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Abstract: Combining both approaches of fabricating photovoltaic cells and designing solar modules using polycarbonate in
the form of nanospheres and panels is an innovate approach in solar cells technology. Polycarbonate nanospheres was employed
to control the position of the growth of silicon nanowires using the technique of Nanoscale Chemical Templating. The grown
silicon nanowires were catalyzed via Vapor-Liquid-Solid (VLS) technique at the Chemical Vapor Deposition (CVD) or
UHVCVD reactor. The bottom-up grown nanowires were doped with aluminium (Al) throughout the growth process then the
p-i-n junctions were formed material. The conventional silicon cells or the innovative ones can be incapsulated in a
polycarbonate flexible-surfaces. The polycarbonate material will allow us to further increase the performance of the devices and
decrease the overall costs. The study presents concepts along with their experimental proofs presented as Scanning Electron
Microscopy (SEM) micrographs, and optical characterizations. The proposed method is also flexible, as it is amenable to both

standard lithography techniques and self-assembled patterning techniques.
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1. Introduction

Vertical nanowires made of silicon substrate solar cells are of
great interest because they would allow for ultimate light
trapping and distinguished charge carriers’ separation. They
could therefore achieve, in principal, good efficiency than thin
film planar cells, with the added merits of minimal use of
materials and much lower process cost [1]. Nanowire solar cells
have some potential benefits over traditional wafer-based or
thin-film devices related to optical, electrical, and strain

relaxation effects; new charge separation mechanisms; and cost.

Ordered arrays of vertical nanowires with radial junctions take
advantage of all these effects, as explained in some details by
Wacaser et al. [2]. Controlling the position of nanowires is
another important topic for research. A promising recently
emerged field for future low cost, decent efficiency solar cell
devices is the use of vapor-liquid-solid (VLS) grown silicon
nanowires (Si-NWs). Bottom-up approach of Si-NWs growth
via VLS mechanism has a key advantage for device
applications, since it is possible to template the position of the
NWs by controlling the placement of the initial metal seed or

catalyst particle. This templating then allows integration of
NWs with other parts of the structure, as required for many of
these applications [3-6]. It has been proposed by Khayyat et al.
2013 [5] that the technique of microsphere lithography to
produce regular hexagonal arrays of Al-seeded nanowires, and
the fabrication process continues to fabricate solar cells [5-8].
Templating the Si-NWs growth using polycarbonate micro- or
nanospheres as explained by the research group of Khayyat [5]
is as a direct application of the concept of Nanoscale Chemical
Templating NCT [6-8]. There are several advantages of using
polycarbonate at the level of templating the growth, as it is an
economical approach reduces the number of the required steps
of lithography. Moreover, using polycarbonate sheets in solar
cells is of potential applications. The fact that 61% CO,
footprint reduction for each footprint reduction for each Kg of
polycarbonate based on certified renewable feedstock,
according to SABIC report [9]. Polycarbonate plastic materials
are transparent amorphous, although they are made
commercially available in a variety of colours, the raw material
allows for the internal transmission of light nearly in the same
capacity as glass. Polycarbonate polymers are used to produce a
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variety of materials and are particularly useful when impact
resistance and/or transparency are a product requirement.
Polycarbonate is a relatively hard, lightweight material. These
properties make polycarbonates suitable for products intended
for long open-air operation, such as PV cells and modules.

One of the key goals of the current article is to create new
application markets for acrylic such as applications for
polycarbonates in solar cells fabrication and solar panels
engineering and other alternate energy technologies [9, 10].

2. Materials and Methods

Using CVD reactor which includes a home-built Al evaporator
[5]. Si-NWs were grown in a home-built (UHVCVD) tool
operated under Ultra High Vacuum Chemical Vapor Deposition.
Si-NWs, as previously observed [5], grow preferentially
perpendicularly in the (111) direction so Si(111) substrates were
primarily used. The detailed growth conditions along with the
pre-growth steps were described in previous work [5-8].

It has been shown, according to Khayyat et al [5], that as the
thickness of Al catalyst layer is increased (from 2 nm to 5 nm)
the fidelity of the growth increases, then after reaching 5 nm
Al thickness then the growth fidelity decreases quite
significantly. Based on these measurements, it has been
decided to choose 5 nm of Al thickness. The samples were
then transferred into the hot growth chamber for a pre-growth
anneal at 600°C, which is above the Al/Si bulk eutectic
temperature of 577°C. This anneal was 20 min long under full
pumping and was intended to allow the Al film to agglomerate
into small islands on the surface and form liquid droplets. The
furnace was then cooled to the desired growth temperature
(usually 520°C) and pure silane (SiH,) was introduced at a
fixed flow, 20 sccm, using a mass flow controller (MFC).
Examining the Si-NWs morphology were examined with an
environmental scanning electron microscope (SEM) FEI Co.,
Eindhoven, The Netherlands, model XL 30.

The patent application (to be filed) allows us to grow NWs
at the available CVD without oxidation of the catalysing
materials as the catalysing layer has been covered in a separate
evaporation tool to be transferred later in the CVD reactor for
growing process. Covering the catalyst layer Al, a chemically
active material, will prevent the oxidation, as it has been
proven experimentally.

(1): SiO, pSp Spinon

(2): In Situ Deposit Al

3. Results and Discussion

The study present conceptional and experimental work on
templating the growth of Si-NWs using microsphere of
polycarbonate. In addition to conceptional descriptions and
some primitive measurements proofing the success of the
growth as patents applications.

3.1. Templating Si-NWs Using Polycarbonate Microsphere
Lithography

Nanoscale Chemical Templating (NCT) technique, proposed
by Khayyat [5], proposed the concept of controlling the position
of the grown NWs catalysed with chemically active elements
such as Al. So, seed materials have to be evaporated on the
substrate in a stand-alone evaporator as routinely practised with
gold (Au) catalyst. However, when we catalyse the nanowires
growth with chemically active element such as alluminum (Al)
so we have to install it in the tool of the CVD.

The proposed concept has been evaluated applying the
technique of microsphere lithography to produce regular
hexagonal arrays of Al-catalysed Si-NWs. PC microspheres are
commercially available with narrow size distributions, and
when dispersed properly using a spinner on the Si substrate
surface they form a close-packed array that forms gaps through
which a material can be deposited. Si (111) of p-type substrates
were cleaned using standard techniques [5-11] which leave a
thin oxide on the Si surface. A drop of 1 um diameter PC
microspheres in solution taken directly from the commercially
provided stock solution was dispersed onto the substrate. Then
the growth procedure has been adopted as explained earlier [5].
Figure 1 illustrates schematically in four steps of NCT process
using microspheres. After spinning in the microspheres (step 1),
where it followed by step 2, where then layer of 5 nm Al
deposited on the surface covering the top surfaces of the
microspheres and bare Si surface. Step 3 describes regions of Al
that will act as seeds form at the gaps between microspheres,
while on top of the microspheres the Al layer reacts with the
oxide and becomes inactive [5]. The final step of this process,
step 4, shows the growth of Si-NWs after allowing SiH, to flow,
providing the required medium of VLS system, to be followed
by epitaxial perpendicular Si-NWs growth [12-14].

(3): In situ Annealing

(4): NWs growth

=

50 nm

Figure 1. A schematic representation showing that microspheres (MS) can be used for templating in four main steps, along with cross-sectional SEM micrograph

of grown Si-NWs between the MS.
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The described concept at figure 1, has been examined and it
showed encouraging results, however, further optimization of
the Si-NWs growth has to be carried out. It can be shown the
outer shell of the silica microspheres shows the oxidation of
the evaporated Al on the top of the spheres forming Al,O;. We
show the results of this process, where Si-NWs can be seen
growing in the gaps between the microsphere array [15, 16].
The microsphere of PC exhibit two main contents of distinct
colours, the core which represents more than 90% of the
microsphere remains as it is, while the very outer exposed part
of the shell of oxidized Al. The concept of controlling the
growth positions of Si-NWs using PC microspheres has been
approved [10, 11, 17].

i ]

Flexible Solar Modules Using Polycarbonate for Templating and Encapsulation

3.2. PC Encapsulation of Solar Panels

This section describes a potential research project on
technical feasibility on the application of PC, instead of glass,
using the available C-Si PV module or the innovate Si-NWs
cells [18-20].

The lamination process can be performed in a conventional
laminator apparatus or the current available process in the
KACST PV modules factory using low temperature curing
(approx. 100°C). Ethylene-vinyl-acetate (EVA) can then be
used as usual in the production line of the PV module of
multi-crystalline silicon solar cells.

e Erame (or without it for several applications)

e PC front surface

e EVA layer

Aligned and connected

SS0lar cells on
EVA layer

€ I’I | |' I".

PC back surface
‘_—

Junction box
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Figure 2. A schematic representation of the various parts arrangements of PC-PV module, ready for installation at the current PV production lines of industries.

Figure 2 describes the various main steps of module
lamination. Schematically; it begins with the placement of
EVA film. Whereas, there are several technologies other than
EVA such as silicone onto the first PC surface (back surface of
the regular PV module could be opaque). Next, the solar cell
matrix is placed onto the EVA or silicone. Another PC panel is
coated with the encapsulant and is then turned upside down
and placed onto the first panel containing the cell matrix. The
whole sandwich is then introduced into a laminator, where a

()

vacuum is drawn and the laminate is heated up. The structure
of the module is shown in Figure 2. As in conventional
modules, it consists of several layers laminated together, with
the solar cell matrix (8 cells) in the center. Due to the possible
differences in thermal expansion [18-21] between the
materials of the various layers explained Figure 2, there was a
certain degree of curvature in the produced module (see
photos figure 3). This stress build-up can be diminished by
application of innovate solutions.

(b)
Figure 3. Optical images of solar panels encapsulated by PC (a) the front (b) back.
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Nanowires have very high surface to volume ratio, making
them ideal components for light absorption or any related to
interface phenomena. The optical characteristics of the coated
photovoltaic cell reveal that the nano-spheres with an average
diameter size of 100 nm exhibits excellent light harvesting
characteristics (see figure 4) if compared to the nanospheres of
other sizes [8, 10, 21, 22]. The reflectance of light from Si
substrate covered with NWs is almost zero, in comparison to
the plain Si substrate, as it is shown on figure 4.
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Figure 4. NWs solar cells are excellent light absorber. The reflectance of
Si-NWs is almost zero in comparisons to pristine Si.

There are more innovate methods, under investigations, of
growing Si-NWs and other semiconductors catalyzed with
oxygen reactive element without or with air exposure. The
patent application (to be filed) allows us to grow NWs at the
available CVD without oxidation of the catalysing materials
as the catalysing layer has been covered in a separate
evaporation tool to be transferred later in the CVD reactor for
growing process. Covering the catalyst layer (Al), a
chemically active material, will prevent the oxidation, as it has
been proven experimentally. The whole process from growing
Si-NWs in the CVD reactor to building a solar panel is
summarized in figure 5, as follows;

Figure 5. Pictorial representation of building solar panel via Si-NWs growth
using nanoscale templating with photolithography and with microspheres.

Growing semiconductor nanowires can be catalyzed by
chemical active materials using an efficient and an economic
approach [20-22]. It has well established in the literature that

nanowires can be catalyzed using gold. However, gold affects
negatively the performance of the semiconductor devices, as it
acts as a deep level energy level trapping charge carriers. On the
other hand aluminum is a part of semiconductor's industry.
Aluminum is used a p-type dopants of silicon [7, 23]. However
aluminum is a chemically active element, as we evaporate
aluminum of the semiconductor substrate, we should not
expose the samples to air. The Chemical Vapor Deposition
CVD does not include an aluminum evaporator, so we have to
install it in the tool separately. These nanowires which includes
aluminum can be used for applications such as solar cells and
more. The other related patent application (to be filed) method,
is also flexible, as it can be applied to both standard lithography
[23, 24] techniques and self-assembled patterning techniques
like microsphere lithography based of NCT technique. There
are more innovate methods, under investigations, of growing
Si-NWs and other semiconductors catalyzed with oxygen
reactive element without or with air exposure.

4. Conclusions

The combination of the NCT technique along with PC
microspheres is an economic approach, as it requires fewer
steps compared to conventional patterning approaches, not
requiring lift off of a metal layer or removal of the mask.
Encapsulation of silicon solar panels with PC sheets reduces
the weight of the solar panels and opens up for more
applications of solar panels at harsh environment considering
the mechanical properties of PC. The methodology used in
achieving controlled placement of single NWs seeded with Al
is an example of proving the concept of NCT technique, more
oxygen-reactive materials such as Sn, Sb, In, Ga, and Ti
templated by NCT will have more advanced applications in
nanodevices fabrications.
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