are slightly
lower than those predicted theoretically, due to recombination loss,
we have confirmed the theoretical tendency of J,. improvement with
increased MW length. Fig. 2b shows the external-quantum-efficiency
(EQE) of the thin c-Si FPVs with various MWs lengths. The EQE
spectra of our devices were significantly improved over the entire
wavelength range by increasing the MW length. In particular, the

Table 1 Average photovoltaic properties of thin c-Si (50 pm) FPVs with
various lengths of MWs? (values in the brackets are obtained from the
champion device)

Jse Voe Fill factor  Efficiency
Length of MWs (mAem™2)  (mv) (%) (%)
Planar ¢-Si (50 pm)  22.9 (23.4) 574 (577) 77.8 (78.7) 10.2 (10.6

With 10 pm MWs
With 20 pm MWs
With 30 pm MWs

30.2 (30.3% 577 (581) 77.5(78.2) 13.5 (13.8%
33.6 (34.1) 574 (576) 77.6 (77.3) 15.0 (15.2)
34.6 (35.2) 570 (567) 76.2(77.6) 15.0 (15.2)

“ Average photovoltaic performance for 10 devices.
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EQE of the 30 um-long MW device at a short wavelength of
300 nm showed a remarkably improved value of 78% compared to a
value of 6.5% for the planar device. To clarify the enhancement of
EQE in the short-wavelength region, the internal-quantum-efficiency
(IQE) spectra were calculated using EQE and the reflectance spectra
(Fig. $4, ESIt). The IQE value of the 30 um-MW device (99%) was
much higher than that of the planar device (27%) at a wavelength of
300 nm. This result can be explained by the outstanding light
absorption property of the MWs and the radial-junction effect.
Short-wavelength light was almost absorbed by the thin c-Si
with MWs because of the high absorption coefficient of c-Si
(e.g., 173 pm ™" at a wavelength of 300 nm), as shown in Fig. S5a
(ESIt). Considering the emitter-junction depth of 300 nm in
Fig. S5b (ESIY), a radial-junction was successfully formed in the
MWs with a diameter of 2 pm. The generated minority carriers
in the MWs could be effectively separated by the short diffusion
length in the radial-junction.

In Fig. 2c, the open-circuit voltage (V,.) initially tends to
increase with MW length up to 10 pm, but then slightly
decreases. This can be explained by the relationship between
Vo and the light-generated current/reverse-saturation current:**

T
Voe = kB—ln<J—L+ 1)
q Jo

Here, q, ks, T, J1, and J, refer to electron charge, Boltzmann’s
constant, temperature, light-generated current, and reverse-
saturation current, respectively. For the thin c-Si FPV with 10 pm-
long MWs, V,,. exhibited an increased value (577 mV) compared to
that obtained for a planar device (570 mV), because of the increase
in light-generated current from 22.9 to 30.2 mA cm™>. Although
the thin ¢-Si FPV with 30 pm-long MWs showed an increase to
34.6 mA cm ™ in light-generated current, the V,. of this device
slightly decreased to 570 mV due to the increased reverse-
saturation current aggravated by the longer MWs (Fig. S6, ESIY).
As shown in Fig. 2d, the maximum PCE of the c¢-Si FPV with MWs
was 15.2% for the 20- and 30 um-long MWs due to the trade-off
between saturated J;. and slightly decreased V. that occurred for
longer MWs while maintaining a consistent Rpending Of ~10 mm.

Improved PV performance of thin c-Si FPVs with tapered MWs
and a localized back contact (LBC)

As can be seen in Fig. 2c, the J,. value of the c-Si FPVs with MWs
becomes almost saturated around 34 mA cm > as the MW
length increases from 20 to 30 um. This result can be explained
by the surface-reflection spectra of the thin c-Si with various
MW lengths, as shown in Fig. S7a (ESI{). Although the length of
the MWs increased by 200% from 20 to 40 um, the surface
reflection only decreased from 11.9% to 10.3%. This result was
mainly due to the reflection of the flat-top-surface of the MWs,
as shown in the inset of Fig. 3a. Because of the refractive-index
mismatch between air (1) and Si (4), the incident light could
have been reflected by the flat-top-surface area, which
accounted for 24% of the top surface.>* Consequently, the light
absorption of the thin c-Si with MWs was not improved by
increasing the MW length over 20 um. To decrease the flat-top-
surface reflection, a tapered-MW structure was fabricated using
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Fig. 3 (a) Reflection spectra for FPVs with tapered and non-tapered
20 um-long MWs. (b) Schematic of the thin c-Si FPV with tapered MWs
and LBC structure. (c and d) J-V and IQE curves of the tapered MW-based
thin c-Si FPV with (blue solid line) and without localized back contact
(green solid line) under AM 1.5G illumination.

a simple wet-etching process, as shown in the inset of Fig. 3a.
When a thin c-Si wafer with MWs is dipped in a silicon etchant
(RSE-100, transene), the top part of the MWs that has a shorter
diffusion path compared to the bottom part is etched more
quickly than the bottom part because of the different chemical-
diffusion path lengths leading to the formation of tapered
MWs. It was reported that tapered Si MWs with sharp top
structures significantly reduced the surface reflection and
increased broadband-light absorption.®®> Fig. 3a shows the
surface reflection of the tapered and non-tapered MWs with
lengths of 20 um. Since the diameter of the tapered MWs
gradually increased from the top to the bottom (Fig. S7b, ESI),
the tapered MWs can act as a buffer layer to compensate for the
mismatch between the refractive indexes of air (1) and the
silicon substrate (4). Thus, the surface reflection using the
tapered MWs was observed to be less than 2% at a wavelength
of 550 nm (Fig. S7c, ESIT). Due to the superior antireflection
effect, the tapered MW-based FPV (37 mA cm ™ ?) exhibited a Jq.
enhancement of 8.5% compared to that of the non-tapered-
MW-based FPV (34 mA cm™?).

The EQE of the thin c-Si FPV with tapered MWs was not
improved over the 900 nm wavelength, even though tapered
MWs significantly enhanced the light absorption of the thin
c-Si wafer (Fig. S8a, ESIT). In this study, to form an ohmic
contact and a back-surface field (BSF), a highly doped Si layer
(n") was formed on the rear surface of the thin c¢-Si FPV, which
was in full contact with the metal electrode. In practice, among
the parts of a c-Si PV, the rear metal/semiconductor interface is
the main source of NIR-recombination loss.” It has been
reported that a localized back contact (LBC) structure can
effectively increase the quantum efficiency of the NIR region
by suppressing the rear-surface-recombination velocity (Seg).”""
To increase the EQE response of the NIR-wavelength region, a
LBC was fabricated on the rear side of the thin c-Si FPV with

This journal is © The Royal Society of Chemistry 2018
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Table 2 Improved photovoltaic properties of thin c-Si FPVs with tapered
MWSs caused by the localized back contact® (values in the brackets are
obtained from the champion device)

Jse (MA em™) V. (mV) Fill factor (%) Efficiency (%)

Without LBC 35.6 (37.0)
With LBC  39.3 (39.5)

585 (586) 77.7 (77.5)
603 (608) 76.3 (78.7)

16.2 (16.8)
18.1 (18.9)

“ Average photovoltaic performance for 8 devices.

tapered MWs (Fig. 3b). As shown in Fig. S8b (ESIf), we
confirmed that the LBC structure (67.8 cm s~ ') has a reduced
Setr value compared to that under the full-contact condition
(310 cm s ). Fig. 3c shows the J-V curves of the tapered-MW-
based thin c-Si FPV with and without the LBC. The FPV with
the LBC had a significantly enhanced J,. of 39.5 mA cm >
compared to that of the FPV with a full-contacted rear side
(37 mA ecm™?), as presented in Table 2. To clarify the effect of
the LBC, Fig. 3d compares the internal quantum efficiency
(IQE) spectra of the devices with and without the LBC. The
IQE of the LBC-based device increased significantly in the NIR-
wavelength region due to the reduced surface-recombination
velocity at the rear side. Also, we verified that the enhanced J.
values of the LBC-based flexible devices originate mainly from
the increased IQE response in the NIR region in Fig. 3d. More-
over, the V. of the LBC device was substantially increased from
586 to 608 mV because of the reduced rear-side surface recom-
bination. As a result, our fabricated thin c¢-Si FPV with tapered
MWs showed a maximum efficiency of 18.9% by suppressing
rear-side recombination. Compared with the previously
reported FPVs, the proposed thin c-Si FPVs with tapered MWs
exhibited higher efficiency (Fig. S9, ESIf).

Bending stability of thin c-Si FPVs with tapered MWs and the
demonstration of a flexible solar-powered electronic device

The advantages of high flexibility and enhanced light-trapping
efficiency suggest that the proposed thin c-Si FPV with tapered
MWs is highly efficient. Thus, the PV properties of this FPV
were measured through a bending test (Fig. 4a). The bending
speed was 300 mm min ', and 1000 repetitions were per-
formed. In the bending test, the curvature radius of the thin
c-Si FPV with tapered MWs was limited to 12 mm due to the
bending limitations of the 50 um-thick substrate. However, the
flexibility of our proposed FPVs can be enhanced by reducing
the c-Si substrate thickness. As shown in Fig. 4b, all PV
parameters including V., Js, fill factor, and PCE remained
constant during the bending test, indicating that our device has
superior flexibility and does not sustain mechanical damage. In
addition, we measured the J,. value of our flexible device under
different Rpending values (Fig. S10, ESIf). The J,. values were
almost identical as Ryenging decreased due to the high aspect
ratio of the MWs, which can effectively scatter and absorb the
incident light with a broad incident-angle range.*®

Because of the outstanding flexible and PV characteristics,
our proposed FPV can be applied to curved and bendable
surfaces for various portable applications. To demonstrate a
solar-powered battery-free electronic watch, four thin c-Si FPVs

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Pictures of the thin c-Si FPV with 20 pym-long tapered MWs
before and after the bending test. (b) Normalized values of Js. (dark cyan
solid line with unfilled circles), Vo (brown solid line with unfilled circles), fill
factor (blue solid line with unfilled circles), and efficiency (red solid line with
unfilled circles) as functions of bending cycle. (c) Pictures of solar-powered
battery-free electronic watch without illumination and (d) with AM 1.5G
illumination. (e) FPV module integrated into the electronic watch. (f) J-V
(dark cyan solid line) and power—voltage (orange solid line) curves of the
FPV module (all four flexible solar cells are connected in a series-active area
of 4 cm?). Under solar irradiation of AM 1.5G, our modules output 50 mW.

with tapered MWs were fabricated in series. Our flexible
module (with an active area of 4 cm?) showed a working voltage
of 2.2 V and an output power of 50 mW (Fig. 4f). The flexible
module was integrated onto the flexible strap of the battery-free
electronic watch, as shown in Fig. 4e, which was successfully
operated by integrating the flexible module of the thin c-Si FPV
with tapered MWs (Fig. 4c-e and Supplementary video 1, ESI¥).
Also, we confirmed that our FPV could successfully power an
electric fan under the bending test (Supplementary video 2,
ESIYT). Therefore, we anticipate that thin c-Si FPVs with tapered
MWs can be integrated into flexible electronic appliances for
the realization of solar-powered electronics.

Conclusions

We demonstrated the outstanding flexibility of the thin c-Si
substrate with MWs. The experimental result showed that the
Ryending Value of the thin (50 um-thick) c-Si substrate with MWs
was approximately 10 mm, regardless of the MW length. In
addition, we confirmed through mechanical simulation that
the bending stress only affects the thin c-Si substrate and the
local interface between MWs and the substrate, regardless of
the MW length. To maximize the light absorption of the thin
¢-Si FPV, tapered MWs were devised using a simple wet-etching
process, and this structure showed an extremely low surface
reflection below 2% when the impedance mismatch between
air and Si was reduced. As a result, we achieved a thin c-Si FPV
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with a remarkable efficiency of 18.9% by applying the tapered
MWs and LBC to the thin c¢-Si FPV. Our thin c-Si FPV with
tapered MWs showed stable PV properties without any changes
in Jse, Voo, O fill factor, even after 1000 repetitions of the bending
test. In addition, we demonstrated a solar-powered electronic
device by integrating the thin c-Si FPVs with tapered MWs into
an electronic watch. Therefore, our proposed thin c-Si structure
with tapered MWs is expected to be a highly efficient and flexible
PV device that can be integrated with flexible electronics.

Experimental

Fabrication of microwires (MWs) on the thin crystalline Si (c-Si)
wafer

Czochralski (Cz) grade n-type c-Si wafers (resistivity of 1-3 Q cm,
380 pm-thick) were etched by 80 °C KOH etching solution to
fabricate thin c-Si substrates. The etching mask of photoresist
dot arrays (2 um in diameter, 2 um spacing) was periodically
patterned on the thin c-Si substrates using an AZ-nLOF-2035
photoresist (AZ Electronic Materials) by the photolithography
process. The patterned thin c-Si substrates were etched by the
deep reactive ion etching (DRIE, Tegal 200) process with 1500 W
source power, 100 W stage power, and 45 mTorr gas pressure
under source gases of SF (250 sccm) and C,Fg (150 sccm).

Fabrication of thin c-Si flexible photovoltaics (FPV) with MWs

The emitter and the back-surface-field (BSF) layers were formed
by using the spin-on-dopant (SOD) method. First, a phosphorus
source (P509, Filmtronics, Inc.) was spin-coated on a dummy Si
wafer, and then baked at 200 °C for 20 min to remove the
organic solvent. The rear side of the thin c-Si substrate was
positioned to face the P509 coated dummy wafer to form a BSF
layer. The diffusion doping was carried out in a tube furnace
under a mixed atmosphere of O, (125 sccm) and N, (500 sccm)
at 900 °C. Phosphorus silicate glass that formed after the SOD
diffusion process was removed by buffered oxide etchant (BOE).
After removing phosphorus silicate glass, an emitter layer was
formed by using a boron source (B155, Filmtronics, Inc.). The
B155 solution was spin-coated on a dummy Si wafer, and then
baked at 200 °C for 20 min. To form the conformal emitter layer
on the MWs, the thin c-Si substrate with MWs was positioned to
face the B155 coated dummy wafer. The diffusion doping
process was carried out in a tube furnace under 500 sccm N,
at 880 °C. A thin Al,O; layer (10 nm-thick) used as a passivation
layer was deposited by using atomic layer deposition (Lucida
D100, NCD). To fabricate the top-microgrid electrode, the front
surface of the thin c-Si FPV with MWs was patterned by the
photolithography process using an AZ4330 photoresist (AZ electro-
nic materials). For the top and bottom electrodes, 500 and 200 nm-
thick Al films were deposited on the top and bottom of samples
using the e-beam evaporator (Temescal), respectively. Finally, the
photoresist residue was removed by acetone solution. The active
area of the fabricated FPV was 1 cm”.
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Fabrication of thin c-Si FPV with tapered MWs and localized
back contact (LBC)

To fabricate tapered MWs on the thin c-Si substrate, the thin
¢-Si with MWs was immersed in slow silicon etchant (RSE-100)
for 10 s. A SiO, layer of 300 nm was deposited on the rear side of
the thin c-Si with tapered MWs by using plasma-enhanced
chemical vapor deposition (PE-CVD, PEH-600). The localized
back contact on the rear side of samples was patterned by
photolithography using the AZ4330 photoresist (AZ electronic
materials). The localized BSF layer was formed in a tube furnace
under a mixed atmosphere of O, (125 scem) and N, (500 sccm)
at 900 °C by using the P509 dopant source. After the formation
of a localized BSF layer, the emitter layer was formed on the top
surface of the thin c-Si with tapered MWs under a mixed
atmosphere of N, (500 sccm) at 880 °C by using the B155
dopant source. The Al,O; passivation layer of 10 nm was
deposited on the front and rear sides of the thin c-Si with
tapered MWs using atomic layer deposition (Lucida D100,
NCD). The top micro-gird was patterned by the photolithography
process. For the top and bottom electrodes, 500 and 200 nm-thick
Al films were deposited on the top microgrid and bottom localized
BSF layer using the e-beam evaporator (Temescal), respectively. The
active area of the fabricated solar cells was 1 cm”.

Photovoltaic characterization

The photovoltaic properties of solar cells were tested using an
Oriel Sol3A Class AAA solar simulator (Newport) under AM 1.5G
illumination. Incident flux was confirmed by a calibrated power
meter, and double-checked using a NREL-calibrated solar cell
(PV Measurements, Inc.). The EQE spectra were measured
using a Xe light source and a monochromator with a wave-
length range of 300-1100 nm. Optical reflections of samples
were measured via a UV-Vis-NIR spectrophotometer (Cary 5000,
Agilent) equipped with a 110 mm integrating sphere to account
for total light (diffuse and specular) reflected from the samples.

Bending test

To evaluate the mechanical flexibility of the thin c-Si FPV with
tapered MWs, a custom-made bending test system was used to
determine the efficiency characteristics of the flexible devices.
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