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Abstract: High electrical conductivity and optical transparency make graphene a suitable candidate
for photovoltaic-based power systems. In this study, we present the design and fabrication of an array
of graphene-based Schottky junction solar cells. Using mainstream semiconductor manufacturing
methods, we produced 96 solar cells from a single 100 mm diameter silicon wafer that was precoated
with an oxide layer. The fabrication process involves removing the oxide layer over a select region,
depositing metal contacts on both the oxide and bare silicon regions, and transferring large-area
graphene onto the exposed silicon to create the photovoltaic interface. A single solar cell can provide
up to 160 pA of short-circuit current and up to 0.42 V of open-circuit voltage. A series of solar
cells are wired to recharge a 3 V battery intermittently, while the battery continuously powers
a device. The solar cells and rechargeable battery together form a power system for any 3-volt
low-power application.

Keywords: graphene; photolithography; wet etching; metalization; graphene transfer; Schottky
junction; battery; low power

1. Introduction

Recent advancements in ultra-low-power-consuming electronic circuit designs have
reduced the power demand of some devices to picowatts in standby mode and nanowatts in
active mode [1]. These innovations, combined with an ultra-low duty cycle, may ultimately
enable self-powered devices that draw power only from the ambient environment [2,3]. As
a result, there is growing interest in developing systems capable of harvesting energy from
the surrounding environment [4-7]. A power system made up of an energy harvesting
module and a rechargeable battery may continuously supply power to a low-power device
for a decade without any need for replacements.

Graphene’s unique properties make it a strong candidate for multimodal energy har-
vesting systems including kinetic and solar. For example, freestanding graphene is always
moving and it forms ripples that oscillate between concave and convex configurations [8].
An oscillating ripple near a fixed electrode acts as a variable capacitor, where the chang-
ing capacitance generates an electrical signal [9]. In these applications, the freestanding
graphene is supported at its edges similar to a picture frame. If the supporting structure is
bare silicon, then a metal-semiconductor Schottky barrier naturally occurs at the interface,
and this can be used to create a solar cell [10-18]. Detailed studies on graphene-based solar
cells using various carbon allotropes can be found in these references [19-21].

Numerous research studies have worked to improve the quality of graphene-based
solar cells. For example, a study using directly grown graphene found that increasing
its thickness increases its conductivity but decreases its transparency, and concluded that
4 nm was an optimal thickness [22]. Studies where graphene is transferred onto silicon,
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rather than directly grown, found that the nature of the transfer process can cause the solar
cell efficiency to vary by an order of magnitude [23]. In addition, doping the graphene by
treating it with chemicals such as volatile oxidizers, nitric acid, or iron chloride has been
shown to improve device efficiency up to fourfold [24-26]. Volatile doping treatments, in
particular, were shown to greatly enhance the power conversion efficiency, and capacitance—-
voltage measurements showed the importance of encapsulation [27,28]. Shifting from flat
silicon substrates to pyramids or nanowires has been shown to have a positive effect on
the output current [29,30]. In a nanowire study, the dopant level of the substrate was also
varied, and an optimal level was determined to be on the order of 107 cm~3.

In this study, we built off our earlier graphene-based kinetic energy harvesting device
structures to develop, on a similar platform, graphene-based solar energy harvesting device
structures. Ultimately, we investigated the viability of a 3-volt power system using an
array of graphene-based Schottky junction solar cells combined with a rechargeable battery.
Using mainstream semiconductor processing methods we produce 96 solar cells from a
100 mm silicon wafer precoated with a thermal oxide layer. The processing steps include
etching away select regions of the oxide, adding metal contacts, and then transferring
large-area graphene. After packaging the solar cells, we measured the current-voltage
characteristics and built a 3-volt power system using many cells in series.

2. Materials and Methods

Commercially available 100 mm diameter silicon wafers with 1-10 ()-cm resistivity,
500 pm thickness, (100) orientation, and a 2 um thick high-quality wet thermal oxide layer
were used for this study. The wafer was first divided into fourths, and then each quadrant
was cut into six smaller chips as shown in the top left of Figure 1 with labels 1 through 6.
Each of these chips measured 16.6 mm on a side and ultimately contained four solar cell
devices that were processed in parallel as shown in the top right of Figure 1 with labels
a through d. After processing and dicing, multilayer graphene was transferred on top of
both the exposed silicon and a metal stem connected to a bonding pad, as shown in the
bottom right of Figure 1. Another bonding pad that was on the bare silicon without a stem
is shown as well. The solar cell was then wire-bonded into a 28-pin package as shown on
the bottom left of Figure 1. The processing steps we describe next benefited greatly from
these earlier studies [31-34].

Figure 1. [llustration of a 100 mm silicon wafer featuring an array of 24 squares, alongside a detailed
view of square number 3, which measures 16.6 mm on each side. Each square contains four identical
solar cell patterns. A detailed view of cell ‘d” with a graphene membrane is shown. The final solar
cell is wire-bonded into a 28-pin package as shown.
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3. Results and Discussion
3.1. Removing Thermal Oxide

Once the wafer was diced into 24 nearly identical chips, the next step was to prepare
a chip for oxide removal. The oxide removal pattern is shown in solid black throughout
Figure 2a. The dotted or broken lines are not for oxide removal but are shown to illustrate
the locations of the four 8.3 mm square solar cells and to aid in communicating the pro-
cessing steps. Each device contains a 4 mm by 3 mm rectangle near the center, which later
becomes the photovoltaic region. Each chip has a 500 um by 500 um square box at one
corner, which later becomes a silicon bonding pad. Each chip has a crosshair in one corner
to enable alignment to future layers. Also, at the bottom of the entire chip is a triangle
shape used to help with overall chip orientation throughout the processing steps.

@lr ————————
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Figure 2. Oxide removal process. (a) The pattern to be etched is shown in solid black, while the
dashed lines show the four solar cells. (b) Six processing steps are shown in cross-section for the
location marked in (a): (1) clean and anneal wafer; (2) add photoresist and anneal; (3) pattern the chip
using maskless photolithography; (4) develop the exposed photoresist; (5) remove the oxide using 5:1
buffered oxide etch; (6) remove the unexposed photoresist. (c) Optical image after oxide removal.

A diagram showing the different steps for oxide removal is shown in Figure 2b. The
cross-sectional views shown are for the region marked by the dashed line with arrows
in Figure 2a. First, the chip is placed in isopropyl alcohol (IPA) at room temperature
inside an ultrasonic cleaner for 10 min to produce a dust-free chip as shown in step (1).
After drying with nitrogen, it is annealed at 200 °C for 15 min to remove any remaining
moisture. Next, a layer of photoresist is spin-coated at 3000 rpm for 1 min on top of the
oxide and annealed at 110 °C for 3 min to produce the stack shown in step (2). A maskless
photolithography process is then used to transfer the pattern shown in Figure 2a onto
the chip as illustrated in step (3). Next, the chip is immersed in a developer solution for
30 s followed by deionized water for 1 min to remove the exposed photoresist as shown
in step (4). The chip is then immersed in a 5:1 buffered oxide etch solution for 25 min
to expose the bare silicon underneath as illustrated in step (5). After the etching process,
the chip is double-rinsed in deionized water for at least 10 min. Finally, any unexposed
photoresist is removed by placing the chip in a stripper solution held at 80 °C for 60 min as
shown in step (6). The chip is sequentially ultrasonically cleaned in acetone and then IPA.
An optical microscope image of the chip after oxide removal is shown in Figure 2c. One
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can easily see the four large regions for graphene transfer, the four bonding pads, the four
cross-hairs, and the triangle.

3.2. Adding Metal Contacts

Once the oxide has been removed, the next step is to add metal contacts. The pattern
used for metal exposure is shown as solid black regions in Figure 3a. Again, the dashed
lines are only there to aid the sample and process description. Notice that each solar cell
has two square bonding pads that measure 500 um by 500 um. The upper left bonding pad
is positioned precisely over the previously etched region that now has bare silicon. The
other bonding pad has a rectangular stem that is 1000 um long by 100 pm wide. The stem
touches the bonding pad and is used for contacting the graphene as discussed later. The
bonding pad and rectangular stem are drawn on the oxide surface so they are electrically
isolated from the silicon substrate.

(a)} _________ | N (c)
I
R S I
®) —
o) bl T s
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Si
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Figure 3. Metal deposition process. (a) Pattern for metal deposition is shown in solid black, while
the dashed lines show the four solar cells. (b) Six processing steps are shown in cross-section for the
location marked in (a): (1) clean and anneal wafer; (2) add photoresist and anneal; (3) pattern the chip
using maskless photolithography; (4) develop the exposed photoresist; (5) deposit metal; (6) remove
the unexposed photoresist. (c) Optical image after metal deposition.

The metallization processing steps are illustrated in Figure 3b. An etched chip in
cross-section is shown in (1). Notice that the dashed line in Figure 3a marks the cross-
sectional view and shows that the left contact pad is on the oxide and the right contact pad
is on the bare silicon. A photoresist layer is spin-coated onto the chip and annealed like
earlier as shown in (2). A maskless photolithography process is used to transfer the pattern
shown in Figure 3a onto the chip as illustrated in step (3). Next, the chip is immersed in a
developer solution for 30 s followed by deionized water for 1 min to remove the exposed
photoresist as shown in step (4). Next, 2 nm of chromium followed by 100 nm of gold is
deposited in step (5). Finally, any unexposed photoresist is removed by placing the chip in
a stripper solution held at 80 °C for 60 min as shown in step (6). The chip is sequentially
ultrasonically cleaned in acetone and then IPA. An optical microscope image of the chip
after metal deposition is shown in Figure 3c. One can easily see the eight gold bonding
pads and the four gold stems. Notice that the stems run adjacent to the bare silicon region
but do not touch it.
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3.3. Overlay Multilayer Graphene

Once metal has been deposited, the next step is to overlay graphene. The chip is first
cleaved along the two central dotted lines shown in Figure 3a to produce four individual
solar cells. After ultrasonic cleaning in IPA, the solar cell is ready for graphene transfer. An
ideal illustration of graphene placement on the solar cell is shown in Figure 4a. Notice that
the graphene covers the large bare silicon region and rests on the rectangular metal stem
but avoids touching either bonding pad. Commercially available multilayer graphene is
used. The graphene, as purchased, is sandwiched between a sheet of polymer and a layer
of polymethyl methacrylate (PMMA).

(C)I -

’
DI Water -
Polymer Filter paper

Figure 4. Overlaying multilayer graphene process. (a) Illustration of the ideal placement of graphene
on the chip covering the bare silicon and the metal stem. (b) Six processing steps are shown in the
cross-section for the location marked in (a): (1) commercially available 10 mm by 10 mm PMMA-
graphene—polymer stack; (2) PMMA-—graphene separates from the polymer as it is placed in DI water;
(3) PMMA-—graphene is scooped out of the water on filter paper; (4) the PMMA-graphene—paper
stack is cut into four equal sizes and placed back into the water; (5) the PMMA-graphene stack is
scooped out of the DI water onto the chip and dried; (6) the PMMA is removed from the graphene
using acetone if desired. (c) Optical image showing PMMA-—graphene stack on chip. Solar chip
functions with the PMMA left as a transparent protective coating.

The graphene transfer processing steps are illustrated in Figure 4b. The starting
graphene material measures 10 mm by 10 mm and is shown in the cross-section in step (1).
Submerging the starting material into deionized (DI) water at an angle separates the
polymer from the graphene-PMMA stack as illustrated in step (2). Next, the PMMA-coated
graphene is scooped out of the DI water on filter paper as shown in step (3). We cut the
PMMA-graphene—paper stack with scissors into four equally sized pieces as shown in
step (4). Submerging the individual pieces in DI water releases the PMMA—graphene from
the filter paper. Next, the PMMA-coated graphene is scooped out of the DI water onto the
chip as illustrated in step (5). If the graphene is not in the correct location when the chip is
pulled out of the water, the chip can be resubmerged to try again. If the graphene is slightly
out of position or too wrinkled, it can be gently slid with tweezers when wet. Sometimes, a
large water drop lies under the graphene, and it is important to drain this using filter paper
before tilting the chip. Once the graphene is in the correct position and flat, tilt the chip
at a 45° angle for 15 to 20 min to drain and dry. Afterward, anneal the chip at 110 °C for
20 min. After cooling, spin-coat another layer of PMMA at 3000 rpm for 1 min onto the



Energies 2024, 17, 5895

6 0f 9

chip and let it cure at room temperature. This will improve the graphene-silicon contact
by allowing the graphene to relax, as reported by Li et al. [35]. The PMMA can be left as
a transparent coating or dissolved in acetone after 15 min and rinsed with IPA as shown
in step (6). An optical image of the sample after PMMA-graphene transfer is shown in
Figure 4c. Notice that the graphene mostly covers the bare silicon (graphene area = 9 mm?),
and mostly covers the metal stem, but does not touch either bonding pad.

3.4. Solar Cell Performance

Once the graphene has been transferred to the chip, the solar cell is complete. For
ease of handling, we next mount the chip into a standard breadboard 28-pin package as
shown in Figure 5a. The chip is wire-bonded to the package, and then through the use of a
breadboard, it is wired to the test circuit as shown in Figure 5b. The circuit has a DC power
supply and an ammeter. With the use of a 100 W white light source (LED, 400-700 nm
wavelength, 1400 W/m?), the current vs. voltage results are shown in Figure 5c (note that
the dark current (not shown) grows linearly from 0 to 3 pA at 0.4 V). When the bias voltage
is 0, 160 pA of current flows counterclockwise through the circuit (I, = 160 pA). As the
bias voltage is increased, the current is reduced to 0 around 420 mV (V,, = 042V, fill
factor = 14%, efficiency = 1%). After six months, the current-voltage characteristics remain
unchanged. An idealized energy band diagram of the graphene-silicon Schottky junction
is shown in Figure 5d. In this diagram, ¢ = 4.8 eV is the work function of graphene, and
Xsi = 4.1 eV is the electron affinity of the silicon [36]. For simplicity, we show the Fermi
level, Er, at the conduction band minimum, Ec. The silicon bands bend up to meet the
graphene, and this forms the Schottky barrier. When light strikes the silicon, its electrons
are promoted from the valance band, Ey to the conduction band. The hole current flows
through the graphene and then counterclockwise around the circuit to the silicon.

(@) (b) \\\ light
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Figure 5. Single solar cell performance. (a) Optical photograph showing a solar cell with PMMA in
the package. (b) Electrical schematic used for measurement. (c) Current vs. voltage data set for the
solar cell shown in (a). (d) Schottky band diagram with electrons and holes.
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3.5. Solar Cell Power System

Our power system consists of a 3-volt rechargeable battery connected to a series of
individual solar cells as shown in the photograph in Figure 6a. To characterize the series
of solar cells, we first connect it to our power supply—ammeter circuit shown in Figure 5b.
With the 100 W light source, we obtained the current-voltage data set shown in Figure 6b.
This plot is similar to the one shown in Figure 5c for a single solar cell, except the short-
circuit current is now 50 pA and the open-circuit voltage is now 3.3 V. This is enough
voltage to recharge the 3-volt battery. A schematic of our 3-volt power system is shown in
Figure 6¢. Any 3-volt application, like a sensor, is connected across the 3-volt rechargeable
battery. The battery continuously powers the application. When light shines on the solar
cells, current will flow to recharge the battery without disrupting the application. We
recharged a dead battery to provide an example as shown in Figure 6d. The battery voltage
(left axes) in time is shown in red, and the current flowing into the battery (right axes) in
time is shown in blue. During this time, the voltage increases from 1 to 2.6 V, while the
charging current drops from 25 pA to 5 pA.

(a) (b)

-10 |
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40 |

output current (p1A)
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NN light 7
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=
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=
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Figure 6. Solar cell power system performance. (a) Photograph of multiple solar cells and a 3-volt
rechargeable battery. (b) Current vs. voltage performance of the multiple solar cells connected
together in series. (c) Circuit diagram for solar cell battery power system. (d) Battery voltage and
current as a function of time during recharging.

Through connecting a device in parallel with the battery and the series of solar cells,
the power system can operate whether the solar cells are illuminated or not. The battery
used here has a maximum capacity of 2 mAh or a total charge of 7.2 C. Ultra-low power
sensors today can run with just 16 nanoamps of current, providing a lifetime of over
17,000 h. Using a low-power device with an ultra-low duty cycle can reduce the current
drawn substantially, thereby allowing intermittent solar cell recharging to maintain a long
life. Therefore, the system only requires 50 h of solar charging within 17,000 h of use.
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4. Summary

In this study, we fabricated a 3-volt power system for low-power-consuming applica-
tions. Starting with a 100 mm diameter silicon wafer, coated with a wet thermal oxide layer,
we can make 96 solar cells. After dicing the wafer, we pattern the chips for select area oxide
removal. Next, a metal is deposited to create two bonding pads and a rectangular stem to
contact the graphene. Multilayer graphene is transferred onto the exposed silicon to create
the photovoltaic region. The solar cells are placed in a 28-pin package and tested. Our best
cell provides a short-circuit current of 160 pA and an open-circuit voltage of 420 mV. After
connecting many solar cells in series, they provide a short-circuit current of 50 pA and an
open-circuit voltage of 3.3 V. We combine the solar cell series with a rechargeable battery to
create a 3-volt power system.
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