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Abstract

Two-dimensional (2D) van derWaals layered materials created new avenue for the last decade in the field of optoelectronics
for showing promising new and diverse applications. Strong light-matter interaction properties on these materials in single to
few atomic layer form realized promising thinnest possible photovoltaic solar cells. Over the past few years, optoelectronics
properties such as field-effect transistors, photodiodes, memory devices, optical switching, and excitonic physics of these
materials have been intensively explored which indicates great potential for photovoltaic applications. Here, we reviewed
the recent progress on photovoltaic solar cells of these 2D materials and their heterostructures with different device
configurations. The p-n junction solar cells of vertical and lateral configuration devices are discussed in detail based on
their stacking using mechanical transfer method or fabricated using CVD technique. The performance of each device
configurations was also discussed based on their charge collection efficiency. In addition, we discussed the challenges and
limitation of these photovoltaic solar cells and the possible routes to enhance the efficiency for future practical applications.

1 Introduction

The increasing demand of utilizing solar energy has
attracted immense attention among all the renewable energy
sources as the electrical energy necessary to meet the
current requirement with growing population leads to
the depletion of natural resources of fossil fuels which
causes the detrimental effect on the global climate change
[1]. Solar energy is already harnessed worldwide as
different solar technologies including solar heating, solar
thermal electricity generation, and solar photovoltaics [2].
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Photovoltaics, which converts solar energy to electricity,
is a practical and feasible solution to such challenges like
energy crisis and environmental pollution [3]. Therefore,
researchers have paid much attention to the photovoltaic
(PV) technology to restore the remaining fossil fuels [4, 5].
The photovoltaic solar cells consist of hole rich materials
(p-type) sandwiched with electron-rich material (n-type)
to form most commonly used solar cell p-n junction. An
intrinsic active layer (i) sandwiched between very thin n-
and p- layers will form p-i-n junction solar cells. The
doped layers define the built in potential and act as carrier
collection layers. Sunlight converts into electricity through
the generation of electron-hole pairs at the semiconducting
p-n or p-i-n junctions in the solar cells. Meanwhile, PV
technology based on thin film crystalline silicon (c-Si)
photovoltaics which provides efficiency exceeding 20% has
been recognized due to its commercial mass production
to meet the industrial demand and to produce electronics
module [6-8]. However, a new generation of electronic
devices for flexible and wearable electronics is required
which can combat the conventional rigid Si- semiconductor
technology as the high cost of crystalline silicon and the
manufacturing process sometime limits its practical use
[9-11]. Additionally to meet the low cost and simple
fabrication methods, photovoltaic cells based on inorganic-
organic charge transport materials, e.g, TiOp [12, 13],
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copper indium gallium selenide (CIGS) [14], perovskite
[15], gallium arsenide (GaAs) [16] including dye-sensitised
solar cells (DSSCs) [17], quantum dot (QD)-sensitized
solar cell [18], and organic photovoltaics (OPVs) [19],
[20, 21] are reported by several research groups as an
alternative to silicon solar cells. The efficiency is still
lower for DSSCs, OPVs, whereas the lab scale efficiency
is reported quite higher for perovskite solar cells (~ 20%
- 25%) [22]. However, the lower stability of the DSSCs
and perovskite material in the environment restricts its
wide practical application in PV technology [23, 24]. To
make solar energy to electricity conversion practically
and economically viable, the development of low-cost
semiconducting material is important. The discovery of
monolayer graphene in 2004 has led to the invention of a
large number of other 2D materials. Graphene is a material
with exceptionally high electrical conductivity, carrier
mobility and optical transparency which has been used
extensively in photovoltaics, flexible electronics etc. [25,
26]. Graphene (due to its zero bandgap) has successfully
implemented in the several metal/semiconductor interface
for photovoltaic device application [27, 28]. Due to
high electrical conductivity, flexibility and transparency
graphene has been used widely as organic photovoltaics
(OPVs) for indoor application. These OPVs including
graphene, their polymers exhibits incredibly good stability
in indoor air condition and has exceeded a power conversion
efficiency ~ 26% under indoor condition. The OPV
modules including graphene and 2D materials with various
advantage made those promising for practical applications
[29, 30]. Along with graphene (zero bandgap), an enormous
number of 2D layered materials have been emerged and
recently attracted extensive attention in new generation
electronic devices due to its tunable bandgap from indirect
to direct bandgap with decreasing layer thickness [31],
[32]. 2D semiconductors are used as interface materials
in perovskite photovoltaic solar cell to reduce the carrier
trap density [33, 34]. Those 2D materials crystals can
be synthesized through a simple, cost-effective technique
such as chemical vapor transport (CVT) or chemical vapor
deposition (CVD) [35, 36]. However, there is a large
emphasis to develop alternative growth technique of 2D
materials which will be promising for large area device
application. Therefore, the synthesis of 2d material thin
films using the techniques like Pulsed Laser Deposition
(PLD), Molecular Beam Epitaxy (MBE), sputtering method
etc. are reported elsewhere [37-40]. The deposition of
monolayer to few layered MoS; thin film on sapphire
(0001) substrate through PLD technique is reported by
Siegel et al. where they discussed that the number of layers
can be controlled by controlling the number of pulses in
a PLD process [41]. The synthesis of few layered MoS;
film on amorphous boron nitride buffered silicon substrates
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through magnetron sputtering is reported by Samassekou
et al. [42]. They investigated the structural, optical
and transport properties of the synthesized MoS; films
which represented a good conductivity and photoresponse
behavior. The successful growth of A-bN on graphene on
Ni (111) substrate to make s-bN / graphene heterostructure
through MBE technique is reported by Wofford et al. [43].
Therefore, the synthesis of large area 2D materials film
through these deposition techniques opens a new path for
the application in electronics and device application which
sometimes necessary compared to irregular shaped 2D
material flakes which are not scalable for large area device
application. One can extract these layered 2D materials
from their bulk crystal through mechanical or chemical
exfoliation as the atoms are bonded together with strong
in-plane covalent bond and weak van der Waals bond in
between the layers [44, 45]. The structure-property relation,
electronic properties of the 2D materials were revealed by
many researchers [46, 47].

Among semiconducting 2D layered materials, transition
metal dichalcogenides (TMDCs) including MoS;, WS,,
MoSe,, WSe; etc. and black phosphorus (bP) are studied
a lot as those materials exhibit unique optical, electrical,
chemical, thermal, mechanical properties at its atomic
scale thickness compared to its bulk counterpart [48-52].
These TMDCs exhibit strong light-matter interaction at
their atomic level which gives a excellent platform to study
the optoelectronic properties under solar spectrum [53,
54]. Having this extraordinary optical, electronic properties
with decreasing layer thickness, TMDC family has been
considered as an important material for optoelectronic
applications [55]. Importantly, the strong light-matter
interaction property, layer-dependent tunable bandgaps at
few to single layer thickness of these semiconducting
2D materials enable them as a potential candidate for
photovoltaic applications. The surface of layered 2D
materials does not have any dangling bond which unfolds
an innumerable prospect to fabricate diverse p-n junction
heterostructures composed of different layers of 2D
materials despite their lattice mismatch for different
materials [56]. Those heterostructures are studied by many
researchers to understand their optoelectronic behavior
and the applications in photovoltaics [57]. Here, we
review the different types of p-n junction heterostructures
based on their device geometry and specifically their
corresponding application in photovoltaic solar cells. In
Section 3, the parameters that are highly important to
describe the photovoltaic performance are discussed briefly.
Section 4 describes the type of different p-n heterostructures
based on the device configuration. In Sections 5, 6,
and 7, the efforts made by many researchers to prepare
different heterojunction devices to understand photovoltaic
performances in individual device geometry are described.
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In Section 8, we discuss the challenges and opportunities
of those p-n junction heterostructure devices towards the
practical application in photovoltaic technology.

2 Photovoltaic metrices

The set of parameters to evaluate the photovoltaic perfor-
mances are determined from the I-V characteristics of the
device under light illumination condition. For a reliable
measurement of /-V characteristics, the measurements are
performed under a standard test condition (STC), where
the total solar irradiance is equal to 1000 W/m? and the
incident light is standardized under AM 1.5 solar solar spec-
trum. Here in this section, we will introduce the photovoltaic
parameters briefly.

The short-circuit current (I;.) is the current that flows
through the external circuit of a device when there is
no applied voltage between the two terminals, i.e., two
terminals are short circuited. The short-circuit current of a
photovoltaic device depends on the photon energy of the
incident light spectrum. The standard spectrum of AM 1.5
solar spectrum is generally used to evaluate the photovoltaic
parameters. The term short-circuit current density (Jg.) is
used very often to remove the solar cell area dependency on
Is¢, which actually determined the maximum output current
from a solar cell. The general unit of J;. is Alem?.

The open-circuit voltage (V,c) is another important
parameter which defines as an electrical potential difference
across a solar cell when no current is flowing through
the circuit (I = 0). V. represents the maximum output
voltage form a solar cell. It corresponds to the forward bias
voltage of the solar cell at which photogenerated current is
compensated by dark current.

Another important parameter fill-factor (F F) is the ratio
of maximum electrical output power (P}/“*) generated from
solar cell to the product of J;. and V,.. However, one can
get the electrical output power (P,;) by multiplying current
and voltage. The output power (P,) is zero at any of the
condition of short-circuit current (V = 0) or open-circuit
voltage (/I = 0). The maximum output power (P;*") is
the product of Ip;p and Vjsp, where Ijsp is the current at
maximum power point and Vj, p is the voltage at maximum
power point. The unit of power is expressed in watt (W). Fill
factor (FF) can be represented by Eq. 1.

FF— Pyt _ IurVur 0
JSC VOC JSC V()C
Fill factor determines the maximum power of a solar cell
and it is dimensionless quantity.
Power conversion efficiency (PCE) is defined as the
ration between maximum generated power to the incident

optical power (P;;) which can be represented by Eq. 2.

pep — PAY _ deVocFF
P; P;

@

It is also a dimensionless quantity (expressed as %) and it
resembles to the percentage of light energy converts to its
electrical energy by a photovoltaic device.

3 Device geometry of heterostructure-based
p-n junction photovoltaic solar cells

Photovoltaic effect depends on the p-n junction or Schottky
barrier junction which produces built-in electric potential to
separate photogenerated electron-hole carriers. Depending
on the device geometry, the 2D heterostructure photovoltaic
devices can be classified into two categories: (1) lateral
configuration where the built-in electric field is in the
in-plane direction of 2D material, another is (2) vertical
configuration where the electric field is in the perpendicular
direction of the plane of 2D materials.

Depending upon the charge carrier collection from
the p-n junction region and the way p-n junction was
formed, we sketched 4-different geometry of 2D material—
based heterostructure photovoltaic p-n junction solar cells.
Figure 1 shows the 4-configuration of 2D heterostructure
p-n junction solar cells. Figure la shows the vertical p-
n junction solar cell where two different layered materials
with opposite polarity placed on the top of each other
overlapping partially to form the vertical heterostructure.
The active p-n junction area is the overlapping area of
both the materials. In this vertical p-n heterostructure
geometry, electron-hole pairs are generated vertically in
the two different 2D materials by illuminating the channel
with light source, but they travel laterally to the contacts
away from the junction for collecting the photovoltaic
current. Figure 1b shows a second vertical p-n junction
heterostructure device, where two graphene metal contacts
(top metal contacts should be transparent for illuminating
the junction) are placed both side (bottom and top) of
the heterojunction area of n- and p-type materials. Thus,
the carriers that generate from this type of heterojunction
will directly move to the contacts placed on the top
of the each flake without moving laterally. Thus, the
charge carrier injection/collection efficiency in this device
geometry expected to be better than the device geometry in
Fig. 1a which eliminates the effect of lateral resistance of
the channel on the mobility of the charge carriers.

Due to the planner and thin geometry of the 2D
materials, it is easier to modulate the charge carrier density
in the channel. Using a dual gate geometry, one can
control/accumulate the charge locally in the channel to built
n-type or p-type region in the same materials as shown in
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Fig.1 Schematic of different
types of p-n junction based on
2D materials. a Vertical p-n
junction formed by n- and
p-type materials, where carriers
are measured laterally away
from the junction area. b
Vertical p-n junction with p- and
n-type materials sandwiched on
the top of each other where
carriers are measured across the
junction. ¢ Electrostatic lateral ©
p-n junction formed by dual
gating geometry where half of
the channel can be doped with
holes and other half with
electron. d Lateral p-n junction
can be formed using CVD
grown method where p or n-type
materials can be grown laterally
to form p-n junction devices

the schematic of Fig. 1(c). The opposite polarity of gate
voltages will be applied by the gates G1 and G2 to induce
a sharp electron and hole doping junction to the channel
to form the n- and p-type region and separated by a small
gap to form a perfect n-p junction. The gates are separated
from the channel with high-x h-BN dielectric layers. The
separation gap of two gates defines the junction area. The
formation of lateral p-n junction is due to the applied electric
field by the gate voltages and it is called as electric field—
induced p-n junction device. The last geometry we will
discuss in this review chapter is the lateral p-n junction
photovoltaic solar cell grown via CVD method. With certain
growth condition, one can grow the n- and p-type materials
one after another on a plane in a sequential pattern,
stitching together on a substrate to form p-n junction. In
this method, two different polarity of the materials grown
one after another along a plane where second materials
will stitch from the terminated position of first materials
to form sharp lateral p-n junction heterostructure. In the
following sections, we will discuss the recent development
on photovoltaic effect based on different heterostructure
geometries of 2D materials.

4 Vertical p-n junction heterostructure solar
cells

Among the several group of 2D semiconducting layered
materials, a group of materials such as MoS,, MoSe,,
and WS, shows n-type conduction whereas several other
materials such as MoTe,, WSe,, and BP show intrinsic
p-type behavior. A vertical p-n junction can be made by
simply stacking two flakes together of opposite polarity.
Furchi et al. [58] reported a type II vdW heterosturcture
@ Springer QHPGD @ @""m L daoLs
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composed of MoS; and WSe; monolayers which were
mechanically exfoliated on 285 nm Si/SiO, substrate
individually and then one of them lifted up and transferred
onto the other to make a vertically stacked heterostructure.
In their device geometry, the contacts are on both sides of
the junction far from the active area of the p-n junction
heterostructure, where charge carriers and electron/holes
will generate in the active area in vertically stacked
overlapping region and then travel to the metal contacts
laterally. This device structure is similar to the one discussed
in Fig. la. The reported photovoltaic efficiency from
this monolayer MoS;/WSe, device is ~ 0.2%. This low
efficiency was due to the low absorption of monolayer
samples and the method used for extraction of charge
carriers from the photovoltaic junction, where the carriers
can travel laterally from the junction and suffer with
scattering mechanism and interlayer recombination process.
On the other hand, author estimated that if the extraction of
the charge carriers were done by vertically stacked electrode
on both sides of the stacking layers of MoS2/WSe,, they
could achieve ~1% efficiency, which is 5 times higher than
the measured values.

Similarly, Cheng et al. [59] demonstrated excellent
current rectification behavior of few layer MoS,/WSe;
heterojunction at zero gate voltage with an ideality factor
of n = 1.2. Figure 2c displays the measured I4; as a
function of Vy; of the heterojucntion at several applied
back gate voltages shows rectification of current/diode like
characteristic. Figure 2d shows the logarithmic plot of drain-
source current at Vg, = 0 V and —20 V. The dotted lines are
fitting to the diode equation. The extracted ideality factor is
n = 1.2 which shows perfect diode-like behavior. Figure 2e
exhibits the output characteristics of the heterojunction
in both dark and laser illumination power of 5 uW of
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Fig.2 MoS,/WSe; vertical
heterostructure. a and b are top
view and side view of the
schematic of the heterostructure.
¢ shows the 145 vs V4, of the
heterostructure device of the
optical image shown in the inset.
d Logarithmic plot of /45 vs V
shows rectification of the current
and dotted lines are the fitting to

the diode equation. e /45 vs Vg c 2.0 d
with (red) and without (black) 0.01
light illumination with 5 /W 1.5} 4 /"’/ﬂ
laser power of A =514 nm. f - —~1E-3 [ -
Power-dependent EQE of the e 1.0} 3
heterojunction at V45 =0 V and ;1 i 1E-4 i Mﬁ.
V¢ =0 V. Reproduced with the = o5} == Y
permission from reference [59] - —1E-5 1 ] ov
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514-nm wavelength, which shows a photovoltaic effect
with an open-circuit voltage (V,.) of 0.27 V and short-
circuit current (/) of 0.22 pA. Inset of Fig. 2e shows
the photocurrent response of the p-n junction at excitation
power of 10 uW. The maximum EQE value was found to
be of 12% obtained at excitation power of 0.5 uW. The
higher the EQE value, the better the photovoltaic response
as it defines the number of electron-hole pair generation by
number of incident photons. A high photovoltaic quantum
efficiency of > 50% based on ultrathin p-n heterojunction
of WSe>/MoS, was achieved by Wong et al. [60]. The
authors demonstrated that by systematically engineering
the bandgap of the active layer and the metal contacts,
an experimental absorbance exceeding 90% was achieved
which was in good agreement with their electromagnetic
simulation results.

The above discussion, based on the atomic layer vertical
p-n junction devices, displays photovoltaic responses where
the collection of charge carriers or metal contacts is far
from the junction area. Even though the efficiency of the
atomic layer—stacked p-n junction devices are poor, they
are potential candidates for electroluminescence due to the

nature of direct bandgap. Lee and coworkers reported two
types of atomically thin p-n junctions by stacking a single
to few layers of MoS, on the top of thin layer of WSe,
through dry mechanical transfer technique [61]. In one case,
the charge collection was done laterally far away from
the junction as discussed above and in the second device,
the photogenerated carriers were collected from the top of
the device by putting the 2D metallic contacts. Figure 3a
shows the schematic representation of the device geometry
where bottom right panel shows the optical image of the
fabricated device. The device is composed of vertically
stacked monolayers of WSe, and MoS,. The metal contacts
are connected laterally as discussed before. Figure 3b
displays the drain-to-source current (/45) as a function of
applied drain-to-source voltage, Vs, at various applied
gate voltages between the metal contacts on the WSe;
(D1) and MoS, (S1). The p-n diode exhibits promising
gate-tunable current rectification as electrostatic doping
modulates the carrier density. The inset in Fig. 3b shows
the individual FET behavior of MoS; and WSe; indicates
n-type and p-type conduction. The photoresponse behavior
of the device under white light illumination is shown in
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Fig. 3 a Schematic diagram of MoS;/WSey van der Waals het-
erostructures device with lateral metal contacts. Optical image of the
fabricated device is shown in bottom right. b ;,—V 45 curves of the
device at different gate voltages across the junction. ¢ Photoresponse
behavior with varying gate voltages under white light illumination.
d Photoluminescence spectra of the isolated monolayers (blue curve
for MoS;; red curve for WSe,) and the overlapped p-n junction

Fig. 3c in the gate range of of —30 to 30 V. The measured
current density as a function of applied drain-source
voltage at fixed V, = —20 V to 20 V shows photovoltaic
response. To understand the nature of this heterostructure,
PL was measured and compared with the PL of individual
flakes. Figure 3d shows the photoluminescence spectra
of the individual monolayer and the corresponding p-
n junction. The photoluminescence intensity decreases
strongly in the MoS2/WSe; junction region compared to
its individual monolayer which proved the efficient charge
transfer process between MoS; and WSe; layers at the
junction. The tunable optoelctronic property is obtained
due to the tunneling-assisted interlayer recombination
of majority charge carriers. To increase the carrier
mobility and also before they can be collected to reduce
interlayer recombination losses, the author sandwiched
the device in between the graphene layers to collect the
carriers directly from the junction through vertical charge
transfer, which enhanced the charge carrier collection. The
schematic design of the graphene-sandwiched device and
the corresponding optical image, photocurrent map is shown
in Fig. 3g. The photovoltaic response of the sandwiched p-
n junction with varying thickness is presented in Fig. 3h.
Figure 3i displays the measured external quantum efficiency
(EQE) as a function of excitation energy. The diode resulted
highest EQE of 34% for multilayer p-n junction at 532 nm.
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region (brown curve). e Schematic description of exciton dissocia-
tion. f—g Schematic diagram of top and bottom graphene sandwiched
MoS,/WSe, device and the photocurrent map, respectively. h—i Pho-
toresponse characteristics of the graphene sandwiched device and
EQE plots as a function of excitation energy with varying thickness,
respectively. Reproduced with the permission from reference [61]

The low mobility in the lateral collection of charge carrier
devices is due to the diffusion of majority charge carriers
between the junction when they leave and the collection
point (metal contact point). The diffusion life time in this
lateral collection method is so small, ~ 1 us, because it
always competes with the interlayer recombination process
and that limits the efficiency of the photovoltaic solar cell in
this device. Thus, to increase the rate of charge collection,
the author demonstrated using graphene as a contact on
both sides of the junction (Fig. 3f). This allows increase
of carrier collection by direct vertical charge transfer rather
than through lateral diffusion. This geometry would be ideal
p-n junction solar cell based on 2D semiconductors.

One of the major requirements to achieve enhanced
photovoltaic effect (or efficiency) is the balance of charge
carrier mobility of both n- and p-type materials used
for p-n junction device. Kwak et al. investigated p-n
junction photovoltaic devices based on heterostructure of
bP/WS;, where WS, have n-type and bP shows p-type
conduction [62]. Figure 4a shows the optical image of the
bP/WS, heterojunction device. The exfoliated WS, and
bP multilayers are used in this heterojunction device to
enhance the light-absorption properties because the thick
2D materials can generate more electron-hole pairs than
those of ultrathin layers. The thickness of WS, and bP
used in this device is 12 nm and 10 nm respectively.
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Fig. 4 Photovoltaic effect of bP/WS; heterpstructure p-n junction.
a Optical image of the bP/WS; p-n heterojunction device. b drain-
source current as a function of drain-source voltage of the junction
at gate voltage Vg = —30 V, OV and 30 V, respectively. ¢ Transfer
curve of the bP/WS, p—n heterojunction device with applied differ-
ent gate voltages. Inset shows the rectificaion behavior as a function
of gate voltage. d I-V curve of the junction using laser light illu-
mination from A = 405 nm at several applied optical power shows

The electrical FET characterization of bP shows ambipolar
with high p-doped characteristic and WS, shows n-type
behavior. The drain-source current (I p) as a function of
drain-source voltage (V pg) presented in Fig. 4b indicates
the output characteristic of p-n junction device at depletion
(<—10 V) and p-n (=5 V to 10 V) and n-n junction
(> 20 V). These three regions are indicated from the
FET charcateristic of bp/WS, heterojunction shown in the
Fig. 4c. In the p-n junction region (red line in Fig. 4b),
a strong diode-like rectification of current in the order of
103 is observed at Vg = 0 V. Figure 4d presents the I—
V curves of the bP/WS; heterojunction device measured at
several fixed illuminated optical powers from 5 to 532 uW.
Short-circuit current (/;.) and open-circuit voltage (V)
increase as a function of increasing optical power. Authors
calculated the charge carrier density for both electron and
holes in this bP/WS; heterostructure as a function of gate
voltage to understand the balance of the charge carrier
with and without optical power illumination. The balance
point (crossing point) of charge carriers, where both the
density of electrons and holes matches, can shift with
the applied optical power due to the doping effect. The
photovoltaic effect also observed to be maximum at the
applied gate voltage where the charge carriers are balanced
[62]. Figure 4e—h present the photovoltaic effect of bP/WS,
heterojunction under an AM 1.5 solar spectrum. Figure 4e
displays the I-V curve of the heterojunction at 36 mW/cm?
optical power illumination. The bP/WS; junction exhibits a
strong photovoltaic response as a function of gate voltage

photovoltaic response. e I-V curve of the bP/WS, p—n heterojunction
device with applied different gate voltages under AM 1.5 light illumi-
nation. f Extracted short-circuit current and open-circuit voltage of the
heterojunction as a function of gate voltage, obtained from (e). g Out-
put optical power vs drain-source voltage at different gate voltages. i
Efficiency of the p-n junction solar cell as a function of applied gate
voltage obtained from AM 1.5 light illumination. Reproduced with the
permission from reference [62]

with maximum value that appears at Vs = -40 V. Figure 4f
shows the I;. and V. as a function of gate voltage. The
extracted photovoltaic electrical power was calculated and
presented as a function of drain-source voltage at several
fixed gate voltages. The maximum electrical power obtained
from this bP/WS; heterojunction device is 1.3 nW. Thus, the
balance point of the charge carrier is confirmed at Vg = -40
V, which shifted more in AM 1.5 white light illumination
compared to the laser light of A = 405 nm. Figure 4h
presents the solar cell efficiency of bP/WS, heterojunction
calculated from the relation n = P,/P;, plotted as a
function of applied gate voltage. The maximum efficiency
was obtained as 4.6% at Vg = -40 V, under AM 1.5 solar
spectrum of 36 mW/cm?. The higher efficiency obtained in
this device is due to the broadband light absorption of the
heterojunction using low bandgap materials bP. Few layer
bP can absorb the light at the infrared region where WS,
can absorb at whole visible region of the solar spectrum.
The efficiency on this BP/WS; heterosjunction could be
enhanced further by stacking a metal electrode such as
transparent electrode like graphene to collect the charge
carriers directly from the junction as shown in the schematic
of Fig. 1b instead of collecting them laterally, away from the
junction as shown in the Fig. 4a.

The vertical heterostructure can be designed using doping
technique on a multilayer crystals. If the n- or p-type
semiconductor channel consists of several atomic layers, few
layers on the top can be chemically doped with opposite
polarity in a controlled fashion compared to the bottom layers
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to achieve a vertically p-n junction device on the same material.
Here, we are presenting a similar work by Li et al. [63]
described a chemically doped vertical MoS, p-n junction
where they used AuCl3 and benzyl viologen as dopants to dope
top-few layers of MoS, to p-type. AuCl; was used as a p-
type dopant whereas benzyl viologen was used to enhance the
n-type carriers in MoS,. Figure 5a shows the graphical design
of the MoS, device after doping with AuCls and followed by
annealing. The actual thickness of the MoS, p-n homojunction
was experimentally found as 3 nm where the chemical doping
depth found as 1.5 nm. The current-voltage characteristics of
the homojunction were measured at Vg = —60 V to 60 V
which is shown in Fig. 5b. All the curve shows rectification
phenomena at positive bias voltage without any increase of
current at negative bias which confirms the formation of p-n
junction. The inset of Fig. 5b shows the logarithmic plot at Vg
=60 V and red dotted line shows the diode fit, which yields
ideality factor, n = 1.6. Figure 5c displays the I-V characteristic
at Vg = 0 V without illumination of light showing diode-
like rectification at positive bias. Inset shows the logarithmic
plot of I-V data with and without illumination of light,
which shows change in diode rectification as well as
photovoltaic effect. Figure 5d shows the zoomed-in graph
of current density as a function of drain-source voltage
in linear scale to elucidate the photovoltaic effect clearly.
At input optical power of P;, = 100 mW/cm?, the device
shows short-circuit current density Jsc = 3.0 mA/cm? and
open-circuit voltage Voc = 0.6 V. The device exhibited

Fig.5 a Graphical design of the
MoS; device chemically doped
by AuCls. b Output
characteristics of the device
between V¢ range of —60 V to
60 V. Inset displays the output
characteristics (logarithmic
scale) of the device in its
current-on state. ¢ Photovoltaic
performance of the device at Vg
= 0 under standard solar light
illumination. d Current density
(J p) plot as a function of drain

photovoltaic efficiency of n = 0.4% and fill factor (FF) value
of 0.22 (Fig. 5d).

Vertical vs lateral transportin p-n junction As we discussed
above that the efficiency of the device depends upon
the charge collection mechanism from the p-n junction
heterostructure, here, we discussed the results of lateral
and vertical charge collection from a vertical p-n junction
heterostructure. The p-n heterojunction based on bP/MoS,
is reported by Miao et al. [64] where the authors
compared the photovoltaic performance of the vertical p-n
heterojunction with its partially overlapped bP and MoS,
where charge carriers are collected laterally away from the
junction area as discussed in Fig. la. Figure 6a displays
the schematic of the vertical p-n diode where top and
bottom electrodes are connected directly to the bP and
MoS; layers. Figure 6b and c are the optical images of
the fabricated vertical and lateral bP/MoS;, p-n junction
devices. Figure 6d and e are the corresponding AFM
images indicated the MoS, and bP layers. The vertical
heterojunction was found to be more stable in air compared
to its lateral one as in vertical stack the ambient degradation
of bP layer was retarded by MoS, layer. Both the device
configuration showed excellent current rectifying behavior
at zero gate bias as shown in the Fig. 6f. However, the
vertical heterojunction resulted the current density much
higher (~ 29.4 A/cm?) compared to its lateral structure (~
0.43 A/cm?). The difference of current transport mechanism
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Fig. 6 a Schematic view of the vertical bP/MoS, heterostructure
device with cross sectional view at the bottom. b and ¢ Optical
images of vertical bP/MoS; heterojunctions diode in vertical and lat-
eral configurations, respectively. d—e Corresponding AFM images of
the vertical and lateral devices. f p-n junction diode characteristic
shows current density as a function of applied voltage in lateral and
vertical configurations. Inset shows the semilogarithmic scale plot of
the same /-V curves. g Schematic diagram of the device model with

between these two geometry of devices is discussed below
with the help of schematic diagram of different resistance
associated with the devices. As illustrated in Fig. 6g,
the total resistance in lateral configuration is divided into
four parts: (1) resistance between bP/MoS, p—n junction
at the interface (R;), (2) the sheet resistances of bP
(Rop) and MoS; (R,y,) in the overlapped region, (3) the
series resistance of bP (Rgp) and MoS; (Ry,;,) outside
the overlapped region, and (4) the contact resistances of
metal with bP (R.p) and metal/MoS; (R, ). The resistance
R mainly contributes the rectification phenomena of the
diode associated in both the configurations of the device
geometry. In addition to this, sheet resistance and contact
resistance associated with both geometry are similar since
same metal contacts and similar thickness of the 2D flakes
are used to fabricate the devices. The only difference
that comes from these two device geometry is the series
resistance (Rg, and Rjy,) in the lateral heterostructure
geometry which is drastically different and additional
compared to the vertical heterostructure geometry. For
vertical heterostructure, charge carriers will travel across a
very thin distance of the materials, which is the thickness
of bP or MoS, without any series resistance. In contrast
for a lateral heterostructure, charge carriers will go through

all the circuit resistances of the lateral and vertical geometry of p-n
junctions. R; represents the junction resistance of the bP/MoS; p-n
junction, R,, and R, correspond to the MoS; and bP resistance in
the overlap region, Ry, and Ry, represent the MoSy and bP series
resistance outside the overlap region, and R, and R are the contact
resistance between MoS; or bP and the gold electrode. Ambient stabil-
ity study of h vertical and i lateral bP/MoS; heterojunction p-n diodes.
Reproduced with the permission from reference [64]

laterally from the junction area (few micron) to reach
the contacts under the influence of huge series resistance
without any gate bias. This limits the output current in the
lateral heterostructure geometry compared to the vertical p-
n junction. Figure 6h and i display the ambient stability of
the vertical and lateral heterojunction, respectively. Vertical
heterojunction shows great stability due to the bP layer
(which is vulnerable to the oxygen atmosphere) covered
with the MoS; layer and protect from the degradation of
the ambient atmosphere. In case of lateral p-n junction
device, bP can degrade quickly due to the exposure to the
oxygen atmosphere which destroys the device completely
within few hours [65]. Thus, this work demonstrated the
potential application of vertical p-n junction heterostructure
for photovoltaic solar cell applications.

Additionally, vertical heterojunctions made of other
2D crystals, e.g, «-MoTez/MoS; [66], WSe>/MoSe; [67],
ReS,/ReSe, [68], GaTe/MoS, [69], and f ranckeite/MoS,
[70] were also explored to understand the photovoltaic
study. Those p-n junctions exhibited good rectification ratio
upto 107 [71, 72] and large fill factor values [73]. However,
introduction of graphene layer as top and bottom electrode
of a p-n heterojunction further improves the photovoltaic
response.

oarrco @) @l

QATAR UNIVERSITY

@ Springer



emergent mater.

5 Lateral p-n junction heterostructure solar
cells

Recently, lateral heterostructures are another growing
interest in photovoltaic p-n junction fabrication, where the
junction forms between n- and p-region joined laterally or
induced electrostatically with a small separation distance.
We will discuss in this section two different lateral p-
n junction devices (1) CVD grown or epitaxially grown
large-scale lateral p-n junction and (2) electrostatically
induced p-n junction. However, fabrication of the lateral
heterojunction is challenging from the synthetic point of
view. To fabricate this type of lateral heterojunction devices,
one has to follow the bottom-up synthesis technique [74] or
electrostatically induction technique [75, 76].

Tsai et al. [77] demonstrated the fabrication of atomi-
cally sharp WSey/MoS; single-layer lateral heterojunction
through chemical vapor deposition (CVD) method and
explored the photovoltaic effect. The results are presented
in Fig. 7. They obtained sharp junction between WSe, and
MoS; shown in STEM image of Fig. 7a. The PL spectrum
in Fig. 7c reflects the single-layer materials. They mea-
sured the current-voltage (/-V) characteristic of the junction
using two cells (two separate junctions) and also placing
them in parallel using AM 1.5G illumination. The mea-
sured current in parallel connection is just the sum of two
cells’ (junctions) current that can be seen from Fig. 7d.
The V,. value remains unchanged during parallel mea-

(b

(d) (e)

surements. The obtained FF from this lateral p-n junction
devices was 40% at illuminated power ~ 200 W/m? and
slowly decreases to ~ 35% at 1600W/m?>. The authors esti-
mated the power conversion efficiency (PCE) from this lat-
eral heterostructure was 2.56% under AM 1.5 illumination.
Many vertical heterostructure—based photovoltaic measure-
ments reported low efficiency due to the serious radiative
recombination of spatially indirect excitons at the vertically
stacked vdW interfaces [78]. Similar lateral p-n junction
photovoltaic response and CMOS inverter was reported on
WS2/WSe,, grown via CVD process by Duan et al. [79].
Sequential growth of more than one 2D materials using
CVD method is one of the route to achieve large scale
fabrication of the lateral p-n junction devices. Here, we
discussed a photovoltaic performance of bilayer lateral
heterojunction of MoSe,/WSe; device reported by Sahoo
et al. [80]. To study the electrical characteristics of the
heterojunction, the authors designed the metallic contacts in
such a way so that the measurements can be done both from
the individual and across the junction as well. Figure 8a
shows the optical image of the lateral junction made of
three concentric triangular domains of MoSe,/WSez/MoSe,
junction. The area under the red dotted lines highlights the
triangular junction, where h-BN is used as an insulator to
reach the inner domains of the junction (green part). The I-V
characteristics were measured across the contact 1-2 and 4-
5, showing high-current rectification behavior (shown in the
Fig. 8b—c). The zoomed figure of the current rectification
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Fig. 7 a High-resolution STEM image of 2D lateral WSe>/MoS>
heterojunction epitaxially grown on sapphire substrate via CVD pro-
cess. b AFM image of monolayer WSe;/MoS; lateral heterostructure.
Scale bars are 1 nm and 1 um in a and b respectively. ¢ PL spec-
tra of MoS, and WSe; regions. d I-V curve of the junction. Cell-1
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and cell-2 are two separate junction measured and parallel is the two
junction connected in parallel while doing measurements. e Fill-factor
of the junction as a function of incident optical power using AM 1.5G
illumination. f Power conversion efficiency as a function of incident
power. Reproduced with the permission from reference [77]
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Fig.8 a Optical image of the MoSe,/WSe, device with the gold con-
tacts (yellow color). Red triangle part refers the device junction. b-d
145 vs V45 plot through the p-n junction and the individual domain,
respectively. e—f Photogenerated electrical powers under different light

in the inset of the Fig. 8b and ¢ shows the photovoltaic
responses. The 14, vs Vg measurement in the individual
domain of the lateral junction (across contact 2-3 in WSe;
domain and contact 1-5 in MoSe; domain) was performed
(Fig. 8d) and showed absences of diode-like behavior.

Figure 8¢ and f display the photogenerated output
electrical power at different light illuminations. The
corresponding I, V,., maximum photogenerated electrical
power (P}/**) and fill factor (FF) as a function of
illumination power of the heterojunction are shown in
Fig. 8g—j, respectively. Though I, is not that high, one can
see the V,. of the device reached to 0.9 V. Due to many
extrinsic effect such as quality of contacts and the device,
the extracted photovoltaic efficiency from the device was
very poor 1 = 0.08%.

6 Electrostatically induced p-n junction
photovoltaic solar cells

Besides the vertical and lateral p-n junction heterostructure
made of two different 2D crystals, p-n homojunctions based
on a single 2D material were also reported by several
research groups by electrostatic doping technique [76, 81,
82]. Pospischil et al. [83] illustrated the electrostatically

illumination from the 1-3 and 4-5 contacts. respectively. g—j Is¢c, Voe,
(P}}**) and FF values as a function of laser illumination power, respec-
tively. Red lines are the linear fits. Reproduced with the permission
from reference [80]

doped WSe, homojunction where they used a split gate
electrode to form the p-n junction. However, the PCE of ~
0.5% was achieved for this Wse; device which is quite lower
compared to the above-discussed vertical heterojunction
devices. Again, p-n homojunction devices can also be
fabricated by chemically doping the 2D crystal and this
method is used to developed p-n junctions with 2D materials
including transition metal dichalcogenides (TMDCs) [63],
bP [84], and graphene [85]. The photovoltaic response of
a few layered MoSe, p-n homojunction stacked on the
dielectric 4-BN is demonstrated by Memaran et al. [75].
The authors illustrated that the device showed a diode-like
response with an photovoltaic efficiency exceeding 14%
under AM 1.5 solar spectrum.

The optical image of the 10 atomic layered MoSe, flake
stacked on A-BN is shown in Fig. 9b which was placed
on a previously patterned dual gate structure on a SiO»/p-
Si substrate. Figure 9a shows the schematic representation
of the MoSe; device configuration where one can see the
dual back gates Vpe1 and Vg2 are separated by 100-200
nm apart underneath #-BN forms the junction. The source
and drain are connected across the junction. The absolute
value of drain to source current (I4,) as a function of applied
excitation voltage Vg4, is displayed in Fig. 9c at applied
back gate voltage of Vg1 = — Vpgr = = 6 V. The device
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Fig.9 a Schematic
representation of the device
under measurement
configuration. b Optical image
of ~ 10-nm-thick MoSe; layer
stacked on 4-BN on a patterned
dual gate structure. ¢ 45 vs Vs
plot for NP (dark cyan color)
and PN configuration (blue
color). Output characteristics of
MoSe; device d under Hg lamp
and f under AM 1.5 solar
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showed an exact diode-like rectification of current for both
NP and PN configurations. Red lines are the theoretical fit
to the diode equation. Photovoltaic measurement was done
using both white light Hg lamp as well as AM 1.5 light
illumination and presented in Fig. 9d—j. The 145 vs V4, plots
were displayed in Fig. 9d and e using Hg light and AM 1.5
respectively in NP diode configuration at constant back gate
voltage Vg1 = — Vg = & 4 V. The I, values significantly
increase as a function of intensity of light illumination
for both under Hg lamp as well as AM 1.5 spectrum
keeping the V,. values nearly constant. The corresponding
photogenerated electrical powers (P,;) extracted from 14;-
V4s measurements are presented in Fig. 9f and g for Hg
lamp and AM 1.5 light respectively. The maximum output
electrical power (P)“*) difference in Hg lamp and AM
1.5 measurements are different due to the different power
of the light intensity used. The maximum V,. measured
in this multi-terminal MoSe, p-n junction device is 0.85
V at 41 kW/m? input optical power of Hg lamp. The
fill factor of the device is 0.6-0.7 for both Hg lamp and
AM 1.5 light illumination (Fig. 9j). The n value for the
MoSe, p-n homojunction device was obtained as 14%
under AM 1.5 light source. The n value for this device is
much higher than the maximum values observed from the
reported monolayers from the similar p-n junction devices
[76, 82].
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A similar p-n junction based on few layered bP with
dual back gates separated by 300 nm was reported by
Buscema et al. [86]. The bP p-n junction shows photovoltaic
effect up to the near infrared (NIR) region of the solar
spectrum. Authors investigated the light harvesting and
photodetection behavior of the bP heterojunction device
using wavelength of 640 nm as well as 808, 885, and
940 nm which shows promising photovoltaic response. The
measured photovoltaic effect up to 940-nm illumination
indicates that the bandgap of the bP flake is smaller than
1.31 eV and demonstrates energy harvesting in NIR part
of the spectrum. This constitutes a strong advantage with
respect to other 2D semiconductors such as Mo- or W-
chalcogenides whose large bandgap (> 1.6 eV) limits their
applicability in the NIR region [87-89].

Lastly, we are discussing a new type of lateral p-n
junction photovoltaic device using ferroelectric materials
coated the 2D semiconductor MoTe, channel [90]. The
polarization of the ferroelectric film can be controlled using
an AFM tip. Figure 10a presents the schematic of the device
with polarization method of the ferroelectric film which
causes the doping on the MoTe,. Coated P(VDF-TrFE)
ferroelectric film was polarized up when the conductive
probe was scanned over the surface of the ferroelectric film
with a negative bias voltage. The ferroelectric polarization
takes advantage of the nonvolatility of electrostatic fields
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Fig. 10 a Schematic of series p-n junction photovoltaic cells using
MoTe; covered with ferroelectric materials, Poly(vinylidene fluoride)
with trifluoroethylene (P(VDF-TrFE)). p and n junctions are defined
by ferroelectric domains with applied electric field using AFM tip. b
Optical image of the device with marked n and p regions. ¢ I-V curve
of the p-n junction device. The left and right MoTe, channels, the n—p
junction in green line corresponds to the left channel (between contacts

at the interface to dope MoTe, underneath. Holes were
injected into the MoTe, channel to screen the polarization
field in the P,, state, and thus, a hole-doped MoTe;
was created. Similarly, if the applied bias voltage on the
AFM tip will switch to positive, then the scanning area of
ferroelectric domain will change to polarization-down that
will induce the electron doping in the MoTe, channel. In this
way, one can have n- and p-type regions on MoTe, channel
to form p-n or n-p junctions. Between each pair of contacts,
one can see n- and p- regions connected to each other
to form the junctions. Using this method, one can make
multiple p-n junctions connected in series shown in Fig. 10b.
The FET characteristic measured after inducing p-n junction
shows ambipolar behavior. Rectification is the important
characteristic of p-n junction diode. Figure 10c presents
the output diode characteristics for both the left and right
MoTe; channels, where the n-p junction in the green line
corresponds to the left channel, while that in blue line refers
to the right channel (electrode 2 is kept grounded). The solid
lines are the fit to the Shockley diode equation yields the
ideality factors of the diodes are 2.1 and 3 as shown in the
Fig. 10c. By shining the light, each p-n junction device for
both sides of MoTe, will show strong photovoltaic effect.
Figure 10d—f present the photovoltaic characteristic of the
series connected p-n junction device measured between
contacts 1 and 3. The I-V characteristic measured at dark

1 and 2), while that in blue line refers to the right channel (between
contacts 2 and 3). The electrode 2 was kept grounded. d /-V curve at
several illuminated optical power density measured between the con-
tacts 1 and 3. e The zoomed-in view of /-V curve presented in (d). f
Extracted electrical output power of the device. Reproduced with the
permission from reference [90]

condition and under different intensity of light from 204 to
500 W/m? shows photovoltaic response with increasing /..
and V,.. The zoomed-in view of the photovoltaic response
is shown in the Fig. 10e. Figure 10f presents the output
electrical power from the p-n junction estimated from
Fig. 10e, P, = I;4x Vg4, at different illumination powers.
The maximum electrical power (Pe; nax) of ~ 2.6 nW was
obtained under 500 W/m? illuminated power at V5 = 0.3V.
The power conversion efficiency (n) is calculated to be 2.8%
at the illumination power of 500 W/m?, which is better
than the most reported 2D photovoltaic cells consisting
single or bilayer 2D materials [77, 80, 83]. The fill factor
(FF) is another important figure of merit calculated to be
40% from the above measurements. The photovoltaic p-
n junction cells discussed above which was defined by
ferroelectric domains could be interesting if this can be
scaled to large-scale device fabrication.

We would like to emphasize here that one of the
simultaneous photoeffects which generally happens in the
photovoltaic devices, particularly in 2D semiconductor
based devices, is the photogtaing effect. Photogating effect
is generally observed in semiconductor where defects or
disorder density are high [91, 92]. 2D semiconductors
have high defect density. In photogating effect, e-h
pairs generated by the incident light and one of the
charge carriers, for example, in n-type semiconductor,
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minority carrier holes can trapped at the defect sites
and only photogenerated electrons will contribute the
photocurrent when the drain-source voltage is applied.
These trapped holes will generate an extra gate voltage
in the photodiodes or phototransistors. However, in the p-
n junction photovoltaic effect, photogenerated e—h pairs
are separated by an internal electric field. The electric
field induces the electrons and holes in a junction attached
together. The origin of the internal electric field induces
due to the diffusion of the electrons and holes at the
junction is the p-n junction or a Schottky barrier at the
interface between a semiconductor and a metal can serve
also as p-n junction solar cells. The internal electric field
separates the photoexcited e—h pairs thereby generating a
sizable short-circuit current at V4 = OV. The photovoltaic
effect depends upon the carrier recombination process. The
lower the carrier recombination, the higher the photovoltaic
efficiency. Even though photovoltaic effect is a different
process than photogating effect, however in defect-mediated
sample, the carrier recombination process increases due to
the trap of the minority carriers, which acts like an internal
electric field. Thus, the photogating effect definitely has
some influence on the photovoltaic effect particularly in
defect-mediated photovoltaic solar cells.

In addition to the photovoltaic effects that we discussed
in several examples in different configurations, each
photovoltaic p-n junction device shows other interesting
optoelectronic properties such as high rectification of diodes
[75, 76], optoelectronic switches [93], and LEDs [61, 76,
94]. The diode rectification characteristic has many other
applications in addition to create a photovoltaic effect. The
forward bias diode has been applied in LED, logic gates
used in computers, rectifiers, inverters, and TV receivers
as well as used in detector and demodulator circuits. The
p-i-n photodiodes have wide application in communication
system. A unique type of optoelectronic switch was
observed in few layered MoSe; transistors when illuminated
with optical signal [93]. The simple ambipolar MoSe;
device (without conventional p-n junction) shows perfect
diode-like rectification in forward bias at positive applied
gate voltage Ve = +7.5 V and with optical illumination.
This forward rectification of the diode-like rectification of
the device completely alters to reverse bias direction when
the gate voltage switched to Vg = —7.5 V. This behavior of
altering rectification direction of a phototransistor governed
by the modulation of Schottky barrier height of the device
under the influence of illuminated optical signal can be used
for optical switching devices where any signal need to be
changed from one direction to the other by applying a gate
voltage to the device. There are several reports over the past
few years based on the logic gates application by these 2D
semiconductor devices. The rectification of the device can
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be used in different combination of n-p or p-n diodes to use
in logic gates design.

7 Challenges and opportunities

In this review, we presented the holistic view of the
research in photovoltaic solar cells based on 2D materials,
which provides a broad platform to understand basic
fundamental properties and practical applications. Two
-dimensional materials show promising application for
the next-generation photovoltaic devices due to their
unique optoelectronic properties. The strong light-matter
interaction, and flexible and transparent nature suitable
for wearable energy generation devices could be useful
for many application where bulk materials may not be
appropriate. However, the efficiency so far reported in these
materials are very low for suitable practical applications and
these studies as we can see in the Table 1 are the progress
toward achieving the goal for the potential application. So
far, the reported efficiency of the photovoltaic devices based
on 2D materials are 1-3% or less in single-layer devices,
which is far less than the efficiency of perovskite solar cells
(n=15-25%) [95-98] and commercially available Si-solar
module [99, 100]. Solar cells based on two dimensional
materials are quite different compared to the perovskite
and Si-solar cells, thus can be used in many different
ways from wearable devices to thin-transparent and flexible
devices. The heterostructure of 2D devices which consists
of more than one layer could enhance the efficiency of
solar cell compared to the devices consist of single 2D
layer due to the increased absorption. However, there are
many challenges which limit the realization of practical
photovoltaic solar cells such as integration of the layers,
measurement schemes, collection of the carriers from the
cells, and selecting the appropriate combination of the
2D materials in heterostructure and contact resistance.
Therefore, many systematic studies need to be done to
address the above issues in the coming years which will
provide tremendous opportunities for practical application
of 2D material-based optoelectronic devices.

So far, many studies on 2D photovoltaic effect have been
carried out using exfoliated crystals grown via CVT method
due to their better quality over CVD-grown crystals. Thus,
there are still challenges to grow the high-quality, large-
scale 2D crystals via CVD technique which can realize
large-scale practical applications. The 2D crystals with
opposite polarity need to be grown top of one another to
realize heterostructure fabrications. Though there are few
reports of vertical and lateral heterostructure fabrication of
2D materials using CVD process, the quality and synthesis
in large-scale production are still lacking. The density of
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Table 1 Photovoltaic metrices of p-n junctions based on 2D heterostructures

PV materials Heterostructure type A Rectification ratio Voc Isc FF EQE PCE Ref.
(L or nm) (nm) ) (nA) (%) (%)
MoS,/WSe; Vertical White 50 0.55 0.025 0.5 1.5 0.2 [58]
1L/1L

MoS,/WSe; Vertical 514 15 0.27 220 - 12 - [59]
13L/2L

MoS,/WSe; Vertical 532 - 0.5 70 - 2.4 - [61]
1L/1L

bP/WS, Vertical AM 1.5 103 0.23 80 - - 4.6 [62]
ML/ML

MoTe,/MoS, Vertical 800 4% 10° 0.3 200 - 6 - [66]
4L/4L

WSe>/MoSe; Vertical 633 10* 0.46 >004 - 0.02 - [67]
3L/3L

ReS,/ReSe; Vertical White 3.15 x 10 0.175 0.028 0.37 4.76 0.48 [68]
64/48

GaTe/MoS, Vertical 473 4 x10° 0.22 1.8 0.42 61.68 0.45 [69]
14.1/5.5

Franckeite/MoS, Vertical 885 400 0.077 0.05 - - - [70]
25/1.4

WSe»/SnS, Vertical 520 107 - - - - - [71]
1L/1L

WSe>/MoS; Vertical 532 109 04 40 - - - [72]
25/18

BP/MoS; Vertical 633 10° 0.3 20 0.5 0.3 0.57 [73]
11/0.9

AuCl; doped MoS; Vertical 655 100 0.6 5.1 022 - 0.4 [63]
3

WSe>/MoS; Lateral White - 0.22 0.008 039 - 0.2 [74]
1L

WSer/MoS,; Lateral AM 1.5 - 0.39 0.71 0.37 - 2.56 [77]
1L

WS,/WSes Lateral 514 - 0.47 1.2 - 9.9 - [79]
ML

MoSe,/WSe; Lateral 532 102 0.9 9.8 0.2 - 0.08 [80]
21

MoSe, Lateral AM 1.5 - 0.364 0.61 0.7 - 14 [75]
10

WSe» Lateral (electrostatic) White 5 x 102 0.85 0.014 0.5 - 0.5 [83]
1L

WSe» Lateral (electrostatic) 522 1 x10° 0.72 1.8 - 0.2 - [76]
1L

bP Lateral (electrostatic) 640 11 0.05 0.86 0.1 0.05 - [86]
6.5

defects at the interface could be one of the challenging
issues in CVD-grown crystal to form sharp high-quality p-
n junctions, which is the main criteria for high-efficiency

solar cells.

Increasing absorption in single to few atomic-layered
materials is one of the important factors for improving
the efficiency of the 2D material-based solar cells [101-

104]. Metal nanoparticles/nanostructures exhibit strong
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light-matter interaction properties with 2D nanosheets
by utilizing the near-field enhancement from plasmonic
excitation [53, 105-107]. Absorption cross-section can be
tuned via manipulating the size of the nanostructures, which
can trap the charges for longer and inject them to the 2D
surface. In all the configurations of photovoltaic solar cells
discussed above, plasmonic enhancement will be a potential
route to enhance photocurrent efficiency.

Another challenging aspect of 2D phtotovoltaic solar
cells is the collection of charge carriers very effectively or
with minimum loss. Charge carriers are generated at the
junction between two layers of 2D materials with opposite
charge carriers in vertical or in lateral heterostructure under
optical illumination. Then, the generated electron and hole
pairs were separated and collected by the electrodes. Many
generated charge carriers suffer in recombination process or
scattering with extrinsic effects within the materials limits
the efficiency of the photovoltaic cells. For a heterojunction
solar cells where the contacts are away from the junction
(Fig. 1a and d), electrons and holes need to move laterally
from the junction to be collected. The low charge carrier
mobility in the lateral transport channel results in a diffusion
time for the majority carriers to leave the junction region for
a small time (~ 1 us for single layer heterojunction [61]),
a timescale comparable to the interlayer recombination
lifetime. Because photocurrent collection competes with
interlayer recombination, thus the collection of charge
carriers decreases in lateral collection in case of Fig. la
and d. To enhance the carrier collection, the metal contacts
need to either be as close as possible to the junction or be
placed on the top of the junction as shown in the Fig. 1b.
In this case, the generated electron and hole pairs can be
directly collected by the graphene layers when they leave
the semiconductor layer.

Contact resistance is one of the major problem in
transport properties of the 2D material-based devices [108].
The rate of charge carrier injection from semiconductor
to metal depends upon the quality of the semiconductor
and metal interface [65, 109—112]. One has to use 2D
metallic contacts such as graphene- [113—-115] and NbSe;-
based contacts [116-118]. The band alignment on the
metal and semiconductor junction is also an important
factor for charge carrier injection. A low work function
metal contact having the Fermi level aligned close to
the conduction band of the 2D material will facilitate
electron injection, whereas a high work function metal
with the Fermi level aligned close to the valence band of
the 2D material will prefer hole injection. Such metal-2D
contacts are characterized by Schottky barriers and has been
explored intensively. Fermi level pinning (FLP) is another
issue for low charge carrier injection or low performance
of the photovoltaic cells. Fermi level pinning degrades
the performance of transistor or photovoltaic solar cells
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drastically because it is a parasitic resistance that burns
energy while doing nothing useful. Fermi level pinning
occurs at metal-semiconductor interfaces, which creates an
energy barrier for the charge carriers to conduct by bending
the bands at the interface between semiconductor and metal.
There could be several reasons for this Fermi level pinning
between the semiconductor and metal junction. The surface
states caused by the incomplete covalent bonds due to the
defect and impurities at the surface and 2D semiconductor
are one of the reasons for the FLP. A recent study suggests
that metal-induced gap states (MIGS) are the origin for the
large FLP in transition metal dichalcogenides [119]. Thus,
ohmic contacts is necessary to reduce the contact resistance
and Fermi level pinning for improving the photovoltaic
performance. Despite the defcets in the materials, several
studies are proposed to reduce FLP in transition metal
dichalcogenides, such as the use of buffer layers [120] or
the use of other van der Waals 2D materials as the contact
material [121].

Electrostatic lateral p-n junction has yield higher
efficiency [75] in multilayered devices (Fig. 1c) due to the
higher absorption and sharp junction area. But the device
fabrication is not a viable process for large-scale production
of devices due to complex geometry of device structure.
In the other hand, this p-n junction could be useful for
electroluminescence device [82]. The lateral p-n junction
formed by CVD grown process shown in Fig. 1d is the
desired method for large-scale production of p-n junction
devices in single or bi-layer form but the quality of the
CVD-grown materials and the junctions are not that much
high quality, which limits the photovoltaic applications.
Thus, more controllable, high-quality synthetic route could
be developed. The vertical heterostructure with direct metal
contacts on the top of the junction could be one of the
most desired 2D material-based photovoltaic solar cells if
the above-mentioned challenges can be addressed. Growing
large-scale vertical heterostructure with different bandgap
of materials could be a challenging task but a suitable,
low-cost transfer process for large size crystals will lead
to better 2D-based photovoltaic solar cells. Thus, there
are tremendous opportunities to develop 2D material-based
photovoltaic solar cells by improving the synthesis of
high-quality large-scale layered semiconductors, designing
heterostructure of 2D materials for high absorption of solar
spectrum and engineering the solar cell devices for better
performance.

8 Conclusion and future applications

Two-dimensional layered material shows promising appli-
cations in optoelectronics and solar cells due to their fasci-
nating optical properties in single to few-atomic layer form.
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In this article, we discussed the various aspects of phtoto-
voltaic p-n junction solar cells based on 2D materials which
includes the recent development on this field in synthesis of
p-n heterojunctions, device fabrications, and measurements.
We discussed fabrication of solar cells p-n junction devices
using mechanical transfer method from exfoliated crystals
of CVT-grown materials as well as large-scale CVD-grown
process. The vertical and lateral heterostructure devices
with different charge collection geometries were discussed.
Even though both vertical and lateral geometries are promis-
ing for future 2D photovoltaic applications depending upon
the stacking feature, there are still tremendous growth
opportunities to improve the efficiency of the solar cells.
All the 2D photovoltaic solar cells discussed above have
many challenges such as crystal quality, defects, impuri-
ties, interface quality between each layers of p-n junctions,
and contacts. Selecting suitable bandgap 2D materials to
assemble them in heterostructure for higher absorption and
increasing the absorption further by integrating plasmonic
nanostructure are few other suggestions. 2D materials and
their heterostructures are extremely suitable for developing
next-generation photovoltaic devices with flexibility, trans-
parency, and light weight. These materials have wide range
of applications in electronic portable devices, flexible trans-
parent electronics and ceilings, and foldable battery once the
efficiency of the device will be improved with minimizing
the issues associated with the materials and devices.
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