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ABSTRACT: Semitransparent thin-film solar cells, especially those fab-
ricated directly on building materials, have attracted much interest in the

Semi-transparent radial junction solar cell on laser-cutting
tinplate for BIPVs

continuously increasing demands of building-integrated photovoltaic (BIPV) riow

applications. Herein, radial junction (RJ)-structured hydrogenated amor-
phous silicon (a-Si:H) thin-film solar cells, directly constructed upon silicon
nanowires (SINWs) grown by a vapor—liquid—solid (VLS) process on the
rough surface of the tinplate substrates, have been successfully demonstrated.
After optimizing the SINW density, an efficiency of 5.89% can be achieved,
with an average value of 5.38 + 0.39%. Compared to the conventional thin-
film photovoltaics on glass substrates, the semitransparent RJ-structured thin-
film solar cells on the laser-cutting tinplate substrates have a lower reflectivity,
an adjustable/designable light transmission, as well as excellent mechanical
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stability. More importantly, tinplate and other steel/metal substrates can be

used as construction materials; thus, the overall costs, including fabrication and installation costs as well as the building construction
cost, can be largely reduced. These results highlight the promising potential of the RJ thin film technology on laser-cutting steel/
metal substrates to fabricate low-cost, low-reflection, and mechanically stable semitransparent thin-film BIPV devices.
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1. INTRODUCTION

Recently, semitransparent photovoltaics have attracted much
interest for their light transmission properties, as well as their
light weight and durability,' ™ to meet the continuously
increasing demands of building-integrated photovoltaic
(BIPV) applications.”~” However, light pollution caused by
reflected light from conventional glass curtain walls among the
skyscraper buildings, as shown in Figure 1b, is an urgent and
important issue that should be addressed.®”'" More
importantly, a further cut-down of cost is an important issue
too, including fabrication cost, installation cost, and building
construction cost.'"'? Thus, directly fabricating thin-film solar
cells upon building materials to reduce the cost, such as
tinplate, stainless steel, and other steel/metal substrates, may
be a promising method to boost the development of
BIPVs.”'* In comparison with the semitransparent solar
cells based on organic, cadmium telluride (CdTe), copper
indium gallium selenium, and perovskite materials, >~
hydrogenated amorphous silicon (a-Si:H) thin film technology
may be a better choice to fabricate high-performance and
robust semitransparent BIPVs, for its nontoxicity, abundant
reserves, low cost, industry-mature fabrication technology, and
so on.”*”

However, the directly deposited planar thin films on the
unstable surface of the flexible/bendable substrates are highly
vulnerable to the influence of mechanical bending, leaving
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large/long cracks and even peeling off segments, especially
when the used Si-based thin-film light absorption layer has a
large thickness >1 pym even larger. Furthermore, the market-
available thin tinplate and other steel/metal substrates usually
have a relatively rough surface,””** as shown in Figure 1d,e,
which will result in a worse quality of directly deposited thin
films. The 3D vertically standing nanostructures can host/
support the subsequently deposited a-Si:H thin film, making
the main working region out-of-plane and far away from the
stress-rich surface, thus achieving excellent mechanical
stability.29‘30 Besides, among such 3D frameworks, a strong
light trapping effect can be realized, thus resulting in a largely
reduced light reflection and allowing a very thin light
absorber.”"”> The R, which is made up of the radially stacked
p—i—n multilayers deposited around silicon nanowires
(SiNWs) directly grown on the surface of the flexible substrate
via a vapor—liquid—solid (VLS) process, should be a better
and easier choice.”””” Compared to the complex and expensive
preparation process of “top-down” nanostructures, the
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Figure 1. (a) Schematic diagram of semitransparent radial junction (RJ) thin-film BIPV devices. (b) Photograph of light pollution caused by the
glass curtain wall of the building. (c) Illustrations of the fabrication procedure on the tinplate substrates. (d) Photograph of the tinplate substrate
with a size of 2.5 cm X 2.5 cm. (e) Microscopic images of the tinplate substrate. Scanning electron microscopy (SEM) images of (f) VLS-grown
SiNWs and the (g) radial p—i—n junction. (h) Photograph of bendable RJ solar cells. The scale bar in (e) is 100 ym and the others are 1 ym.
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Figure 2. (a) Measured J—V curves, (b) EQE curves, and (c—f) average value along with the standard deviation of V,, J,,, FF, and  of the RJ units
on tinplate substrates with varying densities ranging from 1.0 X 107/cm? to 4.4 X 10%/cm? as well as integrated J,. from EQE curves in (d).

“bottom-up” VLS growth of SiNWs is mediated by the low-
melting-point metal catalysts, such as tin (Sn), indium (In),
gallium (Ga), and their alloy, thus allowing a rather low
fabrication temperature down to 350 °C in the plasma-
enhanced chemical vapor deposition (PECVD) system®**®
and showing good compatibility with the industrial roll-to-roll
technology.36 Thus, the RJ thin film technology directly
fabricated on steel/metal substrates has a promising potential
to boost high-performance and robust thin film BIPV devices,

especially for large-area/scale fabrication.

In this work, by using a VLS-grown SINW framework to
host the deposited a-Si:H thin film, the RJ units have been
directly fabricated on the rough surface of the tinplate
substrate to demonstrate light-transmission-designable semi-
transparent Si-based thin film BIPVSs, as schematically drawn in
Figure la. After optimizing SiINW density, a remarkable
efficiency of 5.89% has been achieved, with an average value of
5.38 + 0.39%, when the SINW density is 2.3 X 10%/cm”. The
vertically standing 3D SiNW framework can not only result in
a rather lower reflection but also an excellent mechanical
stability. Therefore, combined with designable/adjustable
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Figure 3. (a) SEM images of the RJ units directly built upon the VLS-grown SiNWs with different densities ranging from 1.0 X 10”/cm? to 4.4 X
10%/cm? SEM images in the upper row show the RJs without the ITO layer, while those with the ITO layer are in the lower row. When at a higher
density up to 4.4 X 10%/cm?, the RJs merge at the top, as indicated by yellow circles. (b) Light absorption curves of the R] units, as well as (c) EQE
enhancement ratio (EQED~2.3><108/cm2/EQED~1><107/cm2’ EQE} 3 ox10t/em?/ EQED 15167 /cm> 2nd EQED~4.4><103/cm2/EQED~1x107/cmz) and (d)
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scale bars are 1 pm.

laser-cutting metal/steel substrates, the RJ-structured thin film
technology could be a promising strategy to fabricate high-
performance, low-cost, low-reflected, robust semitransparent
BIPV devices.

2. EXPERIMENTAL METHODS

2.1. Device Fabrication. As schematically shown in Figure lc,
the VLS-grown SiNW-supported RJ thin film solar cells were directly
fabricated on the rough surface of 200 pm thick tinplate substrates
(Figure S1), which is made up of p-type SiNWs/intrinsic a-Si:H
layer/n-type a-Si:H layer/indium tin oxide (ITO) layer. First, a
nominal 4 nm thick Sn catalyst was evaporated onto the tinplate
substrate and then loaded into the PECVD system to remove the
surface oxide layer and form Sn nanodroplets by hydrogen (H,)
plasma. Second, a mixture of H,, silane (SiH,), and diborane (B,Hj)
was introduced as the gas source to grow p-SiNWs (Figure 1f). Then,
an intrinsic a-Si:H thin film was directly deposited around the SiNWs,
by a plasma of H, and SiH,, followed by the n-type a-Si:H layer, with
phosphine (PH;) as the dopant gas, as shown in Figure 1g. Finally,
the transparent ITO layer was sputtered on the RJs as the top
electrode. The normal section and radially stacked p—i—n multilayer
structure of the RJ units have been schematically drawn, as shown in
Figure S1f,g. Besides, such radially stacked multilayers have been
characterized in our previous work.””*’

2.2. Device Characterizations. The morphology of R units on
tinplate substrates was characterized by SEM (Zeiss Sigma). The
photocurrent density—voltage (J—V) curves were measured under
standard AMI1.5G illumination conditions (Newport, Oriel Sol-1A).
The external quantum efficiency (EQE) curves were measured with a
calibrated silicon detector by using the QEX-10 system, and the light
absorption was measured by using a UV—vis—NIR spectrophotom-
eter (UV-3600 Plus, Shimadzu).

3. RESULTS AND DISCUSSION
Figure 1h shows a photograph of the bendable RJ thin film

solar cells fabricated on the tinplate substrates as well as typical
top-view SEM images of the VLS-grown SiNW and RJ units in
Figure 1f,g, respectively. The firmly standing SINW on the
surface of flexible substrates can host/support the out-of-plane
RJ portions, thus allowing them to be well protected and
separated from the stress-rich and unstable bottom surface of
the mechanically bent substrate. More importantly, a strong
light trapping effect actually exists between such vertically
standing RJ units, enabling sufficient light harvesting to achieve
a large enough photocurrent. Optimizing the density to ensure
a uniformly deposited thin film around randomly distributed/
oriented SiNWs is an important factor in forming high-quality
RJ units for high performance; however, this is a trade-off to
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Table 1. Comparison of This Work to Other a-Si:H Thin-Film Solar Cells in the Published Literature

VOC ]SC
substrate type ) (mA/cm®)  FE (%) n (%) refs

stainless steel radial n—i—p junction pc-Si:H 0.48 13.42 35 225 38
stainless steel radial n—i—p junction pc-Si:H 0.62 13.36 43 3.57 39
Al foil radial p—i—n junction a-Si:H 0.71 14.2 56.0 5.6 30
AZO glass radial p—i—n junction a-Si:H 0.73 11.8 62.0 S.3 30
PET + ITO + Ag back-reflector planar p—i—n junction a-Si:H 0.795 7.14 58 330 40
PI + ITO + Ag back-reflector planar p—i—n junction a-Si:H 0.782 7.41 S8 3.36 40
photo paper + ITO + Ag back-reflector planar p—i—n junction a-Si:H 0.571 6.05 32 1.08 40
stainless steel planar n—i—p junction a-Si:H 0.93 8.90 61 512 41
plastic substrate + hybrid planar p—i—n junction a-Si:H 0.75 7.7 56.5 326 42

polymer + Ag + ITO
plastic substrate + hybrid hexagonal-pyramid nanostructured planar p—i—n junction ~ 0.73 11.3 542 447 42

polymer + Ag + ITO a-Si:H
spin coated flat PI + Ag + AZO planar p—i—n junction a-Si:H 0.797 9.13 50.1 3.64 43
0.5 aspect-ratio nanocone PI + Ag + AZO  nanocone-structured planar p—i—n junction a-Si:H 0.820 12.95 66.5 7.06 43
1.0 aspect-ratio nanocone PI + Ag + AZO  nanocone-structured planar p—i—n junction a-Si:H 0.652 11.59 34.7 2.62 43
Kapton polymer + Cr + Al + ITO planar p—i—n junction a-Si:H 0.88 12.48 72 7.9 44
Kapton polymer + Cr + Al + ITO planar p—i—n junction a-Si:H 0.87 13.59 70 827 44

nanoparticles
tinplate radial p—i—n junction a-Si:H 0.81 12.45 5822 589 in thii

worl

light absorption behavior. Therefore, the J—V characteristics of
these RJ solar cells are presented in Figure 2a, as well as the
corresponding average values along with the standard
deviations of V,, J,, FF, and # in Figure 2c—f, respectively,
to examine the consequence of the different RJ densities. The
RJ density can be calculated by the RJ units without the ITO
layer in the corresponding SEM images shown in the upper
panel in Figure 3a, ranging from 1 X 107/cm? to 4.4 X 10%/
cm?, which can also be referred to as the SINW density, as well
as the SEM images for ITO-coated RJ units in the lower panel.
Although the numbers vary from batch to batch, usually we
have 6—12 effective working cells for being counted at each the
same density value. The value of V__is 0.79 + 0.012 V for the
lowest density of SiNWs (1.0 X 10”/cm?) that is just catalyzed
by the self-provided Sn of the tinplate without using any
additionally evaporated catalyst. The self-provided Sn layer of
the tinplate is transformed into Sn nanoballs after H, plasma
treatment, as shown in Figure S2a, and the following plasma
treatments of amorphous thin film deposition make these Sn
nanoballs bigger and easier to observe, as seen in the SEM
images in Figure S2b—d. When using an additionally
evaporated Sn catalyst layer and a series of proper controls,
the V. reaches a maximum value of 0.81 + 0.004 V with a
SiNW density of 2.3 X 10%/cm’ However, a higher SINW
density (3.0 X 10%/cm?) results in a rapid drop of V. to 0.76 +
0.004 V, and a further increase of SINW density (4.4 X 10%/
cm?) results in an eventual drop of V. down to 0.73 + 0.018
V. The first augment of V. can be assigned to the support of
suitable-density SiNWs, which enables a high-quality deposi-
tion of radially stacked thin films than those directly deposited
on the rough surface of tinplate substrates, avoiding the
negative effect of large numbers of cracks and holes on the
tinplate surface, as shown in Figures 3a and S2c.

The measured ] is found to increase up to 11.64 + 0.71
mA/cm? and reach a maximum of 11.81 + 0.43 mA/cm? at a
SiNW density of 2.3 X 103/cm? and 3.0 X 10%/cm?
respectively. However, a further increase of the SINW density
leads to an eventual drop of J. to 11.39 + 0.46 mA/cm? at a
higher density of 4.4 X 10%/cm® To resolve the evolution

20539

trend of the photocurrent generation, the EQE curves are
measured and presented in Figure 2b, as well as the variation
trend of J,. values integrated from EQE curves in Figure 2d,
which is consistent with that of extracted J,. in the measured
J—V curves. As the SINW density increases, the first increase in
Jic might arise from the improved light absorption, as shown in
Figure 3b. With a higher SINW density at 4.4 X 108/ cmz, the
light absorption shows a saturation without any decrease
(Figure 3d), while the EQE decreases (Figure 3c), which
suggests that the J,. and the EQE of the R]-structured cells are
limited by the carrier collection but not by light absorption.
With the increase of the SINW density, more and more
nonuniform coating of RJs can be observed from the SEM
images, which can be assigned to the problem of conformal
deposition of a-Si:H thin film upon a dense SINW array. At a
low SiNW density, most RJ units are separated from
neighboring units, and the coating of the PECVD-deposited
a-Si:H thin film seems to be fairly uniform. As shown in Figure
S3a,b, enlarged SEM images provide more details that the a-
Si:H coating can be deposited with a uniform diameter along
the full length of RJ units when the SiNW density is
reasonable. However, at a higher SINW density, more crossing
and overlapping between neighboring RJ units can be observed
in the SEM images, as marked by the yellow circles shown in
the SEM images in Figure 3a. As presented in Figure S3c—e,
the RJ cells fabricated on a denser SINW array would touch
each other more easily and even exhibit a twisted geometry.
Thus, after optimizing the SiNW density, a remarkable
efficiency of 5.89% has been achieved, with an average value
of 5.38 + 0.39%, when the SINW density is 2.3 X 10%/cm
To further highlight the potential of RJs on the tinplate
substrate, the J—V curves of RJ solar cells fabricated on the
glass and tinplate substrates are plotted in Figure S4a for
comparison, as well as the corresponding V., J,., FF, and 7 are
compared and summarized in Figure S4f. With the same R]J
density, the solar cells fabricated on the glass substrate have a
lower J,. (11.63 mA/cm?*) but a larger V,. (0.83 V) and FF
(62.56%) compared to those (12.45 mA/cm? 0.81 V, and
58.22%, respectively) on the tinplate substrate, which is
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Figure 5. Simulated von Mises stress distribution of the laser-cutting tinplate substrate for (a) convex-up and (b) concave-down bending, as well as
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values as a function of the relative movement D/L for (g) convex-up and (h) concave-down bending of bendable tinplate substrates.

consistent with the EQE curves presented in Figure S4b. While but with a lower V. (from 0.83 to 0.78 V) and FF (from 62.56
switching to a higher SINW density (3.6 X 10°/cm?) on the to 56.85%). These observations indicate that (1) a reasonable/
glass substrate, a larger J. (13.97 mA/cm?) can be achieved suitable SiNW density does ensure a good quality of the
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deposited thin film even on an uneven surface to enable an
efficient carrier collection; (2) the Sn nanoballs (as shown in
Figure S2) formed by the self-provided Sn layer on the tinplate
surface do not show a negative effect on the performance of RJ
thin film solar cells; (3) the back-reflection of the tinplate
substrate can help to achieve a larger J,. and light absorption, as
shown in Figure S4; (4) a denser SiNW array can improve
light absorption, but worsen carrier collection, due to a
nonuniform coating of the a-Si:H thin film.

Meanwhile, compared to other Si-based thin film solar cells
in the published literature,*”**™** as summarized in Table 1,
the RJ solar cells on tinplate substrates have a remarkable
efficiency of 5.89%, especially among these samples fabricated
on steel/metal substrates. In addition, the “bottom-up” self-
assembling VLS method can avoid the additional nanopattern
process to simplify the fabrication process and reduce the
fabrication cost, which can help integrate the R] structures into
the industrial mature roll-to-roll technology for large-area
fabrication. Besides, tinplate and other steel/metal substrates
can be directly used as construction materials, not only saving
the installation cost to a large extent but also reducing the
construction cost as no additional reinforcement of the
building to host the solar cell modules is needed.

Furthermore, the tinplate and other steel/metal substrates
can be made semitransparent by using laser-cutting technology,
as shown in Figure S5, and can allow a designable/adjustable
light transmission by cutting/shaping holes, as shown in Figure
4a. Considering that the line-produced solar cells usually have
a size of decimeters and even meters, the tinplate and other
steel/metal substrates with millimeter-sized or centimeter-sized
holes should be esthetic enough for practical BIPV
applications, as seen, for example, in Figure 4c. The light
transmission of the laser-cutting tinplate substrate can be easily
calculated by using the area of holes divided by the total area.
Taking the design in Figure 4b as an example, the fabricated
RJ-structured samples on laser-cutting tinplate substrates have
a light transmittance of ~40% in the full wavelength range, as
shown in Figure 4e. For comparison, the planar thin-film solar
cells deposited on the conventional glass substrates usually
have nearly zero light transmission at short wavelength (<500
nm), which is determined by the thickness and quality of the
deposited a-Si:H thin film and would affect the real sensory
perception to external scenery. More importantly, as shown in
Figure 4f, compared to the nearly >50% reflection of
conventional planar a-Si:H thin-film solar cells on the glass
substrate, the a-Si:H RJ solar cells can have a lower light
reflection <20% because of the strong light trapping effect
realized among 3D standing RJ arrays.

In addition, it is noteworthy that the direct construction of
such 3D RJ units upon the tinplate substrates brings a possible
route to fabricate mechanically stable bendable thin film solar
cells. The finite element simulation has been carried out, by
fixing one edge of the tinplate substrate and moving another
edge (as shown in Figure S6), to discover the von Mises stress
distribution for convex-up bending and concave-down bending
conditions. The simulated stress distributions of laser-cutting
substrates are presented in Figure Sa,b for convex-up and
concave-down conditions, respectively, as well as the extracted
stress values at seven different points as a function of the
relative movement D/L (D is the distance of the moving edge,
and L is the length of the substrate) shown in Figure Sc,d.
Interestingly, compared to the normal planar tinplate
substrates, the laser-cutting tinplate substrates have been
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given some stress-small “islands”, which are separately inlaid in
the stress-rich surface of the tinplate substrate. Thus, by
designing a reasonable shape/distribution of laser-cutting
holes, the mechanical stability can be largely enhanced, as
shown in Figure S6. Besides, the simulated von Mises stress
distribution of RJ units on the tinplate substrate under convex-
up bending and concave-down bending, as well as the stresses
extracted at four different places along with the full length of
the RJ units, are plotted in Figure Se—h, which shows that the
stresses felt at the top and middle of the RJ units are 2—5
orders of magnitude smaller than those at the root of RJ units
and on the surface of tinplate. However, the simulated stresses
felt at the surface of the deposited planar thin film are ~1 order
of magnitude larger than those felt on the surface of the
tinplate when under convex-up bending, as shown in Figure
S8. This indicates that the stresses at the surface of the
deposited planar thin film make it easier to approach the failure
limit of the a-Si thin film (~10 GPa),">*® which will result in
large/long cracks and peeling oft segments, especially under
convex-up bending. The SiNWs, grown by a Sn-catalyzed VLS
process, are welded to the surface of flexible/bendable
substrates to protect the out-of-plane R]J portion far away
from the stress-rich surface of the flexible/bendable substrates.
Thus, the cracks induced by the mechanical bending can only
be allowed to spread on the ground surface, without cutting
through the standing RJ units, to keep the RJ units continuous
and uniform.””*°

4. CONCLUSIONS

In summary, by incorporating the unique RJ structure directly
fabricated upon VLS-grown SiNW framework and semi-
transparent tinplate substrates prepared by the laser-cutting
technology, the semitransparent a-Si:H RJ BIPV devices have
been successfully demonstrated in this work. After optimizing
the SINW density, a remarkable 7 of 5.89% has been achieved
with a V. of 0.81 V and a J,. of 12.45 mA/cm?% Such 3D
frameworks can not only allow a rather low reflection but also
greatly improve the mechanical stability. The laser-cutting
substrates can have a designable full-spectral-range trans-
mittance determined by reasonable design and can be
compatible with industrial production lines. All these features
show a promising potential to develop a new generation of Si-
based high-performance, lightweight, low-cost semitransparent
thin-film BIPV devices.
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