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A B S T R A C T

Owing to fascinating optical and electronic properties, graphene has attracted significant attention as an
active component in energy harvesting. Steady advances have been achieved in last decade on the hybrid
graphene/silicon Schottky solar cells that are based on an unconventional Schottky structured junction. In
this brief review, we outlined the device physics and technical strategies devised to improve the power
conversion efficiency of the hybrid graphene/silicon Schottky solar cells. The research results accumulated in
the graphene/silicon prototype are expected to promote the low-cost solar cells.

1. Introduction

Among various energy sources, solar energy represents a clean and
renewable one that is environmentally friend and inexhaustible in
supply. Photovoltaics, which deals with subjects converting solar power
into electricity, has long been an active research area since the energy
crisis began in the 1970s [1–3]. At present, solar cells have experienced
generations with the core photovoltaic conversion material ranging
from crystalline silicon (c-Si) [3,4], semiconductor thin films [5–8] to
low-cost organic/polymers [9,10] and dye-sensitized TiO2/perovskites
[11–14]. To extend the optical absorption range and increase the power
conversion efficiency (PCE), solar cells with multiple junctions were also
explored in lab research. At present, the records of PCE for c-Si and
multijunction solar cells reach 25.3% and 38.8%, respectively, under
one-sun condition [15]. While continuous progress has been achieved,
two research topics, lower unit cost and higher PCE, remain the main
targets in this active research field. To these ends, emerging materials
with advanced properties were constantly employed to explore possible
advance in photovoltaics. In this context, graphene attracted great
interest because of its extraordinary optical and electronic properties
[16–25].

1.1. Advantage of graphene

Graphene is a single layer of hexagonally packed carbon atoms
(Fig. 1a) that exhibits superior properties. As a highly trans-
parent (∼97% optical transmissivity [16]) and conductive (30–
100 mΩ/square [17]) material (Fig. 1b) with high crustal abundance,
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once isolated, it has attracted great attention to replace rare earth
contained indium tin oxide (ITO) as transparent electrodes for producing
low-cost solar cells [17–19]. In particular, this anticipation becomes
increasingly viable with the development of large-area synthesis and
roll-to-roll transfer technique of high-quality chemical vapor deposition
(CVD) graphene. Additionally, the layered atomic structure is free
of dangling bonds at graphene surfaces (Fig. 1c) which ensures low
carrier traps; together with the ultrahigh carrier mobility (up to 104

cm2/V−1s−1 [20]) (Fig. 1d), both factors would facilitate efficient collec-
tion of light generated carriers. Furthermore, the work function (WF) of
graphene can be widely tuned [21–23], which means that graphene can
serve as both p-type and n-type electrodes. The flexibility of conduction
polarity may provide new conceptual architecture and design in solar
cells [26]. Hence, it is likely that graphene will also stimulate novel
applications in photovoltaics. Apart from the advantages above, it
deserves noting that as compared with other novel two-dimensional
materials (such as dichalcogenides and black phosphorus), graphene
is generally superior for electronic applications in its environment
stability, mechanical strength, and crystalline quality in large-scale
synthesis.

Although steady progress on graphene Schottky solar cells has been
achieved in recent years, the device physics (especially the unique
role of graphene) remain not fully understood. To uncover the role of
graphene, the mature c-Si is often adopted to combine with graphene
to form the Schottky solar cells [27–31] because most parameters of
c-Si (such as crystalline quality, doping content, and energy levels) are
well controlled. The Schottky solar cells are simple in structure and can
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Fig. 1. (a) Atomic structure of graphene. (b) Transmittance and resistivity for several transparent electrodes. (c) Comparison of surface condition between graphene
and silicon. (d) Conductivity vs. gate bias to extract carriermobility of graphene.
Source: Panels b and d are adapted from Refs. [17] and [20], respectively.

be swiftly constructed in labs by directly stacking graphene onto doped
silicon, which could be an advantage in terms of commercial cost.

1.2. Preparation method of graphene/silicon heterojunction

In general, the whole preparation process of the graphene/silicon
heterojunctions can be divided into two main steps: (1) pretreatment
of SiO2/Si substrates; (2) making contact between graphene and bare
silicon region, as shown in Fig. 2a. To this end, the SiO2/Si substrates are
firstly metallized with designed electrode patterns (e.g. defining circular
or square gold electrodes by photolithography and metal deposition).
Afterwards, the SiO2 capping layer within the patterned electrodes is
etched out via pure or buffered HF solution, in order to expose the
active silicon area. Finally, large-area graphene is directly transferred
onto the exposed silicon to form the graphene/silicon heterojunctions,
while the edges of graphene are connected with the patterned electrodes
for external wiring.

1.3. Working principle and device parameters

Working principle. Most solar cells share same photovoltaic con-
version processes that can be roughly divided into three steps: (1)
Absorption of light and generation of electron–hole pairs in semicon-
ductor layers; (2) Separation of electrons and holes by a built-in electric
field in the junction areas; (3) Extraction of minority charge carriers to
external electrodes. In contrast to the conventional silicon solar cells that
base on pn junctions (Fig. 2b), the hybrid graphene/silicon solar cells
are composed of Schottky junctions (Fig. 2c). The difference between
the two types of junctions is the magnitudes of built-in electric field
and barrier height for blocking majority carriers, which are strongly
related to the rates of hole/electron separation and recombination. Due
to the lack of one semiconducting component, the barrier height for
majority carriers in the Schottky junctions is normally lower, resulting in
deleterious hole/electron recombination. Hence, additional engineering
on device performance is often required for the Schottky solar cells.

Transport mechanism. Despite the difference in band diagram,
both types of junctions share a same transport mechanism. The carrier
transport can be described by a thermionic emission process where the
thermally activated carriers overcome the junction barrier under the net
electric field (sum of external biasing and built-in ones). The Schottky
barrier height (𝛷SBH) also changes with junction bias (V ). According
to the thermionic emission theory, the dark J–V characteristics of
graphene/silicon device can be expressed as [32,33]:

𝐽 = 𝐽𝑠

[
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where 𝐽𝑆 is the reversed saturated current density, A * is the effective
Richardson constant, n is the diode ideality factor, e is the elementary
charge, 𝑘𝐵 is the Boltzmann’s constant, and T is the absolute tempera-
ture. One can evaluate n and 𝛷SBH by linear fitting of lnJ versus V curve
in the forward bias linear region. The value of ideality factor reflects
the quality of junction interfaces and describes how far a diode deviates
from an ideal one. An ideality factor of 1 corresponds to an ideal diode
dominated by diffusion current, while 𝑛 = 2 corresponds to transport by
recombination current [33].

Extracting series resistance (𝑹𝐬). When taking the series resistance
𝑅𝑆 into account, at reasonably high V regime the J–V characteristics
can be expressed as [26]:
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Based on the equation above, the 𝑅𝑆 of graphene/silicon device can
be extracted by plotting dV/dlnJ as a function of J.

Filling factor (FF). The ‘‘filling factor’’ is a parameter which, in
conjunction with open-circuit voltage (𝑉𝑜𝑐) and short-circuit current
(𝐼𝑠𝑐), determines the maximum power from a solar cell. Thus:

𝐹𝐹 =
𝑉𝑃 𝐼𝑃

𝑉𝑂𝐶𝐼𝑆𝐶
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