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a b s t r a c t

Two-dimensional (2D) materials such as graphene and transition metal chalcogenides (MX2, M: transi-
tion metal, X: S, Se, Te) have emerged as a new class of materials due to their high carrier mobility, high
transparency, tunable band gap, low cost, and solution-processable properties. These materials can be
fabricated into single layers or few layers through facile processes such as chemical vapor deposition
or mechanical exfoliation to unlock their superior electrical and optical properties. The ability to tune
the work function enables their application as hole transport layers and electron transport layers in opto-
electronic devices. In this review, we focus on recent progress in the application of 2D materials as hole
transport layers and electron transport layers in organic solar cells and perovskite solar cells.
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Introduction

In recent years, the need for renewable and sustainable energy
resources has dramatically increased due to depleting resources of
fossil fuels such as coal and oil. Among methods that produce clean
and sustainable energy such as wind energy, hydraulic energy, and
bio energy, turning solar energy to electric energy is most promis-
ing due to the unlimited energy provided by the Sun. Specifically,
Si-based solar cells have been developed and applied in practice
since 1970 [1]. However, the expensive fabrication method of Si-
based solar cells has prohibited their wide usage. Thus, the replace-
ment of Si-based solar cells with other types including dye-
sensitized solar cells, organic solar cells (OSCs), quantum dot solar
cells, and perovskite solar cells (PSCs) has been intensively investi-
gated [2–5]. Emerging as a new class of solar cells, OSC and PSC
have received tremendous attention due to their high power con-
version efficiency, flexibility, and possibility of low-cost fabrication
via a roll-to-roll process [6–8]. The power conversion efficiency
(PCE) has been reported to be over 10% for OSCs and over 20%
for PSCs [9–11]. PSCs have been predicted to beat commercial Si-
based solar cells in the market due to their ease of fabrication
and extremely high PCE, which significantly reduces the produc-
tion cost.

Advancements in OSCs and PSCs are still underway through
investigations on the active layer, electrodes, and interlayers, to
boost their efficiency and to realize the stability needed for com-
mercial use. One of the strategies to improve device performance
is the insertion of interlayers between the active layers and elec-
trodes to facilitate charge collection [12]. Generally, high-work-
function polymers and metal oxide have been utilized as hole
transport layers (HTLs) [13–15], whereas low-work-function poly-
mers and metal complexes have been employed as electron trans-

port layers (ETL) [16,17]. Poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS) is widely used as an HTL, but it
has several problems including high acidity of suspension
(pH � 1), hygroscopic properties, and inhomogeneous electrical
properties, resulting in poor long-term stability [18–20]. In addi-
tion, the metal oxide compounds for HTL or ETL are normally fab-
ricated via low vacuum deposition, which increases the fabrication
cost [14,15]. Therefore, abundant and solution-processable materi-
als with low cost and high stability for HTL and ETL in OPVs and
PSCs need to be identified.

Since a single layer of graphene was successfully fabricated by
Novoselov et al. in 2004, the electrical and optical properties of
graphene have been significantly enhanced [21,22]. The two-
dimensional (2D) structures of transition metal dichalcogenides
have also been explored, opening a universe of applications for
2D materials in the field of optoelectronic devices [23–25]. It is
reported that the work functions of 2D materials are tunable
through functionalization or specific treatment methods [26–28].
Further, 2D materials can be fabricated easily via solution-
processable techniques [29,30]. Thus, 2D materials are highly
promising alternatives to the traditional HTL and ETL materials
in OSCs and PSCs. The recent progress in applying 2D materials
to OPVs and PSCs are summarized and discussed in this review.

The application of 2D materials as buffer layers in organic solar
cells

Graphene oxide (GO) and its derivatives

GO was used as an HTL in 2010 by Li et al. GO showed PCE com-
parable to that of PEDOT:PSS-based OSCs, demonstrating its poten-
tial in the field of optoelectronic devices, as shown in Figs. 1 and 2

Fig. 1. (a) Schematic of the photovoltaic device structure consisting of the following: ITO/GO/P3HT:PCBM/Al. (b) Energy level diagrams of the bottom electrode (ITO);
interlayer materials (PEDOT:PSS, GO), P3HT (donor), and PCBM (acceptor); and the top electrode Al. Adapted with permission from Ref. [31].
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