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Graphene has garnered increasing attention for solar energy harvesting owing to its unique features.

However, limitations hinder its widespread adoption in solar energy harvesting, comprising the band

gapless in the molecular orbital of graphene lattice, its vulnerability to oxidation in oxidative

environments, and specific toxic properties that require careful consideration during development.

Beyond current challenges, researchers have explored doping graphene with ionic liquids to raise the

lifespan of solar cells (SCs). Additionally, they have paid attention to optimizing graphene/Si Schottky

junction or Schottky barrier SCs by enhancing the conductivity and work function of graphene,

improving silicon's reflectivity, and addressing passivation issues at the surface/interface of graphene/Si,

resulting in significant advancements in their power conversion efficiency. Increasing the functional area

of graphene-based SCs and designing efficient grid electrodes are also crucial for enhancing carrier

collection efficiency. Flaws and contaminants present at the interface between graphene and silicon

pose significant challenges. Despite the progress of graphene/Si-based photovoltaic cells still needs to

catch up to the efficiency achieved by commercially available Si p–n junction SCs. The low Schottky

barrier height, design-related challenges associated with transfer techniques, and high lateral resistivity of

graphene contribute to this performance gap. To maximize the effectiveness and robustness of

graphene/Si-based photovoltaic cells, appropriate interlayers have been utilized to tune the interface and

modulate graphene's functionality. This mini-review will address ongoing research and development

endeavors using van der Waals graphene heterojunctions, aiming to overcome the existing limitations

and unlock graphene's full potential in solar energy harvesting and smart storage systems.
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1. Introduction

Climate change mitigation, increasing demand for energy, and
global energy transformation are driving forces toward an array
of alternative renewable energy sources other than traditional
fossil fuels. Despite numerous availability sustainable energy
resources, solar energy is recognized as a representative
environmentally-friendly energy source with inexhaustible and
fewer limitations compared to other alternatives such as wind
and hydro. This has caught the attention of both scientic and
industrial community's bio-friendly and renewable nature to
the identication of solar energy harvesting devices as the
holistic and cleanest energy sources to explore in serious global
energy crisis terms (Fig. 1). In this context, the quest for inno-
vative and sustainable energy in taking advantage of existing
traditional carbon systems has been the center for advancing
solar cells (SCs) and photovoltaic (PV) technologies to address
the ever-increasing need for environmentally friendly and
emission-free energy.

However, the classication of SCs is organized into three
categories of generations.1 The rst category comprises single-
RSC Adv., 2023, 13, 31273–31291 | 31273
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Fig. 1 The publication numbers of “solar energy harvesting” in terms of 2010–2023 (WOS Source).
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and poly-crystalline Si, which boast the highest efficiency level
(26.6%).2 The next classication refers to SCs that employ
a cadmium telluride thin lm (CdTe) and copper indium
gallium selenide (CIGS) with the highest reported performance
(23.35%).3 Including various sub-categories, the third category
involves the SCs based on newly found materials and has been
widely explored to enhance the efficiency of SCs.4 In addition,
SCs using 2D materials e.g., MoS2, WSe2, and graphene are
classied in a diverse category.5–9 Currently, research and
development (R&D) as along with commercialization activities
of Si-based SCs are mostly directed in enhancing the power
conversion efficiency (PCE) while reducing manufacturing
expenses.10 Interestingly, graphene has been found to be
a promising candidate to revolutionize the SCmarket. Extensive
studies have examined the integration of graphene into Si PV
technology, motivated by the extraordinary physical properties
of graphene. These attributes encompass exceptional electrical
conductivity, carrier mobility, thermal conductivity, mechanical
exibility, stability, and dominant transmittance (97.7%
monolayer graphene in visible region).11–13 Thus, the R&D
efforts focused on incorporating graphene into devices used for
SCs have rapidly progressed, resulting in high PCEs exceeding
15% in copious distinguished applications. Several works
associated with incorporating of graphene into PVs for
numerous vital roles, such as the active layer and electrode,
have been reported.14–16

One crucial challenge in creating high-performance SCs for
energy harvesting and practical implementations is the efficient
generation/separation of paired electron–hole from photo-
induced processes, followed by the effective transfer of these
separated charge carriers to the electrodes. In this context,
graphene revealed signicant improvement. Consequently,
research has been performed to explore and evaluate the
graphene/Si Schottky junction (G/S-SJ) device for various
31274 | RSC Adv., 2023, 13, 31273–31291
applications utilizing the internal photoemission process.
Hence, SCs that utilize a SJ, with graphene acting as a metal and
Si as a semiconductor, have been duly recognized as a suitable
example of Schottky junction devices (SJDs).17

In this review, the emergence of G/S SB-SCs and PVs
concerns are exhibited in relation to the extensive endeavors to
enhance the performance of low-cost SCs. The charge transport
mechanism in G/S SB-SCs is elucidated, along with several
approaches that facilitate the optimization of such devices for
PCE to explore the further mechanism principle of the hetero-
structured devices. Additionally, the difficulties and potential
opportunities associated with G/Si SB-SCs in the eld of PV
technology are discussed, with the aim of paving the way for the
design of next-generation solar energy harvesting systems.

2. Emergence of graphene/Si in solar
cells and photovoltaics

Among the different 2D materials, graphene, a well-known
carbon allotropes, was rst fabricated in 2004 by Novoselov
et al. using mechanical exfoliation of graphite.11 It comprises
a monolayer of carbon atoms arranged in a hexagon
network.7,18–42 Thus, graphene has been shown as a greatly
promising material for future optoelectronic devices due to its
remarkable features, including high mobility reaching up to 104

cm2 V−1 s−1 at ambient temperature, exceptional thermal and
electric conductivities, and ballistic transport.12,43 Also, in the
broad spectra range of visible and near-infrared (NIR), the
transmittance of single layer graphene can reach 97.7%, and
only 2.3% of the light intensity can be absorbed.44,45 As a result
of its thin structure, graphene enables a substantial section of
sunlight to permeate through it.46 The exceptional optical and
electronic features of graphene have positioned it as a highly
favorable prospect for the design and production of SCs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Graphene has a dual role, functioning as both a target electrode
in Schottky junction or Schottky barrier solar cells (SB-SCs) and
an active layer. Additionally, it possesses exibility and is widely
abundant on a global scale. This has inspired signicant
interest in substituting FTO and ITO substrates47 for producing
high-performance and low-cost solar panels, including
graphene/Si solar cells (G/S-SCs).48 Additionally, the capacity to
adjust the fwf of graphene enables it to function as either p- or
n-type electrodes.49 Additionally, graphene typically exhibits
excellent environment stability,50 exceptional mechanical
strength,51 and high crystalline quality during upscale
compared with other 2D materials e.g., MoS2, WS2, WSe2, etc.52

These characteristics render graphene-based SCs advantageous
over the rst generation of PVs. As a result, there has been
a substantial increase in the abundance of work conducted on
G/S SCs recently.53–57

Owing to its physical/chemical/mechanical features,
graphene-based heterojunction SCs exhibited an good effi-
ciency (18.5%) when combined with GaAs structure.58 Aer
achieving positive results in research and development trials,
a feasible manufacturing process for small-scale commercial
production of thin-lm and dye-sensitized photo-
supercapacitors using graphene has been effectively developed
and implemented.59–61 However, large-scale manufacturing of
these SC types remains challenging to date. SB-SCs, which are
made using the method of direct deposition of a transparency
electrode or thin lm of metal on a moderately doped semi-
conductor wafer, have gained signicant attention in PVs.62

They have advantages over traditional p–n junction SCs in terms
of being inexpensive and simple to manufacture.63 Neverthe-
less, conventional SB-SCs require a thick metal layer that
hinders solar radiation absorption. Thus, ITO has been
explored as an alternative, but its limited resources and fragile
nature limit its application in exible devices. To overcome
these challenges, graphene sheets have been successfully
employed in SB-SCs, permitting the production of cost-effective,
exible solar panels with excellent environmental stability, eco-
friendliness, and efficiency exceeding 10%. The demand for
exible SCs in various applications including wearable/
implantable microsystems and wireless sensor networks for
IoT, makes G/Si SB-SCs highly attractive for the PVs market.

Recently, the vehement efforts have been proceeded to
develop new-generation G/Si SB-SCs, with a signify attention on
chemical doping techniques to achieve high Schottky barrier
height and efficiency. However, the chemical-doped G/Si SCs
oen exhibit rapid degradation due to the oxidative nature of
the dopants. An alternative promising strategy is being explored
to develop the chemical-doping-free G/Si SCs, which exhibit
stability over several months. Regrettably, the effectiveness of
these SCs is limited due to the high electrical resistance of
graphene lms and the low Schottky barrier of the G/Si heter-
ojunction. Recently researches show that the PCE of G/Si SCs
has been enhanced by doping technique with PbS quantum
dots64 and electrical-eld doping with a liquid gate circuit.65

Chemical doping into the graphene can generate more acceptor
carriers and improve conductivity. However, they have limita-
tions including signicant light loss and the instability of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
integrated liquid medium that prevent them from being used in
practice.66

On the other hand, doping effects caused by solid interac-
tions have been documented in graphene-assisted hetero-
junctions e.g., MoF6/graphene67,68 and MoO3/graphene.69 This
advancement's lack of chemical reactions offers a promising
approach for achieving steady graphene doping. From this
perspective, a study was conducted to explore the interactions
in graphene/uorographene heterostructures, targeting to
improve the output of G/Si SCs. Interestingly, uorographene is
a novel derivative of graphene that features dipoles created by
C–F bonds in graphite, making it one of the thinnest known
insulators. It is made by revealing graphene to uoride gases,
and its electrical features are adjusted via its C/F ratio.68

Simulated studies have demonstrated the interactions between
graphene with other 2D materials (graphene and MoS2).
Notably, the F atoms present in uorographene function as
receptors of electrons, leading to the transfer of charge-coupled
2D elements onto uorographene and potentially causing p-
type doping. Density functional theory (DFT) was employed to
examine the optical characteristics of graphene hexagonal
boron nitride (h-BN) and uorographene.70 Fluorographene
exhibits exceptional capability in decoupling graphene from the
substrate. These distinctive properties make uorographene an
attractive option for optimizing G/Si SCs.

The pioneering study by Zhu et al. in 2010 explored the
feasibility of G/n-Si SB-SCs achieving an efficiency of 1.65%.48 G/
Si SB-SCs hold promise for effectively separating charge carriers
due to their substantial built-in potential. Graphene holds a key
role for the efficiency of these SCs because it acts as both active
layer and transparent electrode.71,72 This requires the graphene
to exhibit more physical properties such as good photo-
generated charge carriers, high electron mobiles safely elec-
tron transport. In less than 10 years, G/Si SB-SCs achieved up to
15% efficiency due to the 100 times greater than (approximately
2.5 × 105 cm2 V−1 s−1) of electron mobility comparing Si
substrate.73 Graphene, being a zero-band-gap semiconductor,
exhibits the remarkable ability to absorb light across a broad
spectrum. Moreover, electrons within graphene can traverse
several micrometers without scattering, showcasing its excep-
tional transport characteristics.74 SCs using graphene such as
hole transporter based on G/Si structure were rst created by
depositing a graphene thin lm on Si surface.48 However, the
graphene layer exhibited higher sheet resistance (a few kU),
negatively affecting its conductivity. Consequently, it impeded
the ow of photo-generated current in G/Si SCs, leading to an
extraordinary reduction in their PCE. Initially, researchers
explored the chemical doping on a top graphene surface, which
involved the introduction of a p-type dopant into the graphene
material. However, HNO3 and bis-(triuoromethane sulfonyl)
amide (TFSA) are the most widely utilized dopants in G/Si
SCs.75,76 By introducing a TFSA layer, the highest reported
increase in efficiency (1.9% to 8.6%) of G/Si SCs with the use of
doping was achieved. Also, several other dopants, such as boron
doping77 and doping with chemicals such as SOCl2, HNO3, HCl,
and H2O2 were introduced by various research groups.75,78

Coating the top surface of graphene with a dopant proved
RSC Adv., 2023, 13, 31273–31291 | 31275
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highly effective in reducing its resistance. However, despite the
benets of chemical doping, a signicant limitation is its
unsteadiness in the atmospheric media, leading to surface
deterioration and eventually restoring the cell's efficiency to its
initial value. For this reason, graphene oxide (GO) and Pt
nanoparticles (NPs) have been recognized as suitable dopants
for the top surface of G/Si SCs.79,80 In G/Si SCs, a transparent
MoO3/Ag/MoO3 heterojunction layer over graphene was
applied, resulting in an increased fwf, reduced series resistance,
and improved efficiency (0.86 to 3.5%) of graphene.69 Bhopal
et al.81 reported an increase in efficiency from 4.3 to 5.01% in G/
Si SCs using an Ag/Ni electrode to decrease the contact resis-
tivity. NiO-induced doping in G/Si SCs was employed to lower
the series resistance, enhance the SJ quality as well as improve
cell robustness.82 In particular, effect contact of metallization
front electrodes provides a direct electrical contact between
graphene layer and the Si substrate. This low-resistance contact
improves charge carrier extraction and reduces series resis-
tance, leading to enhanced solar cells performance. Moreover,
the process of depositing a metal layer onto the front surface of
solar cells is well-established and relatively straightforward.
Common deposition techniques like sputtering or evaporation
are widely used for this purpose. While the efficiency of solar
cells through the using the chemical induced doping could also
be improved by enhanced carrier mobility and tunable prop-
erties. NiO is a prime example for the doping method, which
can signicantly promote the mobility of charge carriers.
Besides, NiO doping can mitigate carrier recombination at the
graphene/Si interface. By reducing recombination, the effi-
ciency of charge carrier extraction and collection increases,
leading to higher overall solar cells performance. Nevertheless,
the limitations of these two methods still exist, and affects to
quality of energy conversion. Typically, the controllable thick-
ness and shape of electrodes is extremely important, due to the
depending on the thickness and layout of the metal front
electrode, there is a possibility of shading some of the active
solar cell area, which can decrease efficiency, or in the doping
method, achieving uniform doping across the entire solar cells
area can be challenging, and any non-uniformity might lead to
performance variations. Additionally, the stability of the NiO-
doped layer and its interaction with other materials need to
be accessed for potential degradation over time, which could
impact long-term performance of the solar cells. Therefore,
choosing the appropriate method will depend on factors such
as the specic cell design, the level of performance enhanced
desired, fabrication complexity, material compatibility.
Furthermore, ongoing research may lead to improvements and
renements in these methods over time.
3. Structure and mechanism in
graphene/Si SB-SCs

Fig. 2a illustrates the structure of G/Si SCs.73 The fabrication of
such a device primarily relies on the method outlined by Li
et al.48 The process includes the application of wet transfer to
move chemical vapor deposited (CVD) graphene onto he
31276 | RSC Adv., 2023, 13, 31273–31291
exposed SiO2/n-Si. This is followed by the addition of front/rear
electrode deposition, establishing the graphene/n-Si hetero-
junction as illustrated in Fig. 2b.83 SiO2 layer was deposited on
Si, and it was etched away using a buffered oxide etchant,
exposing a suitable-sized Si window. Aerward, graphene is
transferred to Si substrate, accompanied by undesired graphene
etching. Normally, top-notch CVD produced graphene is
employed and shied using polymethylmethacrylate (PMMA)
technique. To be more precise, the graphene grown on a metal
foil (Cu) is rst coated with PMMA through a spin-coated
process. The copper foil is then dispersed in a copper etchant
solution (CuSO4 : HCl : H2O) for a few hours and subsequently
rinsed with deionized water. Then, the PMMA-casted graphene
lm is relocated on Si window and metal pad. Finally, the
PMMA is extracted using acetone, and the G/Si SCs are cleaned
with isopropyl alcohol (IPA) to complete the fabrication process.
Fig. 2c provides a schematic representation of G/Si SB-SCs
based on heterojunction structure using various interfacial
layers, doping, and anti-reection coatings.84 When graphene is
in proximity to Si, carrier transfer occurs to align the Fermi
levels (EF). Electrons originating from n-type Si migrate to gra-
phene, generating an area with reduced electron concentration.
As a result, an inherent electric eld forms between graphene
and Si. When subjected to light, the Si substrate absorbs
photons, giving rise to the generation of new electron–hole
pairs. Inside the region of electron depletion, the electrons and
holes generated by light are swily separated due to the existing
electric eld and are directed towards the electrodes. This
process leads to the creation of a photocurrent.
4. Performance parameters

Dark current–voltage (I–V or J–V) of G/Si SJ was described by eqn
(1).

J ¼ J0

�
exp

�
qV

hkBT

�
� 1

�
(1)

where J0 and J are the saturation current density and current
density, respectively. q and kB are the elementary charges and
the Boltzmann constant of 1.6× 10−19 C and 1.38× 10−23 J K−1,
respectively. V, T, and n are the applied voltage, the absolute
temperature in Kelvin, and the ideality factor, respectively. The
ideality factor serves as a measure of the G/Si junction's quality
and reects the recombination of carriers at the interface. An
ideality factor of 1 signies an ideal junction. However, the
ideality factor observed experimentally varies in a wide range
(02 # h # 1). For the ideal junction, where the minority carrier
recombination in the quasi-neutral area's controls recombina-
tion largely, n is equal to 1. However, the n can be 2 or greater if
other recombination mechanisms occur. eqn (2) provides the
representation for the reverse saturation current (J0).

J0 ¼ A*T2exp

��qfSBH

kBT

�
(2)

where A* is the effective Richardson constant (252 A cm−2 K−2

for n-Si and 32 A cm−2 K−2 for p-Si), and fSBH is the Schottky
barrier height. The Schottky barrier arises when the height fSBH
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Design of G/n-Si SC, a layer of graphene was applied onto SiO2/Si substrate, forming a junction. (a) has been reproduced from ref. 73
with permission from American Chemical Society. (b) Energy band diagram in G/n-Si SB-SCs and the displacement of electron–hole pairs. (b) has
been reproduced from ref. 83 with permission from Wiley-VCH. (c) A visual representation depicting the uncomplicated creation of a G/Si SB-
SCs through a heterojunction structure is shown. This process involves three key factors: interfacial layer, chemical doping, and ARC coating.
These factors collectively contribute to improving efficiency and prolonging the durability of G/Si SCs. (c) reproduced from ref. 84 with
permission from Royal Society of Chemistry.
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= fmetal − cSi is established as work function of a metal (fmetal)
higher than electron affinity of the Si (cSi). This barrier effec-
tively hinders the recombination of electrons and holes, thanks
to the presence of a substantial built-in eld. Upon being sub-
jected to light radiation, electron–hole pairs are produced as
a result of interactions involving both the graphene layer and
the underlying bulk Si. The built-in potential (V0) segregates
these pairs, directing electrons towards n-Si and holes towards
graphene. Ultimately, these charges are transported to their
respective electrodes for collection.

Electron/holes at regions of G/Si junction as light illumi-
nated will generate the photovoltage (V) and it reaches
maximum value in open-circuit voltage (VOC). As SC short-
circuited, photogenerated carriers ow through the external
circuit, resulting in a maximum current called ISC. Nevertheless,
in practical use, SCs function within a range that lies between
© 2023 The Author(s). Published by the Royal Society of Chemistry
a short-circuit condition and an open-circuit condition. Due to
the rectifying characteristics and non-linear voltage–current
behavior of the G/Si junction, a maximum output power (Pmax)
can be achieved.

PCE of the G/Si SCs quanties the extent to which sunlight
energy is changed into electricity. It can be conveyed using eqn
(3).

PCE ¼ VOC � ISC � FF

Pin

(3)

where Pin is the incident power of light. Fill factor (FF) of a SC is
dened as the ratio of Pmax and the product of VOC and ISC and
cab expressed as eqn (4).

FF ¼ Pmax

VOC � ISC
(4)
RSC Adv., 2023, 13, 31273–31291 | 31277
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Fig. 3 Voltage–current characteristics and FF of a theoretical G/Si SCs
with various (a) series resistance, (b) sheet resistance. (a) and (b) have
been reproduced from ref. 83 with permission from Wiley-VCH.
Experimental G/Si SCs with (c) series resistance and sheet resistance,
which is estimated from the reverse bias I–V sweep. (c) has been
reproduced from ref. 48 with permission from Wiley-VCH.
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External quantum efficiency (EQE) is characterized as the
ratio of charge carriers to incident photons of a specic energy,
and its determination can be achieved through the utilization of
eqn (5).

EQE ¼ Iphhn

qPin

(5)

Here Iph represents the photocurrent, q symbolizes the
elementary charge, Pin stands for the incoming solar power, h
denotes the Planck constant, and n corresponds to the
frequency of the incoming photons.

Internal quantum efficiency (IQE) refers to the count of
charge carriers for each absorbed photon within the SC. IQE is
evaluated by subtracting the photons lost due to reection and
transmission from the EQE. This connection can be mathe-
matically represented using eqn (6).

IQE ¼ EQE

1� R� T
(6)

where R is the reection and T is the transmission of SCs. JSC,
VOC, FF, EQE, and IQE are parameters to evaluate the PCE of
SCs. With these parameters, we can engage in a quantitative
analysis of the efficiency of G/Si SCs.
5. Theoretical efficiency limits of
graphene/Si SCs

According to Shockley–Queisser (SQ) model, the PCE of SCs
depends on the band gap of the active semiconductor layer.
Auger recombination is also considered in reassessing the
efficiency limits, resulting in the highest theoretical values for
VOC, JSC, FF, and PCE. Other parameters such series resistance
(RS) and shunt resistance (RSH) strongly affects the nal current
of SCs as contact with other devices. The current–voltage char-
acteristics of SCs are described by eqn (7) and (8), representing
the scenarios excluding extraneous resistances and considering
both RS and RSH, respectively. In this context, Rs and RSH will be
treated as a constant in the simplicity of SQmodel for simplicity
of mathematical treatment.

J ¼ Jph � J0

�
exp

�
qV

hkBT

�
� 1

�
z Jph � J0exp

�
qV

hkBT

�
(7)

J ¼ Jph � J0

�
exp

�
qðV þ IRSÞ

hkBT

��
� V þ IRS

RSH

(8)

where, J stands for the current density at the G/Si interface, J0
represents the density of reverse saturation current density, Jph
indicate photocurrent density, V denotes the applied voltage, T
represents the absolute temperature and h signies the ideality
factor.

Fig. 3a and b displays the J–V curves of G/Si SCs for varying RS
and RSH values, respectively.83 It is evident that the FF of the SCs
exhibits a signicant relationship with sheet resistance of gra-
phene. Reducing the sheet resistance leads to increased FF,
indicating that improving graphene's sheet resistance can be
accomplished by focusing on high-quality growth, precise
transfer, and controlled doping technique. The impact of shunt
31278 | RSC Adv., 2023, 13, 31273–31291
resistance transforms into relevance only when the resistance
decreases below 10 kU. Otherwise, it has minimal to minimal
results on the efficiency of G/Si SCs regardless of any variation
in resistance. Given the provided experimental values for
parasitic resistance (Rs = 10.5 U, Rsh = 45 MU), it can be
concluded that the impact of series resistance on efficiency is
signicantly more detrimental (Fig. 3c).
6. Strategies for enhancing efficiency
of graphene/Si SCs

The SC efficiency was affected by absorption, hole–electro pair
generation, diffusion of electron, lifetime of electron, etc.
Recently research show strategies to enhance the performance
of G/Si SCs such as doping in graphene material, and light
trapping in Si substrate.
6.1. Inuence of dopants

Graphene serves as both transparent conductor and junction
layer in G/Si SCs. As a transparent conductor, graphene should
exhibit high electrical conductivity and transparency. Fig. 3a
demonstrates the signicant impact of graphene's sheet resis-
tance on the performance of G/Si SCs. Studies show that the
resistance of graphene was reduced by strategies such as
doping, multilayer combination, and surface modication.
Nevertheless, the process is complicated due to a trade-off
between transparency and sheet resistance. Adding a layer of
graphene leads to a decrease in transparency of approximately
2.2–2.3%.78 Therefore, optimizing both transparency and sheet
resistance is important for accomplishing higher efficiency G/Si
SCs. For instance, the resistance of stacking graphene layers
and sheet resistance of bi- and tri-layer graphene decreased
from 980 U sq−1 (single layer graphene) to 540 and 350 U sq−1
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The diagram of band structure and fwf of the MLG/Si
interface prior to and following the doping process. (b) Raman spec-
troscopy results showing the spectra of MLG and FLGwith and without
the presence of Au NPs. (c) Dark J–V curves of the FLG/Si SCs with and
without Au NPs. The inset presents the graphs of dV/d(ln J) versus I,
enabling the determination of the series resistance RS of cells. (b)–(d)
have been reproduced from ref. 89 with permission from American
Institute of Physics.

Fig. 5 Tilted cross-sectional SEM images visuals portraying (a) arrays
of nanowires measuring 2 mm and (b) arrays of nanowires measuring 5
mm. Scale bars are 10 mm for both images. In addition, (c) transmission
spectra of thin Si structures are provided for the comparison: prior to
etching (red), subsequent to etching into 2 mm (green), and following
etching into 5 mm (black) nanowires. (a)–(c) have been reproduced
from ref. 92 with permission from American Chemical Society.
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while the transparency decreased from 97.6% (single layer
graphene) to 92.9%.78 The good conductivity of eight-layered
graphene of 180 U sq−1 leads to the decrease in transparency
from 90.8% (four-layered) to 83%.78 These results clearly illus-
trate the correlation between transparency and sheet resistance.
However, there are some advantageous outcomes, stacking
individual MLG is not a simple task. The stacking of layers one
by one is a time-intensive procedure that lacks scalability and
introduces polymeric and environmental contaminations
during the transfer and stacking stages (Fig. 4).

Aside from increasing the number of layers, doping has been
established as an effective method for reducing the sheet
resistance of graphene. Different doping approaches using
chemical doping have been successfully utilized. Heteroatom
doping involves the substitution or bonding of atoms like
oxygen, boron, nitrogen, phosphor, and sulfur, with carbon
atoms in the graphene lattice. Nevertheless, dopants are chosen
over heteroatom doping for application in G/Si SCs. Amongst
different dopants, HNO3, SoCl2, and AuCl3 have shown prom-
ising results. Cui et al. found that SoCl2 is the most effective
dopant to improve the PCE of SCs to 2.3% due to decreased
sheet resistance.75 SoCl2 modied graphene also decreases
sheet resistance from 735 to 405 U sq−1. Feng et al. with
demonstrated a reduction in series resistance (Rs) of the SCs
from 6.11 U cm2 to 4.07 U cm2 and an improvement in PCE
from 2.9% to 4.35% aer immersing the device in HNO3, along
with VOC, JSC, FF enhancement to 495 mV, 17.22 mA cm−2 and
51%, respectively.72,85 Although chemical doping has shown
promising results in reducing graphene resistance and SC effi-
ciency, there is concern regarding the durability of the covalent
functionalization of graphene. Degradation of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
functionalization caused by the ambient air can result in
a signicant decrease in PV enhancement by up to 50%.
However, doping by gold chloride (AuCl3) has demonstrated
better environmental stability than other reported methods.86

The reduction of Au3+ to Au NPs by transferring charges from
graphene results in p-doping of graphene, leading to substan-
tial enhancements in conductivity. The sheet resistance by
AuCl3-dopped MLG results in reducing sheet resistance and
enhancing efficiency.73,87

In addition, doping with organic compounds can also
improve the physical properties of graphene.90,91 For example,
doping with triuoromethanesulfonic amide (TFSA) resulted in
an increase in the PCE of the G/Si device from was increased
1.9% to 8.6%, an increase in the JSC from 14.2 to 25.3 mA cm−2,
and an increase in the VOC from 0.43 to 0.54 V, for doped and
un-doped graphene, respectively.76 When TFSA is functional-
ized on monolayer graphene, it has been observed that the
resistance decreases from 1200 to 300 U cm−2 without notable
impact on transmittance. Most of these dopant’s p-dope the
graphene, leading to a decrease in the sheet resistance of gra-
phene by shiing the graphene Fermi level downward or
increasing the fwf. Since graphene also behaves as a junction
layer, the increase in the fwf has additional implications at the
interface. The enhanced graphene fwf leads to an elevated SBH,
thereby establishing a more robust built-in electric eld and
more efficient separation of carriers. As depicted in Fig. 4a, the
rise in Voc following the doping process enhances the built-in
potential Vo and the barrier height (fb). This adjustment aligns
with the variance of the work function of MLG (fG) and the
electron affinity of Si (c).88 Chemical doping raises fG,
promoting enhanced charge transfer and collection at the
interface. Consequently, the enhancement brought about by
doping in the G/Si SCs combines improvements in graphene
sheet resistance and an elevated Schottky barrier height.

Taking into consideration the instability of chemical doping,
it is not practical for the utilization of graphene/Si PV devices.
Therefore, more reliable doping techniques are increasingly
coveted, and researchers have recently commenced investi-
gating alternative approaches including physical and light-
induced doping. Some metals (metal’s EF lower than graphe-
ne’s EF) have been found to effectively p-dope graphene. The
RSC Adv., 2023, 13, 31273–31291 | 31279
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Fig. 6 SEM image of Si pillar without (a) and with coated graphene (b),
(c) the reflectance spectra of Si pillars with different pillar height and
planar Si substrate. Inset presents the principle of antireflective effect
of Si pillar substrate. (d) Schematic presentation of a G/Si pillar SB-SCs.
(e) Photograph of a G/Si pillar SCwith junction area of 0.09 cm2. (a)–(e)
have been reproduced from 72 with permission from American Insti-
tute of Physics.
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doping capacity of metal NPs is determined by their fwf, with
metals possessing higher fwf demonstrating more effective
graphene doping. Successful p-doping is indicated by a blue
shi in the 2D Raman peak upon deposition of Au NPs (Fig.
4b).89 By optimizing the Au NPs size, the PCE of G/Si SCs was
increased to 7.34%. Au/HNO3 co-doped graphene increases the
efficiency to 10.20% by achieving a raised fwf and improved e-
lectrical conductivity of graphene. As depicted in Fig. 4c, the
reduction in the series RS of Schottky diode, attributed to the
introducing of Au NPs, not only results in a heightened FF but
also enhanced Jsc.89 This outcome aligns with ndings from
previous studies on the effects of HNO3 doping. Similarly, the
work shows a high efficiency of 10.69% with Au/TFSA co-doped
graphene.90 NPs of another metal, Pt, with a high fwf, have also
been demonstrated to enhance the PCE to 7% through the
integration of physical doping using high fwf Pt NPs, improved
absorption of SCs in the visible region due to plasmonic effect
and the photo-induced doping. Approaches to providing holes
Fig. 7 (a) Schematics diagrams of G/planar Si, (b) G/Si NW junctions.
(a) and (b) have been reproduced from ref. 94 with permission from
American Chemical Society. (c) Schematic presentation of the G/Si HA
SB-SCs, (d) top-view SEM image of the G/Si HA device. The area
included by graphene films shows darker contrast in the SEM image. (e)
Top-view and (f) cross-sectional view SEM images of the as-prepared
SiHA. Insets present the enlarged SEM images, (g) PV characteristics,
and (h) EQE spectra of the G/Si HA SB-SCs with various hole depths.
(c)–(h) have been reproduced from ref. 95 with permission from Royal
Society of Chemistry.

31280 | RSC Adv., 2023, 13, 31273–31291
or electrons to graphene by using P3HT or TiO2 lm were used.
The suitability of HUMO of P3HT and VB of Si creates favorable
conditions for hole transport under light illumination,
enhancing carrier concentration. On the other hand, holes were
captured by the traps in TiO2 whereas the electrons were moved
to graphene.

In addition, prolong stable of SCs play a signify role. TiOx

material coated on graphene can remain or reduce the
degradation of PCE of SCs. A PCE value of 12.95% was
reached, with degradation of less than 10% aer 1-month
storage by coated TiO2 layer.91 Efficiency levels of 8.2% and
10.5% were achieved for TiOx/G/p-Si without PMMA and with
antireection (AR) coating of PMMA, respectively. Further-
more, no signicant changes in performance were observed
over a period of 10 days.92 GO is a multi-functional compo-
nent for G/Si SCs. For example, GO layer functions as p-type
dopant for graphene and also acts as an AR layer within SC.
PCE of the G/GO/Si CSs maintained a consistent 10% level
over a span of 20 days.79 Using GO as a passivation layer led to
a signicant improvement in the lifetime of carriers.93

Simultaneously, GO also functioned as a protective; however,
its barrier characteristics were observed to diminish at
elevated temperatures (400 °C) because of GO decomposition
and alterations in its doping levels.93
6.2. Inuence of light trapping in silicon

The planar Si plays a signicant importance for light absorption
and electro/hole pairs generation. Therefore, the enhanced
absorption of Si leads to an improvement in efficiency.
However, planar Si exhibits high reection. This drawback of
planar Si induces the reduction efficiency of SC due to absorp-
tion losses. Nevertheless, the integration of micro/nano struc-
tures on the silicon surface can substantially enhance the light
absorption capacity owing to the pronounced light-trapping
phenomenon. This phenomenon effectively diminishes the
sunlight reection from the surface of the junction, resulting in
enhanced charge-collection efficiency. For instance, employing
patterning in the form of Si nanowires can increase the distance
traveled by incident solar radiation by a factor as substantial as
73.92,93

Fig. 5a and b describe the cross-section of Si nanowires of 2
mm and 5 mm.92 The transmittance spectra show that both Si
nanowires of 2 mm and 5 mm before etching exhibit low
transmittance.92 It is evident that correlated to planar Si,
nanowires exhibit decreased transmission indicating strong
light trapping. Similarly, in the case of G/Si SCs, texturing Si
into structures such as pillars, nanowires, pyramids, etc. has
been employed to minimize light reection and enhance light
absorption. These non-planar features redirect the incident
light back into the Si rather than allowing it to transmit
through the Si, leading to improved absorption through light
trapping and subsequently boosting the overall PCE. Fan et al.
fabricated Si NWs through metal-assisted etching method.94

The G/Si NWs SJ demonstrated higher absorption contrasted
to the graphene/planar Si junction leading to the enhancing
efficiency of up to 2.865% because the Si NWs contribute an
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Patterning of the Si substrate, (b) relationship between refractive index and wavelength for certain ARCmaterials. (a) and (b) have been
reproduced from ref. 96 with permission from Royal Society of Chemistry. (c) Light reflection spectra of a g/Si SCs prior to (black) and following
(red) the application of a TiO2 colloid coating, illustrating antireflection effect, (d) J–V characteristics of an as-deposited G/Si SCs, after HNO3

vapor doping, and after TiO2 coating (together with HNO3 doping), respectively. (c) and (d) Have been reproduced from ref. 97 with permission
from American Chemical Society. (e) Reflectance spectra of PMMA-extracted and PMMA-grown graphene samples on quartz slides, (f) J–V
curves of PMMA-removed and PMMA-coated (2000 rpm) G/Si SCs before and after HNO3 doping. (e) and (f) Have been reproduced from ref. 98
with permission from Royal Society of Chemistry.
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immediate pathway to the overall improvement in perfor-
mance due to direct and fast pathway of electron–hole
collection as light trapped on the planar junction. Feng et al.
implemented the pillar to enhance light absorption using
photolithography and inductive coupled plasma (Fig. 6).72

The result implies that the Si pillar exhibits more absorption
correlated with planar Si. The absorption intensity is strongly
affected by pillar height and achieves the highest absorption
with 900 nm pillar height. The PCE of G/Si pillar devices was
measured to be 1.96% (which could be further enhanced to
3.55% by HNO3 doping), surpassing that of G/planar-Si SCs
(1.65%). Xie et al. prepared the Si hole array (SiHA) using
© 2023 The Author(s). Published by the Royal Society of Chemistry
photolithography and reaction ion etching (RIE).95 The
surface of SiHA displayed a smooth texture, validating the
presence of minimal surface recombination velocity. As
illustrated in Fig. 7, the light absorption of SiHA intensied as
the depth of the holes increased, underscoring its heightened
light-trapping capabilities.94,95 Through the mixture of light
trapping in SiHA and the utilization of AuCl3 for graphene
doping, researchers achieved a high PCE of 10.40%.94,95 These
devices indicated remarkable stability, maintaining their
increased efficiency even aer being stored in ambient air for
about 3 months.
RSC Adv., 2023, 13, 31273–31291 | 31281
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Fig. 9 G/Si SB-SCs with (a) schematic presentation of the color device, (b) photographs of device area: 1 cm2 with various colors, and (c)
coordinates of seven colors in CIE chromaticity. (a) and (b) Has been reproduced from ref. 99 with permission Elsevier.
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6.3. Antireection coating

Antireection coating (ARC) is a method that uses a dielectric
layer such as SiO2, TiO2 to enhance the performance of G/Si
solar cells by reducing the reection of incident light at the
surface of the Si. This layer is designed to optimize and mini-
mize the loss of incoming photons owing to reection, thereby
increasing the amount of light that can be absorbed by the solar
cells (Fig. 8a).96 In the case of G/Si structures with an ARC, the
resulting stack consists of four layers: air/ARC/G/Si. Fig. 8b
indicates the refractive index of some of ARC candidate mate-
rials.97 TiO2 is a promising candidate for ARC due to its
refractive index. However, the integration of TiO2 lm and
graphene surface depends on the fabrication methods.96 The
physical deposition method with high energy can destroy the
graphene while solution methods still maintain the pristine
graphene. Instead, Shi et al.97 prepared TiO2 lm by sol–gel
method on G/Si SCs, as presented in Fig. 8a.96 The results show
that the reectance was reduced to 10% (with TiO2 lm)
compared to without TiO2, as indicated in Fig. 8c.97 Fig. 8d
compared the J–V characteristics of SCs with un-doped, HNO3-
doped, and TiO2 coated on HNO3-doped.97 The J–V character-
istics show that the PCE of SCs improve when SCs were doped
and combined doping and coating ARC layer refractive poly-
mers, like PMMA (n = 1.5), can be used as RAC for G/Si SCs
because they are highly transparent to visible light. Despite
having a low refractive index compared to inorganic ARC
31282 | RSC Adv., 2023, 13, 31273–31291
materials, it has benets including being very transparent to
visible light, light in weight, bendable, and exible. Addition-
ally, PMMA is commonly employed as a foundation layer during
the transfer of graphene. By repurposing PMMA as an ARC, the
need for removing PMMA subsequent to the graphene transfer
is obviated, simplifying the device production process. The
performance of G/Si SCs was signicantly improved by utilizing
PMMA-coated graphene lms contrasted to bare G/Si SCs that
underwent PMMA elimination. Fig. 8e contrasts the reectance
spectra of PMMA eliminated G/Si and PMMA-G/Si devices,
indicating that the PMMA-G/Si devices exhibit higher absorp-
tion capabilities.98

Fig. 8f demonstrates the JSC, FF, and PCE of PMMA extracted-
G/Si and PMMA-G/Si SCs of 22.61 mA cm−2, 32.22%, 3.12%, and
33.64 mA cm−2, 45.56%, 6.55%, respectively.99 In particular, the
PCE of HNO3-doped PMMA-G/Si SCs up to 13.34%. It is note-
worthy that the structure of PMMA was not affected by the
HNO3 doping, making the doping procedure of PMMA coated
graphene convenient. Ding et al.100 utilized double layered
MgF2/ZnS coating on G/Si SCs, serving a dual intention. Firstly,
for Si SCs operating in the range of 380 to 1100 nm, ZnS and
MgF2 have higher (n= 2.5) and lower (n= 1.4) refractive indices,
respectively. Therefore, the MgF2/ZnS double layer served as an
effective ARC. Secondly, by adjusting the thickness of ZnS and
MgF2, different colors could be transmitted to G/Si SCs. The
color tuning process for G/Si SCs was easy due to the trans-
parent nature of graphene. Fig. 9 depicts the display, visuals,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Modeled (dash lines) and observed (solid lines) reflection spectra of DL-MgF2/ZnS-coated G/Si heterojunction SCs (b) EQE spectra of
the uncoated and G/Si SCs with various structural colors, (c) J–V spectra of the devices with various structural colors. J–V spectra of the devices
without coating and with enhanced anti-reflection coating were also indicated for comparison, (d) contrast of the J–V and EQE (inset) among
SL-ZnS-coated and DL-MgF2/ZnS-coated G/Si devices. (a)–(d) Have been reproduced from ref. 99 with permission from Elsevier.
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and CIE chromaticity coordinates of seven colors for G/Si SCs
with DL-MgF2/ZnS lms.100

Fig. 10 illustrates the reectance spectra of different colored
MgF2/ZnS coated G/Si SCs.99 It is evident that the absorption was
enhanced correlated to pristine G/Si SCs. Comparable trends
were seen for the EQE spectra. Remarkably, the multi-color G/Si
SCs achieved a high PCE of 10.7–13.2%.99 By utilizing an
enhanced MgF2/ZnS antireection layer, the PCE of the device
reached an impressive value of 14.6%.99

6.4. Inuence of engineering

Despite numerous methods being used to enhance G/Si devices,
their performance is still inferior to that of Si p–n SB-SCs used
in commercial applications. This discrepancy primarily arises
from the diminished built-in electric eld in the SJ, which
cannot effectively suppress carrier combinations along the
interface. By overwhelming obstacle carriers (electron in n-Si)
via inserting an interfacial barrier layer between graphene and
Si, recombining electron/hole pairs can prevent and ought to
support the transfer of holes to graphene. However, the types of
materials and the thicknesses of the layers are is a signify to the
extensive study. Some thin lm materials such as SiO2, h-BN,
© 2023 The Author(s). Published by the Royal Society of Chemistry
MoS2, MoO3, and P3HT have been utilized.101–105 If the layer is
very thick, the ohmic inefficiencies can appear. On the other
hand, the layer is too thin and may fail to block majority
carriers' transport. Therefore, optimizing the dimension of the
barrier layer is necessary to strike a balance between reducing
carrier recombination and minimizing ohmic losses. Studies
have shown that oxide layers with a thickness of lower than
2 nm can effectively passivate the interface, leading to increased
VOC and FF. By selecting the optimal oxide thickness (1.5 nm),
a PCE of 12.4% was achieved through chemical doping. This
efficiency further increased to 15.6% following the imple-
mentation of a TiO2 ARC.101,102 The thickness of ultra-thin SiO2,
however, is difficult to adjust because it depends on the crystal
orientation and external factors.

Recently, the insulating material of h-BN, an appealing
choice as a barrier layer for G/Si SCs due to high transparency,
dangling bond-free surface, and proper band alignment with n-
Si substrate.101 Fig. 11 presents the band diagram of G/h-BN/Si
SCs, highlighting the effects of h-BN insertion.101 It's clear
that compared to a basic G/Si interface, the introduction h-BN
creates a substantial barrier that impedes electron transfer at
the interface.102 However, it simultaneously enables easy
RSC Adv., 2023, 13, 31273–31291 | 31283
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Fig. 11 Energy band diagrams of the G/Si SB-SCs (a) without and (b)
with an h-BN electron blocking layer. (a) and (b) have been reproduced
from ref. 102 with permission from Elsevier Presentations of band
diagrams for the SCs. The PV procedures (c) in the graphene/n-Si and
(d) in the graphene/MoS2/n-Si SCs are indicated. (c) and d have been
reproduced from ref. 101 with permission from Royal Society of
Chemistry.
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transport of holes from Si to graphene. Through the incorpo-
ration of the BN layer, PCE of the G/Si SCs attained 10.93%,
which indicated a 15% efficient enhancement contrasted to the
reference device.

Semiconductor layers with thickness (∼50 nm) can be
employed as barrier layers, offering a more convenient pro-
cessing approach compared to insulators which require
decreased thickness. MoS2 thin lm grown by different
methods has been utilized as an interfacial barrier layer to
improve PCE of SCs. The insertion of MoS2 layer introduces
a shi in the EF, causing the lowest part of the CB and the top of
VB of the MoS2 layer at the interface of graphene to move
upward, as shown in Fig. 11a–d.101 This creates an energy
barrier at the interface betweenMoS2 and n-Si and enhances the
Fig. 12 Band diagram schematic of hybrid SCs. Figure has been
reproduced from ref. 106 with permission from American Chemical
Society.

31284 | RSC Adv., 2023, 13, 31273–31291
entire energy barrier among graphene and n-Si. The additional
energy barrier provided by the MoS2 layer effectively blocks the
photogenerated electrons in the Si, serving as an efficient
electron-blocking layer. Alike band bending at the interface of
the semiconductor barrier layer/n-Si interface has been noted in
the cause of WO3/n-Si structures.101 The substantial disparity in
energy levels between the EF of WO3 and Si prompts a marked
transfer of charges from Si, leading to a pronounced upward
bending of the band at the interface of WO3 and Si. Conse-
quently, the built-in eld (Vbi) of the G/Si SCs is improved
inserting the WO3 interlayer, leading to a notable improvement
in PCE from 3.99% in G/Si SCs to 10.59%. Utilizing MoO3 layers
also contributed to elevating the PCE to 12.2% as a result of the
signicant fwf discrepancy inMoO3, leading to the spontaneous
injection of holes from the MoO3 layer to Si.101 As a result of this
hole injection process, a hole inversion layer is created at the
surface of Si, generating a robust built-in electric eld. This
process effectively curbs recombination. Through additional
device optimization steps involving graphene doping and the
application of polymer anti-reection coating, a high PCE of
12.2% was accomplished.

Organic semiconductors, P3HT also act as a hole transport
layer and block the electron to reduce the recombination.
Fig. 12 illustrates the band of P3HT and Si that LUMO and
HUMO of P3HT are 3.2 and 5.1 eV, while the lowest conduction
band and highest valence band are 4.05 and 5.17 eV.106 This
substantial offset allows the transport of holes, but it hinders
the electrons. Optimized graphene/P3HT/Si NW array and
graphene/P3HT/Si NH array devices achieved power conversion
efficiencies of 9.94% and 10.34%, respectively.

A signicant interaction at the interface between Si and
MoO3 layers has been noted, resulting in the remarkable
attainment of PCE value of 12.2%. A substantial work fwf

disparity was observed in MoO3, leading to the spontaneous
injection of holes from the MoO3 layer to Si. This hole injection
mechanism instigates the formation of a hole inversion layer on
the Si surface and triggers the establishment of potent built-in
electric eld, effectively suppressing the recombination.
Through additional device optimization steps involving gra-
phene doping and the application of polymer anti-reection
coating, a high-PCE of 12.2% was accomplished.
6.5. Surface passivation

Surface passivation is another strategy to raise the PCE of
SCs.107–109 As a result of the numerous dangling bonds on the Si
surface, numerous surface states serve as recombination hubs.
Recombination has a signicant impact on the performance of
G/Si and PV devices. The diffusion channel of the carrier can be
improved to prevent recombination by dangling bond reduction
on the Si surfaces. Various chemical entities, including
hydrogen (H−), methyl (CH3

−), and oxide (SiOx), have the
potential to serve as passivation agents for Si surface.110,111

Hydrogen-passivated Si surfaces have garnered signicant
attention in the research literature due to their remarkable
ability to passivated effectively (causing a substantial reduction
in surface states by multiple orders of magnitude) and exhibit
© 2023 The Author(s). Published by the Royal Society of Chemistry
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an exceptionally low surface recombination velocity.110,112,113

Among them, oxide SiOx shows the most chemical stability
while H− termination exhibits low chemical stability and is
incompatible with graphene leading to Schottky barrier
decrease.114 However, the compatibility of CH3

− group leads to
the increase in the Schottky that they are better for SC efficiency
improvement. The result shows that passivation on Si surface
exhibits the PCE of 1.41%, 1.76%, and 4.42% with H−, CH3

−,
and oxide passivation, respectively.114 Other passivation layers
such as modied SiO2, Al2O3, HfO2, GO, P3HT, and SiNx are also
used to improve the SC efficiency.87,115–117
6.6. Inuence of encapsulation

Although the integrated G/Si heterojunctions in solar cells have
achieved a lot of good results. However, another problem in the
design and produce G/Si solar cells is also extremely important,
that related to encapsulation of device to avoid and protect
individual solar cells modules from various environmental
factors and mechanical stress by enclosing them within
protective materials and structures. In a report of Matacena
et al. has used HNO3 as a doping source to improve the
performance of G/Si heterojunction solar cells.118 Simulta-
neously, the author has also been compared with/without
encapsulated by ethylene-vinyl acetate (EVA). The results from
C–V analysis are conrm that encapsulation avoids the fading of
HNO3 benecial effects while it did not worse cells perfor-
mance. In another innovation, Kim et al. has applied a protec-
tive layer for silver nanowires (Ag NWs) by graphene.119 In this
work, the author designed the encapsulated graphene/Ag NWs/
graphene for Schottky-type Si heterojunction solar cells. With
this structure, the author has obtained a highest PCE of 3.51%,
and it lost only 6.4% of its original PCE value aer 30 days by
employing the encapsulation layer, much less compared to the
solar cells without the encapsulation. Since, G/Si solar cells
encapsulation is vital part of PV module manufacturing, aimed
at protecting the solar cells and ensuring the long-term
performance and reliability of solar panels. Proper encapsula-
tion helps extend the lifespan of solar modules and allows them
to operate efficiently in a wide range of environment.
7. Conclusion, challenges, and
perspectives

In general, owing to its exclusive characteristics, graphene has
been recognized as an outstanding material for various solar
energy harvesting devices. Its unique characteristics hold the
promise of being efficient, environment-friendly, and inexpen-
sive aer a decade of devoted research and in-depth scientic
discoveries. But there are still many perspectives and challenges
ahead.

With its numerous advantages as a component of an SC, it
possesses some limitations that can hinder it from being
considered one of the best materials for an efficient SC. Gra-
phene is widely regarded as a pivotal conductor of electricity,
but it lacks a band gap in its molecular orbital structure,
a shortcoming that researchers have been working to rectify
© 2023 The Author(s). Published by the Royal Society of Chemistry
over the years. Once this limitation is overcome, graphene can
serve as an exceptionally efficient anode in virtually any type of
SCs. Another challenge associated with graphene is its suscep-
tibility to oxidation in oxidative environments. This oxidation
leads to structural changes that subsequently impact its
chemical properties. Efforts are underway to develop strategies
to mitigate the effects of oxidation and enhance graphene's
stability. Despite these challenges, researchers are actively
working to overcome these limitations and harness the full
potential of graphene for SC applications. The chemical alter-
ations and structural changes that can occur in graphene pose
a signicant challenge when considering large-scale energy
production. Moreover, graphene exhibits some toxic properties,
which is a matter that requires to be carefully examined in its
development. Secondary cells typically have two electrodes,
whereas SCs have only one electrode. This creates two main
issues: changes in the fwf value and the direction of electron
ow. The electron ow system in a SC with only one electrode is
complex, and maintaining the integrity of the entire process is
a signicant task. Researchers have attempted to modify the fwf

to address this challenge but altering the fwf of a specic
material is a difficult endeavor. Aside from this persisting issue,
it has been discovered that depositing graphene electrodes into
the solar setup has proven to be a difficult task. The bottom of
a graphene electrode is deposited on a substrate material
(usually glass or elastomers) that acts as the foundation makes
up for the SCs.120 Owing to the poor dispersion properties of
graphene, water is used as an appropriate solvent during this
deposition process. However, various organic solvents are being
tested to replace water in order to achieve a higher degree of
dispersion. In typical graphene-induced SCs, when integrated
into an n-Si SB-SCs with AM 1.5 illumination, it demonstrates
a PCE of 8.6%. This value can be increased 4.5 times when
doping the SC material. To achieve this, graphene is doped with
ionic liquids such as bistriimide, bis(tri-
uoromethanesulfonyl)amide, and others.121–123 The doping
process alters the chemical potential of graphene, leading to an
increased carrier density, ultimately elevating the built-in
potential of the SCs. This, in turn, enables a longer cell life-
span compared to traditional SCs. Recent approaches in opti-
mizing G/Si SB-SCs were developed. These strategies can be
divided into optimizing (i) the fwf and conductivity of graphene,
(ii) Si's reectivity, and (iii) modifying the G/Si interface.
Through the implementation of these strategies, the PCE has
risen from 1.5% to 15.8% in less than 10 years. Despite the fast
advancements in this area, there are remaining matters that
require further attention.

Firstly, various strategies have been explored to improve the
PCE of SCs including passivation and band-engineering of the
G/Si interface, insertion of an antireection layer or nano-micro
structures in enhancing the light harvest, the control of the
number of graphene layers, and the chemical doping of gra-
phene which has been conrmed to be the most efficient
method for optimizing SC performance. Despite the introduc-
tion of numerous doping dopants, the durability of SCs remains
a challenging issue due to the unsteadiness of the doping
process. An increased stable single-walled carbon nanotube
RSC Adv., 2023, 13, 31273–31291 | 31285
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(SWa-CNT)/Si SCs with a PCE greater than 11% aer 10 months
of ambient encounter was demonstrated.124 By inserting a GO
interlayer to develop a G/Si interface, new structure of G/GO/Si
SC occupies 95% of its original level aer one week of storage
in the open air.125 Similarly, an Al2O3 interlayer was inserted by
Rehman et al.115 among the graphene and Si to inhibit the
surface charge recombination at the interface, and their SC
maintained its efficiency without degradation even aer 9
months of exposure to ambient air. Initially, chemical doping of
graphene led to a signicant deterioration of G/Si SCs. Recently,
GO demonstrated some PCE durability where Yavuz et al. pub-
lished the degradation in PCE less than 1% aer 3 weeks.79,126

Nevertheless, more research into the stability under various
parameters, such as humidity and temperature, is needed.
Moreover, alternative materials such as a CNT-oxide-Si cell with
a PDMS anti-reective coating were employed to reveal a small
drop in efficiency from 10.9% to 9.1% in air over 20 days. Thus,
materials with high durability, like CNTs, can be utilized to
Fig. 13 The promising prospects of van der Waals graphene heterojunc

31286 | RSC Adv., 2023, 13, 31273–31291
ensure the stability of a SC. Investigating new SC structures,
such as introducing an interlayer to engineer G/Si interface to
create a metal–insulator–semiconductor (MIS) structure, could
also be a vital direction in this eld.

Secondly, although the PCE of G/Si SCs managed 15.8% in
a few years, it still falls short of the PCE achieved by commer-
cially available Si–p–n junction SCs. One of the limitations
contributing to this is the decreased electrical conductivity and
fwf of graphene. As a result, the energetic region of current
studies involving G/Si SCs is relatively small (<10 mm2).
Researchers demonstrated the device performance in various
device areas from 4 to 100 mm2. Interestingly, the PCE
decreased from 10.56% to 3.62%, with an increase in the device
area. This reduction in efficiency can be attributed to series
resistance, which inuences performance of SCs at larger
scales. This result underscores the direct relationship between
the energetic region of a SC and its overall behavior.127

Furthermore, it has been reported in another study that the PCE
tions integrated into the solar energy harvesting.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of G/Si SCs lowered from 14.5% to 10.6% as the active region
raised from 4.7 mm2 to 14.5 mm2.97 However, through interface
engineering, it has been demonstrated that G/Si SCs can reach
a PCE over 7% with a device region of 0.09 cm2.125 It is essential
to raise the active area to a minimum of 0.1 cm2 for further
improvement. Due to high sheet resistance of the graphene
layer, the collection efficiency of photogenerated charge carriers
would be decreased with a larger size of the device's active area.
A grid electrode has been introduced to the traditional window-
based device structure to reduce the resistance of graphene
layer.128 This grid electrode design facilitates low-resistance
contact with the graphene layer and enhances carrier collec-
tion efficiency. Therefore, employing a ne metal electrode
design on the front side is essential to favor carrier collection
throughout the entire device region. Another signicant matter
is the long-term durability of these G/Si SCs. With the passage of
time, the performance of these SCs begins to deteriorate,
particularly aer the doping process. A number of researchers
have studied the durability of G/Si SCs during storage and
attempted to mitigate the deterioration. Xie et al.95 noted
outcomes aer various time intervals, indicating that the PCE of
G/Si SCs decreased from 10.40% to 7.42% within 3 months.

Third, graphene is commonly moved on a Si substrate to
create an SJ. However, graphene is fragile, and the remaining
copper particles may stay on the graphene lm aer wet
etching.129,130 These contaminants at the G/Si interface can act
as short-circuit channels, resulting in current loss. As expected,
the leakage current becomes more prominent as the device area
increases. Therefore, the increased area of graphene is an
important parameter affecting collection efficiency. To address
this issue, advanced manufacturing and transfer skills must be
addressed to reduce the aws and contaminants encountered
during the wet transfer method. Additionally, an alternative
approach involves directly growing graphene on the semi-
conductor surface, resulting in a more uniform graphene with
fewer structural defects.131

On the other hand, G/Si PVCs are progressing in large-scale
integration, offering high-efficiency and sustained solar tech-
nologies.84 Nevertheless, the performance of G/n-Si single-
junction cells falls short compared with that of p–n junction
of SCs due to some main causes, such as low Schottky barrier
height, transfer-based SC design, and high lateral resistivity of
graphene. The interfacial barrier height of G/n-Si SCs is fG −
fSBH = fG − cn-Si = 0.65 eV which is lower than the Si energy
bandgap (1.1 eV at 300 K). The G/Si SC designs evolved by
moving graphene onto the Si substrates through a polymer-lm-
based chemical-transfer procedure. This process can cause
defect centers, exacerbating interfacial carrier recombination
and ultimately lowering the PV performance. The mobility of
charge carriers of layer graphene grown by CVD is better than
other methods. Nevertheless, a single graphene layer has
a higher sheet resistance (100–100 U−1) than the solar-grade
doped Si (50–100 U−1) of the p–n junction SCs.132 Such high
lateral resistivity of graphene lms results in inefficient losses
such as increased RS and decreased ll factors in G/Si PV het-
erojunction cells. Several approaches to overcoming the chal-
lenges of G/Si PV devices have been explained.84 The following
© 2023 The Author(s). Published by the Royal Society of Chemistry
part outlines strategies for tuning the interface utilizing suit-
able interlayers and modulating the functionality of graphene,
all aimed at reaching highly efficient and robust G/Si SCs.

Graphene's impact on the eld of solar energy harvesting
devices is not limited to revolutionizing renewable energy
assets. It is also a promising material for smart energy genera-
tion and storage devices. Nevertheless, conventional energy
generators are incapable of providing responses to environ-
mental changes and traditional energy storage devices lack
functionalities other than providing electricity, posing chal-
lenges. However, graphene owing to its microscopic structure
modication and exceptional physicochemical properties offers
potential solutions to these issues. Thus, intelligent energy
generation and storage and smart electric devices that can
engage with receptive to external stimuli are becoming
increasingly important and highly demanded. Recently, the key
advances that involve the integration of graphene into smart
energy generation and storage systems were systematically
reviewed by Ye et al.133 In the context of smart energy genera-
tion, the authors discussed graphene-derived electric genera-
tors that can harvest electricity in response to external stimuli,
such as owing liquid, moisture, pressure force, friction, and
heat. These advanced energy storage solutions exhibit remark-
able features such as wearability, deformability, printability,
responsiveness to stimuli, integration capabilities, miniaturi-
zation, and self-healing properties, showcasing the exciting
possibilities enabled by graphene in the realm of energy
storage.

Industrial production has been extremely high with
a massive global demand for graphene-based commercial
products. In PVs, graphene has been discovered as an electrode
in SC technologies thanks to its brilliant properties. Recent
advancements in G/Si-based (SB-SCs) have received consider-
able attention. With the noble continued efforts of researchers,
the PCE for G/Si SCs has dramatically increased from 1.65% to
15%, which is comparable to that of metal halide perovskite
cells with the highest efficiency of 20–22%.134 However, there is
a great opportunity for enhancement in the behavior of G/Si
SCs. To improve the overall PCE of G/Si SCs, chemical doping
of graphene, interfacial layer utilization, and anti-reection
coatings have played signicant roles. The surface recombina-
tion in inuencing FF was expanded with prominence on the
passivation approach and the use of a thin hole transport
interlayer. All parameters such as JSC, VOC, and FF, eventually
establish the PCE of certain G/Si SCs. In perceptions, G/Si
appears to offer new utilizations for future-generation SCs.
Despite its fast progress, there are challenges and limitations to
its implementation on a commercial scale. One of the major
challenges lies in achieving continuous graphene growth with
excellent material quality. Additionally, the environmental
durability of G/Si SCs is a concern. However, recent advance-
ments suggest that graphene-based electronics combined with
Si can lead to high-efficiency SCs with commercial viability.
Therefore, G/Si heterostructure systems demonstrate industrial
potential, as efforts are being made to reduce costs and capi-
talize on their lightweight nature and corrosion resistance,
making them an ideal material for PVs. Several companies and
RSC Adv., 2023, 13, 31273–31291 | 31287
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research institutes are now emphasizing on graphene chemistry
R&D to enhance the efficiency and production of induced gra-
phene in SCs. Following the successful implementation of
graphene electrodes in the SC, various other electronic entities
are exploring improving graphene in their machinery in order
to reach the same level of efficiency in those sectors. The
automotive industry can becomemore environmentally friendly
by incorporating SCs, which enhance the speed and range of
solar cars. In conclusion, graphene-induced SCs are considered
one of the most signicant inventions of this decade, capturing
the attention and driving the development of the global scien-
tic community. Furthermore, scientists are actively working
towards enhancing the efficiency of graphene-based SCs to
maximize energy harnessing. By promoting solar energy, gra-
phene holds a key role in facilitating sustainable, clean, and
environmentally friendly energy productions and utilization
worldwide (Fig. 13). Importantly, graphene's success extends
beyond SCs to encompass various notable applications,
including sensors, photodetectors, and smart energy generation
and storage devices.
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