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Sunlight-activated graphene-heterostructure transparent
cathodes: enabling high-performance n-graphene/p-Si Schottky
junction photovoltaics

?Po-Hsun Ho,"Wei-Chen Lee, *Yi-Ting Liou,?Ya-Ping Chiu,Yi-Siang Shih, *Chun-Chi Chen, *Pao-Yun
Su, Min-Ken Li, "Hsuen-Li Chen, “Chi-Te Liang, ***Chun-Wei Chen

Compared to widely-reported graphene-based anode, the task to obtain a stable graphene-based cathode is generally
more difficult to achieve because n-type graphene devices have very limited thermal and chemical stabilities, and are
usually sensitive to the influence of ambient environment. This work developed a novel “sunlight-activated” graphene-
heterostructure transparent electrode in which photogenerated charges from a light-absorbing material are transferred to
graphene, resulting in the modulation of electrical properties of the graphene transparent electrode caused by a strong
light-matter interaction at graphene-heterostructure interfaces. A photoactive graphene/TiOx-heterostructure
transparent cathode was used to fabricate an n-graphene/p-Si Schottky junction solar cell, achieving a record-high power
conversion efficiency (>10%). The photoactive graphene-heterostructure transparent electrode, which exhibits excellent

tunable electrical properties under sunlight illumination, has great potential for use in the future development of

graphene-based photovoltaics and optoelectronics.

Introduction

Graphene exhibits excellent carrier transport because of its
unique two-dimensional energy dispersion. In addition, a
single-layer graphene shows high transparency with 97.7%
transmittance,l'2 making it a candidate for transparent
electrode applications with the potential to
conventional indium tin oxide (ITO). One advantage of using
graphene as a transparent electrode compared to ITO is that
graphene exhibits tunable electrical properties such as
conductivity, work function, and carrier types (n or p) and
concentrations that can be modulated through doping.
Typically, the task to obtain a stable graphene-based cathode
consisting of low work function and excellent conductivity is
generally more difficult to achieve compared to widely-
reported graphene-based anodes,g’4 because n-type graphene
devices have very limited thermal and chemical stabilities, and

replace the

are usually sensitive to the influence of ambient environment.’

Recently, significant progress in p-graphene/n-Si Schottky
junction solar cells in which graphene functions as an anode
has been demonstrated, achieving promising efficiencies of
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10%—14%.5° By contrast, the performance of n-graphene/p-Si
Schottky junction solar cell in which graphene functions as a
cathode is still quite low, showing an efficiency of <0.1%'""
because of the difficulty in obtaining an effective n-graphene
transparent cathode with a suitable doping level and
appropriate interface with p-Si. Most researchers have
fabricated graphene transparent electrodes with tunable
electrical properties using chemical doping by either
incorporating substitutional dopants into carbon lattices or
adsorbing surface charge dopants such as organic molecules,lz'
s inorganic nanoparticles,m’17 and thin films*®**°on a graphene
surface. Here, we would like to demonstrate a new concept of
a “photoactive” graphene-heterostructure transparent
electrode in which photogenerated charges from a light-
absorbing material are transferred to graphene, resulting in
the modulation of electrical properties of the electrode caused

by a strong light-matter interaction at graphene-
heterostructure interfaces. The photoactive graphene-
heterostructure transparent electrode is particularly

interesting when its electrical properties can be directly
modulated through sunlight illumination in photovoltaic
applications, resulting in significant improvement in power
conversion efficiencies. Strong light—matter interactions in
graphene-based heterostructure devices have recently shown
unique physical phenomena and device functionality, resulting
in controllable p- or n-doping processes under light
illumination.”®*  For example, photoinduced modulating
doping in graphene/BN heterostructures, where the dopants
were separated from the conducting channel, resulted in a
controllable n-type transport behavior of graphene with the
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Fig. 1 (a) Schematic image of a TiOx/graphene/p-Si Schottky junction solar cell consisting of a graphene/TiOx heterostructure
transparent cathode and a p-Si substrate. (b) Normalized absorption spectrum of the TiOx thin film (red) and solar irradiation

spectrum under A.M. 1.5 illumination conditions (black).

preservation of high mobility under light illumination.” A
hybrid graphene-PbSZl’zzquantum dot device exhibited p-type
transport behavior when the optically excited holes in
quantum dots were transferred to graphene, yielding an
ultrahigh photodetection gain.22 In addition, a
graphene/WS,/graphene van der Waals heterostructure
showed a promising photovoltaic effect with a high quantum
efficiency because of the strong coupling between layered
constituents.”® Photoinduced doping of graphene under light
illumination is advantageous because it is more controllable
and reversible than chemical doping. In this work, a “sunlight-
activated” graphene/TiOx  heterostructure transparent
cathode was proposed and used to fabricate a high-performed
n-graphene/p-Si Schottky junction solar cell that achieved a
record-high power conversion efficiency of >10% because of
unique photo-induced charge transfer at graphene/TiOx
heterostructure interfaces. The breakthrough of fabricating
high-performance n-graphene/p-Si Schottky junction solar cells
has a great impact in the development of graphene-based
photovoltaics because graphene could be acting both as an
anode or a cathode with tunable electrical properties and
excellent stability.

Results and discussion

The TiOx/graphene/p-Si Schottky junction solar cell
consists of a graphene/TiOx heterostructure transparent
cathode that is formed by spin coating a thin TiOx layer on top
of graphene, and a p-Si substrate for light harvesting is present
underneath the graphene as shown in Fig. 1(a). Solution-
processable inorganic TiOx thin films, which are amorphous
and transparent with a large energy gap, have recently been
used as an efficient electron-donating agent to fabricate stable
n-type graphene transistors because of their inherent oxygen
1927 The band gap values of TiOx were found to be

stoichiometrically dependent on the compositions of O/Ti

vacancies.
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ratios® (supporting information). Fig. 1(b) shows the
normalized absorption spectrum of the TiOx (x = 1.9) thin film
used in this study and the dark line is the solar irradiation
spectrum under air mass 1.5 global (A.M. 1.5) conditions.
When incident photon energies are higher than the band gap
of TiOx at wavelengths shorter than 400 nm, photogenerated
charges from the TiOx thin film are expected to transfer to
graphene, resulting in photoinduced doping at the
graphene/TiOx interface. The near-ultraviolet (UV) light
absorption of the TiOx film ensures that most of the sunlight
can be transmitted through the graphene/TiOx transparent
electrode to the underneath p-Si substrate, resulting in
efficient light harvesting. The spectral match between TiOx
absorption and implies that the
graphene/TiOx heterostructure film can act as an effective
“photoactive”  transparent sunlight
illumination without sacrificing the light harvesting efficiency.
High-quality CVD graphene thin films were grown to
fabricate graphene/TiOx heterostructure films for transistors

solar irradiation

electrode  under

and transparent electrodes. TiOx thin films were deposited
through spin coating and had a smooth surface with a
roughness of approximately 0.30 nm. Depending on whether a
film was used as a top or a bottom transparent electrode, two
possible configurations of graphene/TiOx heterostructure thin
films are proposed: the first corresponds to the top
configuration and consists of a graphene film covered with a
thin TiOx layer (TiOx/graphene), and the second corresponds
to the bottom configuration and consists of a graphene film
transferred on a precoated TiOx thin film (graphene/TiOx).
These two different configurations are applicable when they
are used as the top or bottom electrodes of devices
respectively. Fig. 2(a) shows the optical transmittances of the
as-grown monolayer graphene and the monolayer graphene
covered with a 20 nm TiOx thin film. The TiOx/graphene film
shows a high transparency with an optical transmittance of
approximately 96.0% at 550 nm, comparable to the as-grown

This journal is © The Royal Society of Chemistry 20xx
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Fig.2

(a) Transmission spectra of graphene and TiOx/graphene heterostructure films. (b) Gate-dependent current-voltage

characteristics of a TiOx/graphene transistor under illumination (365nm, 10mW/cm2) with various illumination periods. (c) Sheet
resistances of pristine graphene and graphene/TiOx heterostructure before and after illumination (black dot, left). The
corresponding work function values measured by Kelvin probe force microscope are also shown in this figure. (red star, right) (d)
Surface potential mapping images of a graphene/TiOx heterostructure film measured in the dark (bottom) and under light

illumination (top).

monolayer graphene with a transmittance of approximately
97.3%. The inset of Fig. 2(a) shows the corresponding
photographic image of the corresponding TiOx/graphene
heterostructure transparent electrode transferred onto a glass
substrate. To further investigate the photo-induced doping
response in the TiOx/graphene heterostructure, a graphene
transistor, which comprised a device structure of TiOx(20
nm)/graphene/SiO,/Si by spin coating a TiOx thin film on top
of graphene, was fabricated to measure its transport behavior
under light illumination. Fig. 2(b) shows the gate-voltage (Vg)-
dependent current of the device in the dark and under
illumination. For comparison, an as-grown graphene transistor
deposited on SiO,/Si was fabricated, which exhibited a typical
p-type transporting behavior with a positive Dirac point at 24 V
because of the adsorption of oxygen or residual impurities
during the transfer.”®>? After the TiOx layer was deposited on
graphene, an intrinsic n-type doping effect on the graphene
transistor with a negative Dirac point at =58 V was observed
because of inherent oxygen deficiencies.”® In addition, the
inherent oxygen non-stoichiometric
amorphous TiOx thin film typically act as effective hole-

deficiencies of a

trapping centers in gap states.”” When incident photon

This journal is © The Royal Society of Chemistry 20xx

energies are higher than the band gap of TiOx, photoexcited
electron—hole pairs are generated; the holes are trapped in the
gap states, and electrons in the conduction band (CB) of the
TiOx film are transferred to graphene according to the band
alignment.25 The continual shift of the Dirac points toward
negative Vg with an increase in the irradiation time indicated
that electron concentrations in the graphene transistor
increased with illumination by using a 365 nm light emitting
diode (LED) (10 mW/cmZ). These processes reached a
saturated level with a Dirac point at approximately -156 V
when the device was illuminated for over 5 min because the
trapped states of the TiOx film were completely filled. The
transistor device subjected to photoinduced doping also
exhibited a long recovery time even when the illuminated light
was switched off because of the trapped charge (supporting
information).

Fig. 2(c) shows the sheet resistances and work functions of
pristine graphene, graphene/TiOx, and graphene/TiOx under
light illumination. Here, the bottom configuration of the
graphene/TiOx heterostructure fabricated by transferring
graphene to a precoated TiOx thin film (20 nm) on a glass
substrate was used for measurement. Both the resistance and

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) Schematic representation of a graphene/p-Si Schottky junction device with post-BOE treatment. (b) Current-voltage
characteristics of a graphene/p-Si Schottky junction device before and after post-BOE treatment. The degradation of the device

after annealing at ambient air for 30 min was also shown.

work function of the photoactive graphene/TiOx film were
measured while the sample was under light illumination for >5
min (365 nm LED, 10 mW/cmZ) to ensure that the
photoinduced doping of the graphene/TiOx film reached a
saturated level. The sheet resistances of the as-grown
graphene, graphene/TiOx, and graphene/TiOx under light
illumination were 900, 449, and 300 Q/[ ] and the
corresponding work functions measured by Kelvin probe force
microscope were 4.70, 4.41, and 4.27 eV, respectively. The
results show a good consistency with the observed trend of
increasing carrier concentrations and a negative shift of Dirac
points of the graphene transistor under light illumination (Fig.
2(b)). For the graphene/TiOx film without light illumination,
the decreased sheet resistance and work function compared
with those of pristine graphene is mainly attributed to intrinsic
n-type doping by using the efficient electron-donating agent
TiOx because of inherent oxygen vacancies.'® For the
graphene/TiOx film under light illumination, the further
decreased sheet resistance and work function are mainly
attributed to photoinduced doping at the graphene/TiOx
heterostructure, where photogenerated electrons in the CB of
the TiOx film are transferred to graphene, resulting in an
increased electron concentration and a raised Fermi level of
graphene. Substantial photoinduced doping the
graphene/TiOx heterostructure is further evident from the
work function mapping image, revealed using the scanning
Kelvin probe force microscope, of graphene deposited on a
TiOx thin film when it was measured in the dark and under
light
graphene/TiOx thin film under light illumination compared to
that without illumination was clearly observed. (Fig. 2(d)) The
remarkable photodoping response of the modulation of
electrical properties of graphene caused by the near-UV
absorption of TiOx suggests that the graphene/TiOx
heterostructure transparent film has great potential for use in
photovoltaic applications because it can simultaneously exhibit

at

illumination. The decreased work function of the

4| J. Name., 2012, 00, 1-3

strong photoinduced doping on graphene and preserve its high
transparency in the visible—near infrared region under sunlight
illumination.

Before we used the photoactive graphene/TiOx
heterostructure transparent electrode in an n-graphene/p-Si
Schottky junction solar cell, the formation of a native oxide
layer at the interface between the graphene and the p-Si had
to be addressed. For a graphene/Si Schottky junction, the
formation of a thin native oxide between graphene and Si is
usually inevitable. The interface between Si and SiO, usually
consists of a large amount of hole traps, which are well-known
in Si-based metal-oxide-semiconductor (MOS) device
technology,31’32 and the interface traps at a native oxide layer
greatly affect photocurrent transport. The influence of
interface traps at the native oxide layer on the performance of
an n-graphene/p-Si Schottky junction solar cell is found to be
greater than that on a p-graphene/n-Si Schottky junction due
to different directions of photocurrent in these two systems
(supporting information). For the conventional fabrication of a
graphene/Si device, a buffer oxide etchant (BOE) is usually
used to remove the native oxide layer to obtain a fresh Si
surface before graphene is transferred. However, because
contamination of graphene with water or residual impurities
during the transfer is usually inevitable, the native oxide layer
between graphene and Si can grow further. Accordingly, we
used a post-BOE treatment technique to eliminate the native
oxide between graphene and Si by dropping a small amount of
a BOE on the graphene/Si Schottky junction device (Fig. 3(a)).
The BOE solution penetrated the defect sites of graphene and
etched the native oxide layer between graphene and Si. The
modified-BOE treatment could also be an effective method for
removing oxygen contaminants on graphene® and carbon
nanotubes,34 which may result in p-type doping. Fig. 3(b)
shows the current—voltage characteristics of the graphene/p-Si
Schottky junction solar cells before and after the post-BOE
treatment. The as-transferred graphene/p-Si Schottky junction

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. (a) Schematic representation of a TiOx/graphene/Si Schottky junction solar cell. (b) Current-voltage characteristics of a
TiOx/graphene/Si Schottky solar cell as a function of illumination time up to 5 min. The device reaches to a saturated

performance after 4 min illumination. (c) The band diagrams of the built-potentials V,; and V,;

photoactive

of the TiOx/graphene/p-Si

Schottky junction solar cells consisting of the as-deposited TiOx/graphene and photoactive TiOx/graphene cathodes.

solar cell without the post-BOE treatment exhibited a low
power conversion efficiency of ~0.1%, with an open circuit
voltage (Voc) of 0.20 V, a short circuit current (Jsc) of 2.98
mA/cmZ, and a fill factor (FF) of 0.169. By contrast, the device
after post-BOE treatment exhibited a significant improvement
in photovoltaic performance, showing a higher power
conversion efficiency of 2.2% with Vgc of 0.35 V, Jsc of 19.1
mA/cmZ, and FF of 0.331. Therefore, removing the native oxide
layer at the graphene/p-Si interface is a crucial factor for
improving the device performance. However, the device
showed a considerable degradation when it was annealed
(150°C) under ambient conditions for 30 min, indicating that
the native oxide layer grows further if the device is exposed to
ambient air. The effect of the native oxide thickness on the
device performance of a graphene/p-Si Schottky junction solar
cell is shown in the supporting information. Therefore, an
encapsulated layer that can prevent a device from degrading
because of contamination with oxygen or water is necessary
for extending the device stability. Because TiOx has been
reported to be an effective encapsulated layer on graphene for
preventing contamination with water and oxygen,19 the top
TiOx layer of the TiOx/graphene/p-Si Schottky junction solar
cell functions not only as an efficient photodoping material
that modulates the electrical properties of graphene but also
as an encapsulated layer that prevents the formation of a
native oxide layer.

Fig. 4(a) shows the device structure of an n-graphene/p-Si
Schottky junction solar cell that consists of the photoactive
TiOx (20 nm)/graphene transparent cathode and the light-
absorbing material p-Si. Fig. 4(b) shows the dynamic current—
voltage characteristics of the TiOx/graphene/p-Si Schottky

This journal is © The Royal Society of Chemistry 20xx

junction solar cell under simulated A.M. 1.5 illumination (100
mW/cm?) for various measurement durations. For comparison,
the performance of the referenced graphene/p-Si Schottky
junction solar cell subjected to post-BOE treatment without
coating of the TiOx layer
measurement performed to obtain each current—voltage curve
was maintained at approximately 1 min. The TiOx/graphene/p-
Si Schottky junction solar cell device showed an intriguing

is shown. The duration of

phenomenon; a gradual enhancement in the power conversion
efficiency as the illumination time increased was observed.
According to the first measured current—voltage curve, the
device showed an enhanced power conversion efficiency of
4.6% with Vo of 0.40 V, Jsc of 26.2 mA/cm?, and FF of 0.443.
The device exhibited a continual increase in Voc and FF when it
was under illumination for up to 4 min, whereas there was no
significant variation in Jsc. The power conversion efficiency of
the TiOx/graphene/p-Si Schottky junction solar cell reached a
saturated power conversion efficiency of 8.2% after 4 min of
illumination, exhibiting Voc of 0.48V, Jsc of 26.9 mA/cmZ, and
FF of 0.634. No further increase in the power conversion
efficiency was observed when the device was illuminated for a
longer time because the trapped states of TiOx were
completely filled. The evolution of the power conversion
efficiency of the TiOx/graphene/p-Si Schottky junction solar
cell as the illumination time increased is also shown in Table 1.
The promising value of 8.2% achieved by the n-graphene/p-Si
Schottky junction solar cell indicates that the photoactive
TiOx/graphene thin film functions as an effective transparent
cathode, compared to that without coating the TiOx layer.
The considerably enhanced power conversion efficiency and
increased Voc and FF of the TiOx/graphene/p-Si Schottky

J. Name., 2013, 00, 1-3 | 5
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Fig. 5. (a) Schematic representation of a PMMA/TiOx/graphene/p-Si Schottky junction solar cell, where PMMA was used as an
antireflective coating layer. (b) Reflection spectra of the pure p-Si, TiOx/graphene/p-Si, and PMMA/TiOx/graphene/p-Si. (c) The
device performance of TiOx/graphene/p-Si Schottky junction solar cell with and without PMMA antireflective coating. (d)
Stability test of the devices with and without an encapsulated layer when it was exposed to ambient air.

junction solar cell are mainly attributed to the unique
photoinduced doping effect of the graphene/TiOx
heterostructure under light illumination. First, the intrinsic n-
type doping of the TiOx thin layer acts as an electron-donating
agent, increasing the electron concentration and the Fermi
level of graphene. In the TiOx/graphene/p-Si Schottky junction
solar cell under sunlight illumination, substantial photoinduced
doping results in the transfer of photoexcited electrons from
TiOx to graphene as the TiOx thin layer absorbs near-UV light
with wavelengths < 400 nm. At this stage, the electron
concentrations and Fermi levels of graphene further increase
because of photoinduced charge transfer at the graphene/TiOx
interface, resulting in increased built-in voltages at the
graphene/p-Si junction (Fig. 4(c)). The corresponding Schottky
barrier heights of the TiOx/graphene/p-Si device were also
found to be increased with illumination. (supporting
information) This explains the systematic increase in the Vg of
the device when it was under simulated solar illumination. In
addition, the improved FF of the device under illumination is
mainly attributed to the increased carrier concentration of
graphene, resulting in a decreased sheet resistance.
Accordingly, the graphene/TiOx heterostructure thin film acts
as a photoactive transparent cathode with tunable doping
levels and work functions, enabling the n-graphene/p-Si

6| J. Name., 2012, 00, 1-3

Schottky junction solar cell to achieve high performance as a
result of wunique photoinduced charge transfer at
graphene/TiOx heterostructure interface.

Because a pristine Si substrate usually has a high
reflectance (>30%), the device performance of the
TiOx/graphene/p-Si Schottky junction solar cell could be
further optimized by using an antireflection technique to
enhance the light-trapping efficiency of the device.
Polymethylmethacrylate (PMMA) was recently reported to be
an effective antireflection material in carbon-based/Si
Schottky junction solar cells.*® Fig. 5(a) shows the device
structure after an antireflection PMMA thin layer was
deposited on the TiOx/graphene/p-Si Schottky junction solar
cell. The optimized thickness of the PMMA layer was
calculated to be approximately 70 nm using the Frenel
equation.(supporting information) Fig. 5(b) shows the
reflection spectra (400-1100 nm) of the TiOx/graphene/p-Si
Schottky junction solar cell before and after the PMMA
antireflection layer was deposited. Before being coated with
the PMMA layer, the TiOx/graphene/p-Si Schottky junction
solar cell showed a slightly lower reflectance compared with
that of a pristine Si substrate. After the PMMA layer was
deposited on the TiOx/graphene/p-Si Schottky junction solar
cell, the reflectance of the device was substantially reduced to

This journal is © The Royal Society of Chemistry 20xx
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approximately 10% at 500-800 nm. The
PMMA/TiOx/graphene/p-Si Schottky junction solar cell with
the antireflection coating showed a high power conversion
efficiency of 10.5% with Voc of 0.48 V, Jsc of 34.3 mA/cmz, and
FF of 0.636 (Fig. 5(c)). The increased JSC of the device was
mainly because of the increased light trapping efficiency
achieved by using the antireflection technique. In addition,
both PMMA and TiOx thin films are effective encapsulated
layers that prevent the formation of a native oxide layer at the
graphene/Si Schottky. Although TiOx is a good encapsulated
layer which may prevent the device from being exposed to
oxygen and waterlg, the thickness of TiOx is too thin to block
all  possible contamination in atmosphere.(supporting
information) The device consisting of a double encapsulated
layer (TiOx+PMMA) shows excellent air stability as
demonstrated in Fig. 5(d). The device exhibited satisfactory
stability, with >80% of the original power conversion efficiency
after 10 day of exposure under ambient conditions.

Table 1. Photovoltaic parameters derived from J-V
measurements of n-graphene/p-Si Schottky solar cell. The
solar cell parameters of the devices are analyzed from Fig. 4(b)
and Fig. 5(c). The detail photovoltaic parameters are open
circuit voltage, Vo, short circuit current, J¢ fill factor, FF, and

power conversion efficiency (PCE).

Voc Jsc FF PCE

v) (mA/cm?) (%) (%)
Post-BOE (Gr only) 0.35 19.1 32.6 2.2
TiOx/Gr 1min 0.40 26.2 44.3 4.6
TiOx/Gr 2min 0.45 26.4 51.6 6.1
TiOx/Gr 3min 0.47 26.6 60.2 7.5
TiOx/Gr 4min 0.48 26.9 63.4 8.2
PMMA/TiOx/Gr 0.48 34.3 63.6 10.5
Conslusion

In summary, we developed a novel photoactive graphene-
heterostructure transparent electrode, where the carrier
concentrations and work functions of graphene can be
modulated through light illumination. The photoactive
graphene transparent electrode is particularly unique in the
photovoltaic application when sunlight acts as a modulating
source on the electrical properties of graphene. The sunlight-
activated graphene/TiOx heterostructure thin film acts as an
effective graphene transparent cathode that enables the n-
graphene/p-Si Schottky junction solar cells to exhibit high
performance, achieving a record-high efficiency >10% for the
first time. It is worth noting that although the power
conversion efficiency of the n-graphene/p-Si Schottky junction

This journal is © The Royal Society of Chemistry 20xx

Energy & Environmental Science

solar cell at current stage is still lower than those of p-
graphene/n-Si Schottky junction solar cells (where graphene
acts as an anode), the breakthrough of discovering the
sunlight-activated  graphene-heterostructure  transparent
cathodes can be also applied in other photovoltaic systems
which require a stable graphene-based transparent cathode
consisting of low work function and excellent conductivity. The
self-encapsulated, sunlight-activated transparent electrode
with tunable electrical properties under solar irradiation
showed great potential for use in the development of
graphene-based photovoltaics and optoelectronics.

Experimental

Chemical vapor deposition (CVD) was used for the growth of
graphene on Cu foil.

A polycrystalline Cu foil (purchased from Sigma-Aldrich Inc.)
was placed on a hot wall furnace consisting of a 1 inch fused
silica tube. The furnace was then heated to 1000 ‘C. Typically,
a reduction process was conducted in H, flow for ~40 min prior
to the introduction of CH,. With H, flow, CH, was then
introduced for graphene growth with a flow rate of H,/CH, of
2/35 sccm. After a growth time of 30 min, CH, was then shut
off and the system was cooled in H, or Ar flow to reach room
temperature. The whole procedures were conducted at low
pressure (typically ~500 mtorr during the growth stage). The
as-grown graphene films were transferred using the
conventional PMMA transfer technique. TiOx was synthesized
via sol-gel procedures according to our previous article.”® For
the bottom configuration of a graphene/TiOx heterostructure,
the TiOx precursor solution was first spin-cast on substrate to
form a thin film, followed by hydrolysis processes at 80°C.
Subsequently, CVD-graphene film was transferred on the pre-
coated TiOx substrate using the PMMA transferred method.
For the top configuration of a TiOy/graphene heterostructure,
the TiOx precursor was directly spin-cast on the as-transferred
graphene film, followed by hydrolysis processes.

Fabrications of n-graphene/p-Si Schottky junction solar cells

A p-type silicon wafer (1~10Qcm) with 300 nm thermal oxide
was used for fabricating n-graphene/p-Si Schottky junction
solar cells in this work. The Cr/Au contacts were defined at the
front side of the Si wafer using the conventional
photolithography technique. Subsequently, the backside of the
SiO, layer was first removed by a buffered oxide etchant (BOE)
with HF:NH,4F (1:6) to expose the surface of silicon, and then
was evaporated with gold to form an ohmic contact at the
backside of the Si wafer. The top patterned Cr/Au electrodes
were utilized as masks for etching the front SiO, through the
BOE process and the working area of the device is defined with
an effective square window of 3 x3 mm?Z. Subsequently, the as-
grown graphene film was transferred through the PMMA
method. The post-BOE treatment was taken by dropping the
BOE on the working window for 3 min to etch the native oxide
under graphene. Subsequently, a TiOx thin film was spin-cast
on the device to fabricate a TiOx/graphene/p-Si Schottky
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junction solar cell. For the antireflective coating, the PMMA
(MicroChem 950 PMMA A6) diluted with chloroform (PMMA
20 vol% in chloroform) was spin-cast (8000 rpm) on the
TiOx/graphene/p-Si Schottky junction solar cell to form an
antireflective and also an encapsulated layer.

Optical and Electrical Characterizations of devices

The transmission spectra were measured by a UV/Vis/NIR
spectrophotometer (JASCO, V-570). Sheet resistances of
graphene and CFG were characterized with Keithley 2400
source meter equipped with conventional four-probe station.
The work function values of graphene samples were
determined by using Kelvin probe force microscopy (KPFM)
(Innova, Vecco Inc.). Current-voltage characteristics of the
solar cell devices were measured by a Keithley 2410 source
meter under an irradiation intensity of 100 mW/cm2 from a
solar simulator (Newport Inc.) with the A.M. 1.5 filter. The
field-effect transistor was fabricated on heavily doped silicon
wafer with thermally grown 300 nm silicon dioxide. After
transferring graphene on the SiO,/Si substrate, the source and
drain electrodes (Au/Cr) were fabricated by utilizing thermal
evaporation through a shadow mask with a channel length of
100 um and a channel width of 1mm. The TiOx was then spin-
cast on top of the graphene transistor for further
measurement. The optically illuminated gate-dependent
conductivities of the device was measured (Kethley 6487 and
2410 for the source-drain and gate, respectively) in a probe
station chamber (Linkam FDCS 196) at room temperature
under a vacuum condition of 107 torr, coupled with a 365nm
LED (Mightex). The optical reflectances of the n-graphene/p-Si
photovoltaic devices were measured using a Hitachi U-4100
various-angle optical spectrometer.
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Broader Context:

Typically, the task to obtain a stable graphene-based cathode consisting of low work
function and excellent conductivity is generally more difficult to achieve compared to
widely-reported graphene-based anodes, because n-type graphene devices have very
limited thermal and chemical stabilities, and are usually sensitive to the influence of
ambient environment. This work demonstrate a new concept of a “photoactive”
graphene-heterostructure transparent electrode in which photogenerated charges
from a light-absorbing material are transferred to graphene, resulting in the
modulation of electrical properties of the electrode caused by a strong
light-matter  interaction at  graphene-heterostructure  interfaces. A
“sunlight-activated” graphene/TiOx heterostructure transparent cathode was
proposed and used to fabricate a high-performed n-graphene/p-Si Schottky
junction solar cell that achieved a record-high power conversion efficiency
because of wunique photo-induced charge transfer at graphene/TiOx
heterostructure interfaces. The breakthrough of discovering the sunlight-activated
graphene-heterostructure transparent cathodes can be also applied in other
photovoltaic systems which require a stable graphene-based transparent cathode

consisting of low work function and excellent conductivity.
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