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A multifunctional 2D black phosphorene-based
platform for improved photovoltaics

Meng Zhang, Gill M. Biesold and Zhiqun Lin *

As one of the latest additions to the 2D nanomaterials family, black phosphorene (BP, monolayer or few-

layer black phosphorus) has gained much attention in various forms of solar cells. This is due largely to its

intriguing semiconducting properties such as tunable direct bandgap (from 0.3 eV in the bulk to 2.0 eV in

the monolayer), extremely high ambipolar carrier mobility, broad visible to infrared light absorption, etc.

These appealing optoelectronic attributes make BP a multifunctional nanomaterial for use in solar cells via

tailoring carrier dynamics, band energy alignment, and light harvesting, thereby promoting the rapid

development of third-generation solar cells. Notably, in sharp contrast to the copious work on revealing

the fundamental properties of BP, investigation into the utility of BP is comparatively less, particularly in

the area of photovoltaics. Herein, we first identify and summarize an array of unique characteristics of BP

that underpin its application in photovoltaics, aiming at providing inspiration to develop new designs

and device architectures of photovoltaics. Subsequently, state-of-the-art synthetic routes (i.e., top-down

and bottom-up) to scalable BP production that facilitates its applications in optoelectronic materials and

devices are outlined. Afterward, recent advances in a diverse set of BP-incorporated solar cells, where BP

may impart electron and/or hole extraction and transport, function as a light absorber, provide dielectric

screening for enhancing exciton dissociation, and modify the morphology of photoabsorbers, are

discussed, including organic solar cells, dye-sensitized solar cells, heterojunction solar cells and perovskite

solar cells. Finally, the challenges and opportunities in this rapidly evolving field are presented.

1. Introduction

The past few decades have witnessed the exponentially growing
interest in two-dimensional (2D) materials across a wide range
of science and engineering disciplines owing to their unique
structures and outstanding properties. Among the family of 2D

nanomaterials, black phosphorene (BP, monolayer or few-layer
black phosphorus) as one of the newest additions has gained
significant attention due to its intrinsic semiconducting
properties for use in optoelectronics and nanoelectronics.1 BP
was first exfoliated in early 2014 using a scotch-tape micro-
cleavage method, a well-known approach for graphene
isolation.2 Although research into the potential applications
of BP is at an early stage, tremendous efforts centered on
investigating its fundamental properties have provided a
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distinct recognition of BP in the 2D material community. BP
was revealed to be an ambipolar semiconductor with a tunable
direct bandgap (Eg) ranging from 0.3 eV in the bulk to 2.0 eV in
the monolayer, thus perfectly bridging that of graphene (Eg = 0)
and semiconducting transition metal dichalcogenides (Eg 4
1.57 eV).3,4 Moreover, in contrast to other 2D materials, BP
possesses not only strong in-plane anisotropy but also out-
standing properties (e.g., good carrier mobility, high current
on/off ratio, and excellent thermoelectric properties).1 In the
latter context, few-layer BP-based field-effect transistors (FET)
have been reported to demonstrate a current on/off ratio of 105

and a hole mobility of up to 1000 cm2 V�1 s�1.2 Notably,
intriguing properties in conjunction with a unique 2D structure
make BP an ideal candidate for application in many fields.
To date, BP has been effectively utilized in transistors, batteries,
supercapacitors, catalysis, and solar cells, clearly highlighting the
significance and prospects of BP for energy and sustainability.

Solar cells are recognized as an extremely promising area for
use of BP-based materials.5,6 In recent years, the need for
renewable and sustainable energy resources has greatly
increased due to fossil fuel depletion. Solar cells, converting
solar energy directly into electricity, have great potential to
solve energy and environmental concerns at low cost. As the
first-generation photovoltaics developed in the 1970s, Si-based
solar cells face issues associated with expensive fabrication cost
which limit their wide use.7,8 Notably, the development of the
second-generation photovoltaics (i.e. thin-film solar cells) is
also plagued by the same issue.7 Recently, as the third-
generation photovoltaics, organic solar cells (OSCs), dye-
sensitized solar cells (DSSCs), heterojunction solar cells (HJSCs)
and perovskite solar cells (PSCs) have emerged as alternatives
to Si-based solar cells. Among them, PSCs have received
tremendous attention. Since the introduction of PSCs in
2009, their power conversion efficiency (PCE) has increased
from 3.8% to 25.5% using solution-based deposition methods,9

demonstrating their promising potential to rival commercial
Si-based solar cells due to the high PCE and easy solution
fabrication of PSCs.10 It is worth noting that extensive efforts
are centered on investigating the active layer, electrodes, and

interlayers to improve the efficiency and stability of the third-
generation photovoltaics needed for commercial applications.
Specifically, PSCs experience low stability and scale-up
efficiency.10 On the other hand, OSCs, DSSCs and quantum
dot-sensitized solar cells (QDSSCs) do not possess competitive
PCE over Si-based solar cells.9 Due to a set of intriguing
semiconducting properties, 2D BP may operate in a multi-
functional manner, including tailoring carrier dynamics,
improving band energy alignment, enhancing light harvesting,
etc., in different categories of photovoltaics,5 demonstrating its
potential in advancing the third-generation photovoltaics.

In this review, the recent progress in capitalizing on extra-
ordinary attributes of BP in various photovoltaics is discussed.
First, a general overview of the structure and fundamental
properties of BP is provided, and the application of BP in
photovoltaics is highlighted. Subsequently, the current scalable
synthetic routes to BP nanosheets and quantum dots that
facilitate their implementation for use in optoelectronic materials
and devices are summarized. Then, recent advances in a variety of
BP-incorporated solar cells, including OSCs, DSSCs, HJSCs and
PSCs, is assessed, where BP imparts electron and/or hole
extraction and transport, light harvesting, and dielectric screening
for enhancing exciton dissociation and modification of the photo-
absorber morphology to improve device performance. Finally,
challenges and opportunities that may enable advanced
implementation of BP in photovoltaics are outlined. This review
may guide future fundamental and applied research that
capitalizes on the peculiar properties of BP for use in a rich
variety of optoelectronic materials and devices.

2. An array of appealing properties of
BP for use in photovoltaics
2.1. Crystal and atomic structure

Phosphorus is one of the most abundant elements on the earth
and possesses four allotropes: white, red, violet, and black, all
named according to their appearance. White phosphorus and
red phosphorus, the two major allotropes, readily catch fire and
are unstable in ambient air. Black phosphorus is the most
thermodynamically stable and conductive allotrope. It was first
discovered in 1914 via a high pressure (up to 1.2 GPa at 200 1C)
transformation of white phosphorus.11 Black phosphorus bulk
crystals consist of stacked layer structures and have been
termed phosphorene. The interlayer interactions between these
stacking layers are comparable to van der Waals interactions,
which can be easily broken to obtain monolayer or few-layer
phosphorene (BP). The inherent properties of 2D nanostructures
such as large specific surface area, in-plane confinement of
electrons, and flexibility could have a substantial impact on
photovoltaics in a host of occasions. Particularly, 2D materials
are perfect candidates for interfacial application in solid-state
solar cells. The formation of van der Waals heterostructures
couldmodulate the band alignment, charge distribution, separation,
and transport.
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Structurally, monolayer BP consists of covalently bonded sp3

hybridized phosphorus atoms. Each P atom is saturated,
covalently bonded to three neighboring P atoms, and has one
lone-pair of electrons. This bonding leads to a quadrangular
pyramid structure resembling a puckered honeycomb (Fig. 1).12

The puckered layer can be regarded as two parallel planes with
the P atoms in each plane arranged along zigzag-like and
armchair-like geometric edges. The lattice constants for the
armchair and zigzag edges are 4.37 Å and 3.31 Å, respectively,
and the dihedral angle and hinge angle have been measured to
be 1021 and 961, respectively. The similarity in the distance of
the adjacent P–P bond length (d1 = 2.224 Å) and the connecting
bond length (d2 = 2.244 Å) can be ascribed to the covalent bonds
derived from phosphorus 3p orbitals.12 Few-layer BP forms
from the stacking of BP monolayers via a weak interlayer
interaction (20 meV atom�1).6 The sheet–sheet spacing between
two BP layers is around 5.3 Å, which is greater than the
interlayer spacing of graphene (3.4 Å). The relatively large
spacing is due to its puckered structure, as well as the AB
Bernal stacking of two BP layers in the unit cell.6 The sp3 orbital
hybridization results in a highly asymmetric structure and
unique in-plane anisotropic properties of BP. This anisotropy
is significantly reflected in the effective masses and anisotropic
behavior of electrons, photons, and phonons.13,14 The aniso-
tropy adds a new dimension to the properties of 2D BP-based
materials and stimulates the development of angle-resolved
photonics and electronics. The application of BP’s anisotropy
remains an unexplored area in photovoltaics and may stimulate
the development of smart photovoltaic devices.

2.2. Electronic band structure

The electronic band structure of BP exhibits two significant
characteristics: a layer-independent direct bandgap and layer-
dependent bandgap value.15 The consistent direct bandgap of
BP differentiates it from most of the other 2D semiconductors

(such as MoS2 and WS2) which present a gap at the K point and
display an indirect-to-direct bandgap transition upon going
from bulk to monolayer.1,16 Notably, the band gap of BP
remains direct at the G point of the Brillouin zone and is
independent of the number of layers.17 The bandgap of bulk BP
is also direct, but it moves to the Z point of the Brillouin zone.2

The constant direct bandgap of BP greatly expands its opto-
electronic applications.

Another representative characteristic of BP is its thickness-
dependent bandgap. The valence band maximum (VBM) and
conduction band minimum (CBM) of BP are composed of a
mixture of s and p orbitals (pz-orbitals).

18–20 The variation in
the magnitude of the band gap is due to the linear combination
of these pz orbitals with additional layers.20,21 The effect of the
number of BP layers on bandgap values has been widely
investigated both theoretically and experimentally.2,4,22,23

Though the exact magnitudes show a wide variation, the main
trend reveals that BP’s bandgap decreases with the increasing
number of layers, accompanied by the concurrent splitting of
the bands. Specifically, the bandgap of monolayer BP decreases
from about 2.0 eV to 0.3 eV in the bulk form based on the
calculations using the GW method in the G0W0 approximation,
which is one of the most reliable first-principles electronic
structure methods for bandgap determination.16 Notably, these
bandgap values are unique to BP and enable values unavailable
for graphene and transition metal dichalcogenides (TMD),
which makes BP particularly promising for various electronic
devices (Fig. 2).17 The band gap of BP has also been tuned with
strain, external electrical field, rotation angles between BP
sheets, functionalization, and doping.24–26 BP exhibits an
exceptional degree of tunability that has not been observed
for other 2D layered semiconductors, which makes it unique
for various applications.

To effectively utilize BP in photovoltaics, matching its energy
levels with that of other components used in solar cells to

Fig. 1 Atomic structure of black phosphorene. (a) Bird’s eye view, (b) top view and (c) side view. Reproduced with permission from ref. 12. Copyright
2015, The Royal Society of Chemistry. Note: X and Y axes correspond to the armchair and zigzag directions, respectively.
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achieve a cascade band gap alignment is of great importance.
Charge transfer processes must be energetically favorable in
order to achieve high photovoltaic performance. The bandgap
and energy levels of the BP (from 1 to 5 layers) are plotted and
compared with the commonly used components in emerging

solar cells, including PSCs, OSCs, and DSSCs (Fig. 3). Notably,
the energy levels of few-layer BP are similar to those of various
functional components in solar cells, including light absorbers,
electron selective materials, and hole selective materials.
This similarity in bandgap indicates the potential for BP to
act as a multifunctional additive in photovoltaic applications. In
addition to altering the thickness, functionalization and doping
are other strategies that further enrich the toolbox in tailoring the
bandgap of BP for various optoelectronic applications.

2.3. Charge transport

High carrier mobility, the core parameter for electron–hole
transport, is one of the key prerequisites for materials in
photovoltaic applications. Bulk BP demonstrates slight p-type
conductivity with a positive Hall coefficient, but it exhibits high
mobility for both electrons and holes. The carrier mobilities of
bulk BP at room temperature are as high as 350 cm2 V�1 s�1 for
holes and 220 cm2 V�1 s�1 for electrons.28 These values can be
further increased up to 1000 cm2 V�1 s�1 for thin BP
nanosheets.2 Typically, the charge mobility of BP increases
with the increased thickness of up to about 10 nm in few-
layer BP (apart from the monolayer).29 The asymmetry and
anisotropy of carrier mobility in few-layer BP are inversely
related to the effective mass.6 Since the effective masses of
electrons and holes along the x direction are smaller than those
along the y direction, the conductivity along the x direction (the
armchair direction) is approximately one order of magnitude
greater than that along the y direction.6,30,31 However, it is
different in BP monolayers. The effective masses of electrons
(and holes) along the x and y directions are 0.17m0 (0.15m0) and
1.1m0 (6.35m0), respectively, in BP monolayers.30 The electron
mobility in the x direction (1140 cm2 V�1 s�1) is observed to be
higher than that in the y direction (80 cm2 V�1 s�1). However,

Fig. 2 Comparison of the band gap values for different 2D semiconductor
materials. Reproduced with permission from ref. 17. Copyright 2015,
American Chemical Society.

Fig. 3 Energy level diagram of black phosphorene (BP) and some representative materials commonly used in photovoltaics. The conduction band and
valence band values of 1–5-layer BP are taken from ref. 27, which was determined from HSE06 calculation. PTB7: Poly[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]-thiophenediyl]; PC71BM: phenyl-C71-butyric
acid methyl ester; C60: buckminsterfullerene; BCP: bathocuproine; spiro-OMeTAD: 2,20,7,70-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9 0-
spirobifluorene; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):polystyrene sulfonate; PTAA: polytriarylamine; P3HT: poly(3-hexylthiophene).
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the hole mobility in monolayer BP has been calculated to be
700 cm2 V�1 s�1 in the x-axis and 26 000 cm2 V�1 s�1 in the
y-axis.6,30 This extraordinarily large value of hole mobility for
monolayer BP in the y direction is a consequence of the
extremely small deformation potential (0.15 � 0.03 eV) and
occurs despite the fact that the carriers are very heavy
(6.35m0).

30 The carrier mobility of BP can be further modified
with applied strain via tuning the effective masses.31 Because
BP has superior charge carrier mobilities to that of the majority
of other semiconductors, it is particularly advantageous for
the separation and transport of electrons and holes for opto-
electronic applications.

2.4. Optical absorption

Because the bandgap of BP can be tuned from 0.3 eV in the bulk
form to about 2.0 eV in the monolayer, the absorption spectrum
of BP can cover a large range from infrared light to visible,
which makes it a good candidate for various optical applications
including solar cells. Optical absorption is intrinsically an electron–
photon interaction, which normally occurs at band edges.
Because BP has a layer number-dependent bandgap, the corres-
ponding photo absorption spectrum also changes with the
thickness of BP flakes. The optical bandgap of BP has been
widely studied through both experimental measurements and
theoretical calculations.6,22,32–34 It has been reported that the
absorption peak position for an N-layer BP can be expressed by

the formula EN;n ¼ 1:8� 1:46 cos
np

N þ 1

� �
; where n is the sub-

band index, n = 1 . . . N.22 The direct optical absorption
measurements demonstrated the optical band gaps of 1.38,
1.23, 1.05, 0.85, and 0.72 eV for 1–5 layers BP, respectively.32

The optical properties of BP are also very anisotropic, with
optical absorption being significantly dependent on the proto-
type orientation of BP. For example, BP absorbs polarized light
in the x direction but is transparent to polarized light along the
y direction.16,30 The absorption coefficient of BP in the x
direction is 10 times larger than that in the y direction, while
the photon diffusion coefficient along the x direction is nearly
16 times higher than that in the y direction.33,35 Since strain,
external electrical field, functionalization, and doping have a
significant effect on the band gap of BP, they can also be used
to tune the optical properties of BP. For instance, a 4%
compressive strain is reported to shift the optical band gap of
BP to the infrared region (energies between 1.1 and 1.7 eV),
while a 4% tensile strain enables absorption over almost the
entire visible range.33,36 The unique optical properties of BP,
particularly the ability to modulate its absorption wavelength
from the ultraviolet to near-infrared region, make it a promising
material in solar-energy-conversion processes, including photo-
catalysis, photochemistry, and photovoltaics.

2.5. Environmental stability

The three-fold configured phosphorus atoms possess a lone
electron pair in the BP structure, which can provide active sites
for bonding with oxygen atoms.37 Because of this, the few-layer
BP prepared by mechanical exfoliation has been observed to

readily degrade under ambient conditions. During degradation,
BP has been found to initially form PxOy on the surface, which
then further reacts with H2O and gradually transforms into
phosphoric acid. The oxidation-facilitated degradation of BP
stands in sharp contrast to the behavior of metals, for which
thin surface oxide layers have been found to prevent further
oxidation.38 The oxidation rate of BP has been found to
correlate to several external conditions such as oxygen concen-
tration, ambient humidity, and light exposure.39

Thus, improving the environmental stability of BP is crucial
before it can be used in any future photochemical applications.
Fortunately, many strategies including van der Waals interactive
encapsulation between two h-BN layers, graphene contacts
protection, and AlOx layer passivation have been reported to
preserve BP under ambient conditions for months.40–43 In
addition, the BP nanosheets produced by organic exfoliation
showed improved water and light stability due to the encapsulation
of BP surfaces by organic molecules.32,44,45 BP nanosheets
exfoliated in isopropanol were observed to be very stable without
any noticeable aggregation at room temperature for two months in
our previous work.46 Notably, BP has been shown to be sufficiently
stable for photovoltaic applications because its use as interfacial
layers or additives keeps it from directly contacting the ambient
atmosphere (Table 2).46–48 This is not true for other applications in
which BP is partly or entirely exposed to the ambient atmosphere
(e.g., field-effect transistors and catalysis).49

3. Scalable production of BP

Since BP was first synthesized via exfoliation in early 2014 using
a scotch-tape microcleavage method,2 various other techniques
have been developed to synthesize ultrathin BP, which can be
essentially divided into top-down and bottom-up methods. The
facile, precise, scalable, and low-cost preparation of BP is the
premise of its widespread application in photovoltaics. Therefore,
an outline of BP preparation and synthetic routes that are likely to
be adopted for large-scale implementation is provided in this
section. In this context, some techniques for BP preparation
which are only practical for use in laboratories for fundamental
research currently, such as mechanical exfoliation,2 plasma
etching,50 epitaxial growth,51 etc., are not discussed here. It is
worth noting that two-dimensional layered materials can form
other ultra-small nanostructures, including quantum dots (QDs).
Though BP nanosheets will be the focus of this review, selective
preparation of BPQDs is also included. Table 1 summarizes the
key performance metrics of various techniques for BP preparation
on a large scale. Currently, most BP preparation strategies utilize
top-down methods as there are yet no quite promising bottom-up
methods. More precise, controllable, and effective preparation of
BP is still urgently needed for BP to meet its potential for use in
optoelectronics.

3.1. Top-down approaches

3.1.1 Ultrasonic exfoliation. Ultrasonic exfoliation, which
is usually performed through bath ultrasonication or probe
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ultrasonication, is currently the most widely used top-down
method for BP preparation. It offers a set of advantages,
including a high yield, scalability, and solution processability.
Solution processability is particularly important because it
makes liquid phase exfoliation easily compatible with solution
processes common in industrial processing, such as centrifugation
and vacuum filtration. N-Methyl-2-pyrrolidone (NMP) was first
selected as an exfoliation solvent to produce BP colloidal
dispersions.3 BP nanosheets with thicknesses ranging from 3.5 to
5 nm were obtained in NMP after 24 h of ultrasonication in a
water bath. Since then, atomically thin BP nanosheets have been
ultrasonically exfoliated in a wide range of organic solvents,
including N-cyclohexyl-2-pyrrolidone (CHP),52 dimethyl formamide
(DMF),32,53 dimethyl sulfoxide (DMSO),32 isopropanol,53,54

acetone,53,55 and tetrahydrofuran (THF).56 The yield of BP mono-
tonically increases with the increasing boiling point and surface
tension of organic solvent (Fig. 4a and b).53 In addition to organic
solvents, water57,58 and ionic liquids59 also enable stable and high-
concentration dispersions of mono- to few-layer BP nanosheets
through ultrasonication-assisted exfoliation. Additives such as
NaOH60 and phytic acid61,62 have been introduced to further
improve BP exfoliation via ultrasonication. Their abundant
hydroxyl and phosphorus groups can intercalate into the BP
interlayers and thus aid in exfoliation. Ice-assisted exfoliation
carried out by pre-freezing bulk BP dispersion prior to ultra-
sonication is also developed to increase exfoliation efficiency and
improve BP morphology.63

During ultrasonication, small voids are created by the
ultrasound-generated alternating cycles of high and low pressure,
which leads to the fragmentation of the BP nanosheets. Thus,
extending sonication time facilitates the generation of BPQDs.
However, preparing QDs via direct ultrasonic exfoliation usually
results in a wide size distribution and relatively low yield. Thus,
grinding and sonicating are usually integrated to boost the yield

of high-quality BPQDs.64–66 The integration of first probe and then
bath sonication further enables the use of bulk BP crystals as raw
materials in BPQD production, which also enhances the reprodu-
cibility of BPQDs compared to the grinding and sonicating
methods.67

3.1.2 Electrochemical exfoliation. Electrochemical exfoliation
is another facile, scalable, and economic strategy for 2D material
preparation in which ions are driven by an external bias to
intercalate interlayers and weaken interlayer vdW adhesion.
Electrochemical exfoliation of BP was first conducted with bulk
BP serving as the anode in an acidic aqueous solution of H2SO4.

68

Yet, the exfoliated BP nanosheets were more prone to oxidation,
which is also favored by the anodic exfoliation process itself.
In this context, cathodic exfoliation of BP was developed, and it
was found to result in less BP oxidation than anodic
exfoliation.69–73 Different intercalating agents, such as tetrabuty-
lammonium hexafluorophosphate,69,72,74 tetra alkylammonium
(TAA) tetrafluoroborate salts,70,73 hexadecyltrimethyl–ammonium
chloride,71 and phytic acid75 have been adopted for cathodic
exfoliation of BP in an organic solvent or aqueous solution. In
addition to nanosheets, BPQDs with a small lateral size of 6–8 nm
are also prepared by judiciously engineering electrochemical
exfoliation factors, such as applied potential, electrolyte com-
position, and especially the intercalating ions.76,77 Recently,
electrochemical anodic exfoliation has been readopted, and it
interestingly demonstrates the exfoliation of BP nanosheets,
BPQDs and zigzag-BP nanobelts via an oxygen-driven mechanism
in an aqueous solution by simply changing the applied current
densities to adjust the oxidation rate.78

3.1.3 Shear-assisted exfoliation. The main drawback of the
ultrasonic exfoliation method is its time-consuming nature
(taking at least several hours), which also negatively affects
the lateral size of BP flakes both in terms of size and size
homogeneity. In this context, shear-assisted exfoliation as an

Table 1 Comparison of various techniques for scalable BP preparation

Technique Precursor

BP nanosheets
Works for
BPQD
preparation?

BPQD
uniformity Key aspectsThickness Lateral size

Sample
uniformity

Top-down
approaches

Ultrasonic
exfoliation

Bulk BP Single to
few layer

Tens of nanometers
to micrometers

Low Y Low Time-consuming

Electrochemical
exfoliation

Bulk BP Single to
few layer

Tens of micrometers High Y Relatively
high

Highly controllable, large
lateral size

Shear-assisted
exfoliation

Bulk BP Few layer Hundreds of
nanometers to
micrometers

High Y High Timesaving, high
reproducibility

Solvothermal
exfoliation

Bulk BP Few to
multilayer

Several micrometers Low Y Relatively
high

Relatively time-consuming

Microwave-
assisted
exfoliation

Bulk BP Few to
multilayer

Hundreds of
nanometers to
micrometers

Low Y Relatively
high

Very timesaving, more sui-
table for BPQD preparation
compared to nanosheets

High energy ball
milling

Bulk BP Few layer Tens of nanometers Low Y Low Relatively time-consuming,
not suitable for BP
nanosheets preparation

Bottom-up
approaches

Pulsed laser
deposition

Bulk BP Single to
few layer

Centimeter High — — Highly controllable; large
lateral size, extreme
reaction conditions

Wet-chemistry
synthesis

Red phosphorous;
white phosphorus

Few layer Tens to hundreds of
nanometers

Low — — Low crystallinity, easy
oxidation

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
0 

N
ov

em
be

r 2
02

1.
 D

ow
nl

oa
de

d 
by

 th
e 

G
eo

rg
ia

 T
ec

h 
Li

br
ar

y 
on

 4
/2

1/
20

22
 7

:4
2:

38
 P

M
. 

View Article Online

https://doi.org/10.1039/d1cs00847a


13352 |  Chem. Soc. Rev., 2021, 50, 13346–13371 This journal is © The Royal Society of Chemistry 2021

alternative liquid phase exfoliation method to ultrasonic exfo-
liation is adopted to enable high yield BP production within a
shorter time. A household kitchen blender, shear mixer and
vortex fluidic device have been used to provide shear stress to
break down interlayer van der Waals forces of the bulk BP
crystals.79–81 Highly crystalline mono- or few-layer-thick BP
sheets on a micrometer scale can be obtained within only 30
min using shear exfoliation due to ultra-high turbulent shear
rate. Particularly, a very narrow thickness distribution of BP
nanosheets was observed via shear-assisted exfoliation com-
pared to other liquid phase exfoliation methods.80 BP
nanosheets with a very narrow thickness distribution of 4.3 �
0.4 nm were exfoliated using a vortex fluidic device.80 In
addition to the nanosheet counterpart, BPQDs with high yield
were also produced using a household kitchen blender-assisted
exfoliation.82 The size of the produced BPQDs can reach up to
B2 nm with a thickness of only 0.58 nm (B1 layer).82 These
encouraging results demonstrate the promise of using shearing
processes in scalable BP nanosheets and BPQD production.

3.1.4 Solvothermal exfoliation. Relatively high temperature
and pressure promote the intercalation of solvent molecules
into the interlayers of 2D materials, thus facilitating their
exfoliation into nanosheets or QDs. In this context, solvothermal
exfoliation was developed for BP preparation with a nitrogen-
protected atmosphere applied to avoid the degradation of
BP.83–86 BP nanosheets have been prepared using solvothermal
treatment followed by subsequent ultrasonic treatment.83

The thickness and lateral size of BP nanosheets can be easily
controlled by the ultrasonication time after solvothermal treat-
ment. High-quality BP nanosheets with an average thickness of
approximately 2 nm and a lateral size of up to 10 mm were
obtained with only 1 h of ultrasonication after solvothermal
treatment at 200 1C for 24 h.83 With well-ground BP powders as
the starting material, ultrasmall BPQDs can be prepared in large
scale by using a solvothermal method even without further
ultrasonic treatment. BPQDs within a range of 1–3 nm were
prepared at a temperature of only 140 1C for 6 h via solvothermal
exfoliation.84–86

3.1.5 Microwave-assisted exfoliation. Microwave-assisted
exfoliation greatly shortens the time in fabricating high-
quality BP on a large scale through the combined microwave
and thermal effects.87–90 Notably, few-layer BP nanosheets can
be obtained in only several minutes with this approach.87,88

Yet, the thickness and size homogeneity of the as-prepared BP
nanosheets via microwave-assisted exfoliation are worse than
those obtained with ultrasonic exfoliation. BP nanosheets
consisting of few layers to multilayers (B18 layers) and lateral
dimensions ranging from hundreds of nanometers up to
B4 mm were attained.87 Although microwaves benefit the
isolation of BP sheets, the increased temperature was found
to facilitate the fragment of BP into small-sized QDs. It has
been demonstrated that BP nanosheets can be produced at
50 1C for 10 min and BPQDs can be achieved at 120 1C for
30 min via microwave-assisted exfoliation.90 Encouragingly,
differing from its nanosheet counterpart, BPQDs prepared via
microwave-assisted exfoliation possess both narrow thickness
and size distributions (B2–4 nm).90

3.1.6 High-energy ball milling. Large shear forces generated
from collisions during ball milling are widely used to exfoliate
2D materials. It is worth noting that the introduction of LiOH
additives during ball milling facilitates BP nanosheet exfoliation
and concurrently results in the functionalization of BP with
increased stability.91 Yet, similar to microwave-assisted exfoliation,
ball milling tends to generate BP nanosheets with a broad
thickness distribution (B0.7–6 nm, corresponding to B1–8 BP
layers).91 Thus, ball milling is more frequently used for BPQD
production.92–94 The average diameter of BPQDs varies based
on the milling period, speed, and solvent.92 Ultra-small BPQDs
were prepared via the liquid-based high-energy ball milling of
bulk BP for 6 hrs with ethanol as the solvent.93 The obtained
BPQDs possess an average lateral size of 6.5 � 3 nm and a
thickness of 3.4 � 2.6 nm. They are dispersed stably in ethylene
glycol and stable for more than two weeks.93 In addition to
using bulk BP, BPQDs can also be fabricated directly via high
energy mechanical milling of red phosphorous powder through
72 h of processing.94

Fig. 4 Ultrasonic exfoliated BP concentration in various solvents (a) with different boiling points before and after centrifugation, and (b) with different
surface tensions after centrifugation. Reproduced with permission from ref. 53. Copyright 2015, American Chemical Society.
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3.2. Bottom-up strategies

Bottom-up synthesis represents an alternative approach to
producing more precise 2D materials. Vapor deposition and
wet-chemical synthesis represent the most widely used bottom-
up routes for 2D material preparation. However, significant
challenges exist for their application in BP synthesis due to lack
of suitable precursors, the requirement of extreme reaction
conditions, and stability issues.95 Although large-scale BP
nanosheets have been prepared via pulsed laser deposition96

and wet-chemistry synthesis,97 significant efforts are still
needed to mitigate the rigorous reaction conditions and to
increase the crystallinity of the as-prepared BP nanosheets in
the future.

3.2.1 Pulsed laser deposition. The vapor deposition can be
divided into chemical vapor deposition (CVD) and physical
vapor deposition (PVD). Since most phosphorus precursors
are highly toxic and not suitable for direct CVD, currently, BP
nanosheets being made via CVD is carried out via the conversion
between phosphorous allotropes.98–103 Yet, the rigorous phase
transition conditions, including high pressure, high temperature,
and laser assisting, to yield high-quality crystalline BP, limit their
wide applications for large-scale BP synthesis. In this context, PVD
was developed as a more promising bottom-up technique for
large-scale BP nanosheet production. Pulsed laser deposition is
a PVD technique that was first developed to fabricate ultrathin
(2–8 nm) BP films by using bulk BP as a target.104,105 Amorphous
BP thin films can be deposited at a moderate temperature of
150 1C under a vacuum of 1.5 � 10�7 Torr. Recently, an ultrahigh
vacuum of B1.6 � 10�9 Torr and a relatively increased

temperature of 300 1C were adopted during pulsed laser
deposition to enable the large-scale growth of crystalline BP
nanosheets (Fig. 5a).96 It was found that the plasma-activated
region induced by laser ablation could provide highly desirable
conditions for BP cluster formation and transport. Centimeter
scale BP with precisely controlled thickness and high crystallinity
were deposited on mica substrates via manipulating the number
of laser pulses during deposition (Fig. 5b–e). Encouragingly, field-
effect transistors based on the as-prepared large-scale BP films
exhibited extremely high hole mobility of 213 and 617 cm2 V�1 s�1

at 295 and 250 K, respectively.96 The encouraging results signify
that pulsed laser deposition is a promising bottom-up method for
scalable BP nanosheet synthesis in the future.

3.2.2 Wet-chemistry synthesis. Wet-chemistry synthesis is
another bottom-up strategy for scalable BP production. Similar
to vapor deposition of BP nanosheets, allotropes of BP are
usually adopted as raw materials in solvothermal synthesis due
to the toxicity of phosphorus precursors.97,106,107 Polycrystalline
BP nanosheets were first hydrothermally synthesized via the
transformation of red phosphorous (RP) microspheres with
ammonium fluoride (NH4F) added to reduce the activation
energy of RP and smoothen the surface of BP nanosheets.106

White phosphorus (WP) has also been utilized as a raw material
for the synthesis of BP nanosheets via a direct solvothermal
process in an ethylenediamine system.97,107 Gram-scale
quantities of few-layer BP nanosheets (2–3 layers) can be
produced via this approach with temperatures ranging from
60 to 140 1C.97 Notably, the degradation of BP under
oxidizing conditions remains a major challenge of using the

Fig. 5 (a) Schematic of the pulsed laser deposition process for BP fabrication; (b) photographs of the as-deposited BP films with different thickness; AFM
images of (c) monolayer BP and (d) bilayer BP sheets; (e) electron back-scatter diffraction image of a trilayer BP. Reproduced with permission from ref. 96.
Copyright 2021, Springer Nature.
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hydrothermal method, but it can be mitigated by using boiling
water to create an oxygen-free environment.

4. Strategies and working mechanisms
of BP-incorporated solar cells

The development of liquid phase exfoliation, especially ultra-
sonic exfoliation, has significantly promoted the exploration of
BP in various solar cells in the last five years. Until now, BP has
been incorporated into a variety of solar cells, including OSCs,
DSSCs, HJSCs, and PSCs. A detailed summary of the previous
experimental studies on BP derivatives in PV devices is depicted
in Table 2. Here, we focus on providing a concise overview and
timely update on the successful experimental demonstration of
BP in emerging solar cells. The function of BP and its effect on
device performance are fully discussed.

4.1. BP-enhanced hole extraction and transport

BP is regarded as an intriguing candidate for next-generation
carrier transporting materials because of its extremely high

mobility for both electrons and holes. Investigation into the
electric properties of polycrystalline BP reveals that it possesses
good p-type conductivity and a positive Hall coefficient for
undoped BP.28 Due to its hole biased conductivity, BP was first
utilized as a hole transporting material (HTM) in solar cells.
The exploration of BP as a hole selective material was initially
examined in 2016 via an OSC with a device structure of glass/
ITO/PEDOT:PSS/BP/PTB7:PC71BM/Ca/Al.108 The BP-containing
device was observed to possess decreased device performance
(6.52%) compared to the control device without BP incorporation
(7.72%). This decreased performance was attributed to the
mismatched band structure of the BP layer with PEDOT:PSS
and the electron donor material (e.g., PTB7). The thermo-
dynamically unfavorable hole transfer blocked hole transport near
the anode, leading to a decrease in short circuit current ( Jsc) and
PCE. On the other hand, ambipolar BP might also encourage
electron transport to the anode, which can trap holes and further
lower the device performance.108 This early work indicates the
significance of precisely controlling BP thickness in applications
due to its thickness-dependent bandgaps, which is distinct from
other 2D counterparts. Though this initial study highlighted the

Table 2 Summary of research on the application of BP derivatives in various solar cells, where LPE refers to liquid phase exfoliation

Cell
type

BP
morphology BP synthesis method Device structure Major BP function

PCE
(%) Ref.

OSC Nanosheets LPE (Bath sonication) ITO/PEDOT:PSS/BP/PTB7:PC71BM/Ca/Al Hole extraction and transport 6.52 108
ITO/ZnO/BP/PTB7:PC71BM/MoO3/Al Electron extraction and transport 8.18

OSC QDs LPE (probe sonication) ITO/PEDOT:PSS/PTB7:PC71BM with BPQDs/Ca/Al Light harvesting 8.60 109
ITO/PEDOT:PSS/PBDTTT-EFT:PC71BM with
BPQDs/Ca/Al

9.95

OSC — Stirred overnight and
filtration

ITO/PEDOT:PSS/PTB7-Th:PC71BM:BP/PFN/Al Hole extraction and transport 10.50 110
ITO/ZnO/J71: ITIC:BP/MoO3/Al 9.41
ITO/PEDOT:PSS/J71: PC71BM:BP/PFN/Al 3.97

OSC Nanosheets LPE (bath sonication) ITO/ZnO/PTB7-Th:IEICO-4F with BP/MoO3/Ag Morphology modifier of
photoabsorber

12.20 111

ITO/ZnO/PBDB-T:ITIC with BP/MoO3/Ag 9.70
DSSC QDs LPE (probe and bath

sonication)
FTO/PANI-BPQDs/electrolyte/dye/TiO2/FTO Light harvesting 6.85 112

DSSC Nanosheets LPE (bath sonication) FTO/TiO2-BP/dye/electrolyte/Pt Electron extraction and transport 3.28 113
DSSC QDs Sonochemical method FTO/TiO2/N-719/BP-RPQD/electrolyte/Pt Light harvesting 8.02 114

FTO/TiO2/BP-RPQD/electrolyte/Pt 0.12
DSSC Nanosheets LPE (probe sonication) FTO/TiO2-BP/N719/electrolyte/Pt Electron extraction and transport 9.73 115
HJSC Dots LPE (sonication) ITO/ZnO/BP–PCBM/PEDOT:PSS/Ag Donor in heterojunction 8.30 116
HJSC QDs Ball milling and LPE (bath

sonication)
Al/ZnO:BP/Si/PEDOT:PSS/Ag Electron extraction and transport 15.20 117

HJSC Nanosheets LPE (microwave-assisted) Steel plate/GaIn/Si/BP–SWCNT/Cr/Au Hole extraction and transport 9.37 118
HJSC QDs LPE (bath sonication) Al/n-Si/PEDOT:PSS/BPQDs/Ag Hole extraction and transport 13.60 119
PSC Nanosheets LPE (probe sonication) FTO/TiO2/MAPbI3/BP/Spiro-OMeTAD/Au Hole extraction and transport 16.40 120

FTO/TiO2/MAPbI3/BP/Au 7.88
PSC QDs LPE (bath sonication) ITO/PEDOT:PSS/BPQD/MAPbI3/PCBM/Ag Hole extraction and transport 16.69 65
PSC QDs LPE (bath sonication) ITO/BPQDs/FA0.85MA0.15PbBr0.5I2.5/Spiro-OMeTAD/

Au
Electron extraction and transport 11.26 121

PSC Nanosheets LPE (bath sonication) FTO/c-TiO2/CsPbI3/BP/CuSCN/Au Exciton dissociation 14.17 122
PSC QDs LPE (bath sonication) ITO/PTAA/MAPbI3-BPQDs/PCBM/BCP/Ag Morphology modifier of

photoabsorber
20.00 48

PSC Nanosheets LPE (shear-assisted) FTO/TiO2:BP/Perovskite/Spiro-OMeTAD/Ag Electron extraction and transport 17.85 80
PSC Nanosheets LPE (sonication) FTO/TiO2/SnO2/MAPbI3:BP/Spiro-OMeTAD/Ag Morphology modifier of

photoabsorber
20.23 123

PSC QDs LPE (bath sonication) ITO/NiOx/CsPbI2Br/BPQDs/PCBM/Zr(acac)2/Ag Electron extraction and transport 12.20 124
PSC Nanosheets LPE (bath sonication) ITO/TiO2/BP-3/Cs0.05FA0.79MA0.16PbBr0.5I2.5/BP-1/

Spiro-OMeTAD/Ag
Electron and hole extraction and
transport

19.83 46

PSC Nanosheets — ITO/PTAA:BP/MAPbI3/PCBM/BCP/Ag Hole extraction and transport 20.49 47
PSC QDs LPE (probe and bath

sonication)
ITO/SnO2/CsPbI2Br:BPQDs/Spiro-OMeTAD/Au Morphology modifier of

photoabsorber
15.47 125
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challenges of using BP in PV applications, the feasibility and
benefits of using BP with aligned bandgaps as HTM were quickly
demonstrated by later studies on various photovoltaics, including
PSCs,46,47,65,120 OSCs,110 and HJSCs.118,119

4.1.1 BP-enhanced hole extraction and transport in PSCs.
Rapid advances in terms of PCE have been made in organic–
inorganic hybrid PSCs with a certified champion power
conversion efficiency of 25.5%, but this efficiency is still short
of the theoretical Shockley–Queisser (S–Q) limit (B33%).9 The
poor electronic properties of carrier transport materials is one
of the major challenges that hinders the progress of PSCs
from achieving the S–Q limit. The most widely used HTLs
(spiro-OMeTAD and PEDOT:PSS) possess hole mobilities less
than B10�3 cm2 V�1 s�1, which is significantly lower than that
of perovskite absorbers (e.g., 10 cm2 V�1 s�1 for MAPbI3).

126,127

Because of their superior electronic and optoelectronic properties,
BP QDs65 and nanosheets46,47,120 have been applied in PSCs to
enhance hole extraction and transport by positioning them either
at the HTL/perovskite interface46,65,120 or by mixing with the
original hole transport materials.47

The key to realizing BP-assisted hole transfer is to construct
a cascade band energy alignment in the devices. BPQDs
prepared by liquid exfoliation were first investigated as a hole
extraction buffer layer on planar PSCs with an inverted p–i–n
structure (Fig. 6a).65 The well-matched band alignment of the
BPQDs with both MAPbI3 and PEDOT:PSS (Fig. 6b) boosted
hole transfer from the perovskite to the PEDOT:PSS as
confirmed by time-resolved photoluminescence (TRPL) spectro-
scopy (Fig. 6c). As a result, the devices with BPQDs inserted at
the HTL/perovskite interface demonstrated a PCE of 16.69%,
outperforming the control device fabricated without BPQDs
(14.10%).65 Particularly, BP nanosheets with suitable band

energy have been investigated for use as the sole HTL in PSCs
with a device structure of FTO/TiO2/MAPbI3/BP/Au.

120 Though
the spin-coated BP nanosheet film was of poor quality and not
optimized in thickness, a near doubling PCE (7.8%) compared
to HTM free devices (4%) significantly verifies the powerful hole
transfer ability of BP and suggests that it is a promising HTM for
use in solar cells and optoelectronics devices.120 Appealingly, the
ambipolar nature of BP allows it to concurrently enhance carrier
extraction at both the perovskite/HTL and ETL/perovskite inter-
faces via its bandgap tuning.46 Cascade band energy alignments
between BP nanosheet films, perovskite absorber, TiO2 ETL, and
spiro-OMeTAD HTL were concurrently attained by precisely
tailoring the BP film thickness at the respective interface (yielding
TiO2 ETL/BP-3/perovskite and perovskite/BP-1/spiro-OMeTAD
HTL) (Fig. 6d). The favorable band energy alignment facilitated
cascade interfacial carrier extraction (Fig. 6e) and delivered
an enhanced power conversion efficiency of 19.83% (with BP)
compared to 16.95% (BP-free) (Fig. 6f).46

In addition to interface application, ultrathin BP nanosheets
were also investigated as an additive to a poly(triarylamine)
(PTAA) HTL to tune the work function and enhance hole
transfer at the HTL/perovskite interface.47 The Fermi level
(EF) of the BP:PTAA film was shifted 70 mV towards the highest
occupied molecular orbital (HOMO) level, indicating the p-type
doping of BP to PTAA. Accordingly, the work function of the
hybrid HTL increased from 4.5 to 4.65 eV, decreasing the hole
extraction barrier at the perovskite/HTL interface. In addition,
coating a perovskite film on a BP:PTAA HTL was observed to
enlarge the grain size and decrease the defects compared to
that coated on PTAA. As a result, the corresponding device
using the BP:PTAA HTL exhibited an improved PCE of 20.49%
compared to the 18.26% of the control device.47

Fig. 6 (a) CS-SEM image and (b) energy level diagram in the PSC with BPQDs incorporated at the perovskite/PEDOT:PSS interface; (c) TRPL spectra of
perovskite films with different interfaces. (a–c) Reproduced with permission from ref. 65. Copyright 2017, American Chemical Society. (d) Energy level
diagram, (e) UV-vis and PL spectra, and (f) J–V curves of PSCs with dual-positioning of BP at both interfaces. (d–f) Reproduced with permission from
ref. 46. Copyright 2020, John Wiley and Sons.
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4.1.2 BP-enhanced hole extraction and transport in OSCs.
OSCs, which are typically based on the blends of electron–
donor materials that form bulk heterojunctions in devices, are
considered as another potential alternative to silicon-based
solar cells due to their low cost, light weight, mechanical
flexibility, and the ability for large-area roll-to-roll coating
processes.128 Recent developments in materials science have
led to a rapid increase in PCE for OSCs with values now
reaching 17.4%.9 One of the great challenges for improving
the efficiency of OSCs lies in the relatively low carrier mobility
of organic semiconductors which limits the charge collection
efficiency in these devices. As a compromise, the thickness of
the active layers in OSCs is usually limited to approximately
100 nm to ensure efficient charge transport.110 However, this
approach greatly restricts photo harvesting, and thus results in
an unsatisfactory device performance.

Because of their inherently high charge carrier mobilities,
BP nanosheets have been applied as a charge-transport
mediator in OSCs via mixing with a PTB7-Th polymer donor
and a PC71BM acceptor to construct a ternary blend film
(Fig. 7a).110 Particularly, the donor polymer PTB7-Th was found
to facilitate the further exfoliation of BP nanosheets in a
mixture of active materials due to the noncovalent interactions
between PTB7-Th and BP. The incorporated BP nanosheets led
to a 20% PCE enhancement (Fig. 7b) in a 150 nm thickened
film due to increased Jsc resulting from enhanced charge
transport and decreased carrier recombination.110 The
enhanced charge extraction was further attributed to improved
hole extraction as determined by charge transport behavior
studies on hole-only devices (Fig. 7c) and electron-only devices

(Fig. 7d). This behavior was essentially due to the band energy
level of the as-prepared BP nanosheets (inset in Fig. 7c and
d).110 Additionally, BP nanosheets were also found to increase
the PCE when incorporated into OSCs with two different active
layers (J71: PC71BM and J71: ITIC), which verified the generality
of using BP to improve device performance through enhancing
hole extraction and carrier transport.110

4.1.3 BP-enhanced hole extraction and transport in HJSCs.
In addition to PSCs and OSCs, BP has also been incorporated
into silicon (Si)-based HJSCs to improve device performance by
enhancing the hole transport.118,119 Hybrid Si-based HJSCs
represent a high PCE cost-effective potential alternative to
current crystalline Si solar cells. In hybrid Si-based HJSCs, a
moderately doped n-type Si (n-Si) serves as the main absorber of
solar photon flux and as the electron transport material. In this
architecture, the adoption of an effective hole transporting
phase is of key importance as it greatly influences the photo-
voltaic performance of the devices.

Organic/Si hybrid HJSCs, such as PEDOT:PSS/Si, are some of
the most widely studied Si-based HJSCs due to their cost-
effectiveness and facile fabrication. Similar to that in PSCs,
solution-processed BPQDs were deposited at the PEDOT:PSS/Ag
electrode interface in PEDOT:PSS/Si heterojunction-based solar
cells for improved hole transport and collection.119 A detailed
UPS analysis indicated a 0.25 eV shift in work function at the
PEDOT:PSS/BPQDs interface compared to PEDOT:PSS, which
eliminated the potential barrier between the Ag electrode and
PEDOT:PSS and thus led to more efficient hole transfer from
PEDOT:PSS to the Ag electrode.119 Carbon nanotube (CNT)/Si
heterojunction-based solar cells are another cheaper potential

Fig. 7 (a) Device architecture of the OSC and schematic illustration of BP-assisted hole transfer in the active layer; (b) J–V curves of the OSCs w/wo BP
incorporation under the illumination of AM 1.5G; J–V curves obtained for (c) hole-only and (d) electron-only devices based on control PTB7-Th:PC71BM
blend film w/wo BP loading, inset shows the energy diagrams of devices. Reproduced with permission from ref. 110. Copyright 2018, Elsevier.
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alternative to the current crystalline Si solar cells. Since the first
report of CNT-Si solar cells, this field has seen rapid advances
with PCEs reaching B17%, but performance still lags behind
that of crystalline Si solar cells.129 The reduced PCE of CNT/Si
HJSCs has been attributed to two aspects: the sparse network
(nanotube junction) and poor hole selectivity of CNTs (due to
its relatively low work function (B4.8 eV)).130 In this context,
ultrathin 2D nanostructured BP nanosheets with extremely
high p-type conduction were introduced into a single-walled
CNTs (SWCNTs)/Si heterojunction interface by physically
mixing with SWCNTs.118 The incorporation of BP resulted in
a denser and more continuous network, which led to the
reduced transparency of the BP-SWCNT film compared to the
SWCNT film. However, the solar cells fabricated with the hybrid
BP-SWCNT/Si heterojunctions still showed higher PCEs,
indicating that the BP flakes exert a positive influence on the
electronic states of the heterojunction. DFT calculations further
revealed a donor–acceptor relationship between BP and CNTs,
where BP was the donor and CNT was the acceptor. The transfer
of electrons from BP to the CNTs slightly n-doped the nano-
tubes, which widened the depletion region on the CNT side of
the CNT/Si heterojunction interface. This in turn improved the
hole transfer from Si to the BP-SWCNT film and reduced charge
recombination at the interface.118

4.2. BP-enhanced electron extraction and transport

BP can be applied as either an anode or a cathode due to its
ambipolar conduction, readily tunable thickness-dependent
bandgap, and favorable work function and Fermi level. Thus,
in addition to utilizing BP in the anode for hole extraction

and transport as discussed in Section 4.1, BP has also been
investigated as a cathode material for electron extraction and
transport in solar cells. Already, BP has been used to facilitate
electron transfer in OSCs,108 PSCs,46,80,121,124 DSSCs113,115 and
HJSCs.117 BP can be incorporated into the devices in multiple
ways, including as a buffer layer between the ETL and photo-
active layer,46,108,124 mixed within the existing ETL,80,113,115 and
even as the sole ETL.121 Same as the BP-enhanced hole
extraction and transport, the cascade band energy alignment
in the devices is the key to BP-enhanced electron extraction and
transport.

4.2.1 BP-enhanced electron extraction and transport in OSCs.
As discussed in Section 4.1.2, the organic semiconductor-based
active layers in OSCs exhibit relatively low carrier mobility which
significantly limits their charge collection efficiency and photo-
voltaic performance. In this context, solution exfoliated BP
nanosheets were incorporated at the interface to enhance charge
extraction.108 Specifically, BP nanosheets were explored as both an
HTM and ETM via interface insertion in OSCs with conventional
and inverted structures (Fig. 8a). However, due to the mismatched
band structure of the BP layer with PEDOT:PSS and the electron
donor material (e.g., PTB7), a decreased device performance was
obtained (Fig. 8b). In contrast, enhanced photovoltaic performance
from 7.37% to 8.18% (Fig. 8c) was observed when BP was coated on
ZnO as an electron extraction layer due to the favorable band
structure between the ZnO, BP, and PC71BM acceptor (Fig. 8d),
which thermodynamically favored efficient electron transfer and
prohibited carrier recombination near cathodes. The thickness of
the BP layer at the ZnO/PC71BM interface was determined to be
10 nm.108 This study highlights the significance of precise control

Fig. 8 (a) Conventional and inverted architectures of OSCs based on PTB7/PC71BM; (b) J–V curves of OSCs with BP incorporated as an HTM; (c) J–V
curves of OSCs with BP incorporated as an ETM; (d) energy band structure of the OSC with the incorporation of BP as an ETM. Reproduced with
permission from ref. 108. Copyright 2016, John Wiley and Sons.
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of the energy band structure of BP through thickness tailoring for
practical applications.

4.2.2 BP-enhanced electron extraction and transport in
PSCs. The ETL, which also functions as a hole blocking layer,
represents a key component for high-efficiency PSCs. TiO2 and
SnO2 are the two most widely used ETL materials in PSCs, but
they still suffer from some electronic and stability shortfalls.
The electron mobility of a TiO2 ETL is less than 1 cm2 V�1 s�1,
which is two orders of magnitude lower than that of the
perovskite absorber.131 The relatively lower conduction band
edge of SnO2 ETL results in severe charge recombination in the
corresponding devices.132 The ability to improve the charge
transfer properties of existing ETMs and enhance the electron
extraction at the ETL/perovskite interface represents an
important endeavor towards high-efficiency PSCs. To this end, BP
(with extremely high electron mobility) has been adopted in PSCs to
enhance electron extraction and transport via either integrating
within other ETMs (though interface modification46,124 or
mechanical mixing80) or working as the sole ETL.121

BPQDs were utilized as the sole ETL for flexible planar PSCs
(Fig. 9b).121 The average crystallite size of the BPQDs prepared
by ultrasonication-assisted liquid phase exfoliation was
determined to be B4.7 � 1.6 nm, with an average thickness
of 1.52 � 0.5 nm (Fig. 9a) (corresponding to a stack of 3 � 1
layer thick). Though a higher hole mobility was observed for
BPQDs in this study, the energy band structure suggested that it
is an electron transporting material for facilitating electron
transfer but rejecting hole injection from the perovskite
absorber to the BPQD-based ETL (Fig. 9c). The PSCs deposited
on the BPQD-based ETL exhibited excellent electron extraction
(Fig. 9e and f), resulting in a 3.15-fold PCE increase over that of

the devices without an ETL (Fig. 9d).121 In addition to building
the ETL, BPQDs were also used to modify the perovskite/ETL
interface in low-temperature (o180 1C) processed inorganic
PSCs with a device structure of glass/ITO/NiOx/CsPbI2Br/
BPQDs/PCBM/Zr(acac)4/Ag.

124 Interestingly, small BPQDs with
an average size of 3.6 � 0.5 nm were able to fill in the voids
between the perovskite grains and thus optimize the morphology
of the CsPbI2Br film. The embedded BPQDs were found
to provide more pathways for electron extraction and thus
effectively suppress charge recombination. As a result, the low
temperature processed devices (o180 1C) exhibited a maximum
PCE of 12.2%, which outperformed most of the previously
reported CsPbI2Br based PSCs fabricated at higher
temperatures.124 Similar to BPQDs, BP nanosheets have also
been incorporated into PSCs to improve electron extraction and
transport.46,80 Highly uniform thin BP nanosheets (4.3� 0.4 nm,
five-layer thick) synthesized by shear-exfoliation were mixed with
TiO2 for efficient electron transport in a planar n–i–p PSC with a
typical device structure of FTO/TiO2:BP/Perovskite/Spiro-
OMeTAD/Ag, leading to a PCE increase from 14.32% to
16.53%.80 Likewise, placing 3- to 4-layer-thick BP nanosheets at
the TiO2 ETL/perovskite interface was also observed to enhance
electron transfer due to the cascade electron transfer path
together with the superior carrier mobility of BP.46

4.2.3 BP-enhanced electron extraction and transport in
DSSCs. TiO2 nanoparticle-based films are the most widely used
photoanode in DSSCs, but they suffer from slow electron
transport which results in a high rate of charge recombination
between the TiO2–dye and the TiO2–electrolyte.

133 The
development of photoanodes with efficient electron injection
and fast charge transfer represents an important step towards

Fig. 9 (a) TEM image of the BPQDs; (b) CS-SEM image of and (c) energy level diagram in the PSCs; (d) J–V curves of PSCs w/wo BPQD ETL under 1 sun
illumination (inset shows the digital image of the plastic PSC); (e) photoluminescence (PL) and (f) time-resolved PL (TRPL) decay trace of the perovskite
film deposited on the ITO/PEN substrate w/wo BPQD ETL. Reproduced with permission from ref. 121. Copyright 2018, The Royal Society of Chemistry.
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high-efficiency DSSCs. In this context, BP nanosheets with
extraordinary electronic properties and charge carrier mobility
have been adopted via mixing with TiO2 as the composite
photoanode in DSSCs.113,115 In addition to forming a stepwise
charge transfer path, the incorporation of the 2D BP nanosheets
with large size could provide much shorter pathways for electron
transfer compared to TiO2 nanoparticles.115 Furthermore,
detailed characterization revealed an interfacial interaction
between BP and TiO2 via the formation of Ti–O–P bonds, which
was further found to function as an efficient electron trap site
and facilitate photogenerated electron–hole separation and
inhibit charge recombination. Consequently, DSSCs with BP
nanosheets acting as charge transport channels in TiO2 photo-
anodes were found to enhance device performance from 6.98%
to 9.73%.115 For future studies, the replacement of TiO2

nanoparticle-based photoanode with BPQDs and its further
modification with BP nanosheets may provide better results
and merit in-depth exploration for application in DSSCs.

4.2.4 BP-enhanced electron extraction and transport in
HJSCs. In silicon (Si) based organic/inorganic HJSCs, the rear

contacts for electron collection are usually made of metal layers
(such as aluminum (Al), titanium/silver, or indium/gallium
alloys) deposited on the back sides of Si wafers as dopant-free
electrodes.117 Unfortunately, the direct contact between the
metal electrodes and Si substrates can lead to large Schottky
barriers, which increase series resistances, weaken electron
collection, and thus decrease the performance of the hetero-
junction devices. The ohmic contact between the metal and Si
can be achieved via the ionic doping of the Si surface, but high
temperatures of up to 800 1C, hazardous doping gases, and
expensive facilities are needed during this doping process.117,134

Thus, applying novel suitable materials as efficient interface
electron-selective contacts is of great relevance.

Liquid-phase exfoliated BP nanoparticles integrated with
ZnO were inserted between Si and the Al layer to facilitate
electron transfer at the rear contact in a PEDOT:PSS/Si HJSC
(Fig. 10a).117 This doping allowed infrared light (41100 nm)
that penetrated through Si to be harvested by BP and generate
photo-carriers, which were then found to transfer to ZnO
(Fig. 10c). The charge injection from BP to ZnO significantly

Fig. 10 (a) Schematic images of the device structure and carrier distribution induced by the electric field from the ZnO:BP interlayer; (b) J–V curves
under solar-simulated AM 1.5; (c) UV-vis absorption spectra of ZnO and ZnO:BP films (inset shows BP nanoparticles under illumination may inject
electrons into ZnO); (d) I–V curves of photodetector devices based on ZnO:BP; (e) surface potential images of ZnO:BP measured in the dark (top) and
under 1310 nm illumination (bottom). Reproduced with permission from ref. 117. Copyright 2017, Springer Nature.
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increased its conductivity (Fig. 10d) and lowered its work
function (Fig. 10e), leading to a reduced energy barrier between
Si and the Al electrode (inside Fig. 10b). In addition, the
electron accumulation in ZnO:BP interlayers (resulting from
BP absorption) produced a strong rear electrical field at the
ZnO:BP/Si interface that prevented holes from reaching the
back surface and suppressed charge recombination. Longer
electron lifetime and diffusion length were detected upon
the incorporation of the ZnO:BP layer. Consequently, the
incorporation of the ZnO:BP layer enhanced the performance
of the PEDOT:PSS/Si HJSC by 17%, resulting in a PCE of
15.2%.117 The intriguing light-induced photo-doping enabled
by BP not only demonstrated a novel approach for creating
effective charge transport layers in optoelectronic devices, but
it also enlightens its application in the photoactive layer for
enhanced light absorption and harvesting, as discussed in detail
in Section 4.3.

4.3. BP-enhanced light absorption

The broadband light absorption and high absorption
coefficient of BP also make it a promising material for light
harvesting in photoelectric devices.16,67 The absorption
spectrum of BP covers a large range from infrared to visible
light depending inversely on the thickness of BP. Notably, BP
exhibits a high absorption coefficient in a broad wavelength
region, which is much higher than that of organic semiconductors
with the same thickness.16 It has been demonstrated that one- or
two-layer BP films, which are less than 2 nm thick, can absorb
approximately 10% of the light in the visible region.135,136

Therefore, BP is considered to be an attractive additive in existing
PV systems to enhance and expand light harvesting, or even act
as the sole light absorber. Enhanced light harvesting via BP
incorporation has already been demonstrated in OSCs109 and
DSSCs.112,114 These studies either mixed BP into the light absorber
or inserted BP as a supplementary absorption layer. Furthermore,
improved light absorption has also frequently been reported in
PSCs when BP is introduced for other purposes (e.g., facilitating
carrier extraction or assisting perovskite crystallization46,47,124,125).

4.3.1 BP-enhanced light absorption in OSCs. Due to the
relatively low carrier mobility of organic semiconductors, the
thickness of the organic photo-active layer in OSCs is usually
limited to B100 nm.109,110 Consequently, the inadequate
thickness of the active layer greatly restricts photo harvesting
in OSCs compared to their inorganic counterparts. Adding
photo absorption additives with high conductivity, such as
plasmonic nanoparticles and conjugated polymers, has been
demonstrated to be an effective approach to boost light harvesting
and maintain efficient charge transfer.137,138 In light of these two
goals, BP stands out as an ideal photo additive in OSCs. Thus,
solution-prepared BPQDs were incorporated into the active layers
of two representative OPVs based on PTB7:PC71BM and PBDTTT-
EFT:PC71BM to boost light harvesting.109 The bandgap of the
BPQDs was tuned by changing their size and thickness to form
a cascade band structure (Fig. 11b). As expected, the construction
of the efficient ternary OSC exhibited improved device perfor-
mancemainly with an increased Jsc (Fig. 11c) resulting from better

photo response. The enhanced light harvesting from BPQD
incorporation was further attributed to two aspects. On one hand,
BPQDs displayed strong absorption from UV to 750 nm (Fig. 11d),
which improved light harvesting in the ternary active materials
(Fig. 11e). On the other hand, since the diameter of the BPQDs
(B4.5 nm) is much smaller than the wavelength of the incident
light, Rayleigh scattering induced by BPQDs occurred in the
devices, which in turn further enhanced light harvesting
(Fig. 11f). Notably, a 10% improvement in PCE was obtained with
only 0.055 wt% incorporation of BPQDs in this work, which is one
to three orders of magnitude lower than the amount of any other
additives previously applied in OSCs.109

4.3.2 BP-enhanced light absorption in DSSCs. Traditional
DSSCs are generally composed of an active photoanode (e.g.,
TiO2) sensitized with a visible light-absorbing dye (such as
N719) and a passive cathode. Although great progress in PCE
has been achieved with this structure, it still suffers from poor
infrared light absorption, which constitutes up to 49% of the
solar spectrum. In this respect, expanding the light harvesting
region to near-infrared represents an important endeavor
towards high-efficiency DSSCs. Due to its broadband light
absorption in the infrared region, BP is considered a promising
bridge to enhance the absorption of DSSCs. Broadened light
absorption to NIR via BP incorporation in DSSCs was realized
by fabricating a BPQD-based photocathode for use in quasi-
solid-state bifacial n-type DSSCs.112 The BPQD-based photo-
cathode was synthesized via positioning the as-prepared BPQDs
into a polyaniline (PANI) matrix. Specifically, BP was observed
to increase the device performance by both enhancing light
harvesting and facilitating charge transfer.112 In another study,
a mixture of BPQDs and RPQDs (BP/RPQDs) has been
integrated with the N719 dye to enhance light harvesting in
DSSCs.114 The BP/RPQDs were facilely synthesized with RP as
the starting material via a sonochemistry-assisted method.
Carriers generated from the long-wavelength light absorption
of BP/RPQDs were found to inject into the LUMO of N719, and
the corresponding increased photoelectron density at the
photoanode further contributed to an increased Jsc and
PCE.114 Notably, BP/RPQDs were also explored as the only
sensitizer in this work.114 The sample DSSC composed of a
BP/RPQD-sensitized mesoscopic TiO2 photoanode, an I3

�/I�

redox electrolyte, and a platinum electrode demonstrated a
PCE of 0.12%. The low PCE was ascribed to charge carrier
recombination at the BP/RPQDs/triiodide ions interface due to
the large energy barrier and inferior charge injection from
BP/RPQDs to TiO2 due to the weak physical adsorption affinity
between them.114 Though the obtained PCE is much lower than
state-of-the-art DSSCs, this pioneering work provides a
foundation for using BP-based sensitizers to develop wide-
spectra and high-efficiency DSSCs, and by extension, other
solar cells with BP as a light harvesting material.

4.3.3 BP-enhanced light absorption in PSCs. Metal halide
perovskites possess large absorption coefficients, high ambipolar
carrier mobility, and long carrier diffusion length.10 These
outstanding optoelectronic properties enable the fabrication of
thin film PSCs with desired light absorption. Because of this, BP
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has not been investigated to improve light harvesting in PSCs.
While not the primary goal, enhanced light absorption has
frequently been reported when BP is incorporated in PSCs for
other purposes such as carrier extraction and transport and
assisting perovskite crystallization.46,47,124,125 The mechanisms
of BP-enhanced light absorption have been demonstrated to be
highly dependent on its morphology and how it is integrated into
PSCs. In most of the investigations with increased light harvesting
via BP incorporation, improved perovskite crystallinity, large
crystal grain size, and decreased defects have also been concur-
rently observed.46,47,124,125 The enhanced light harvesting has thus
been attributed to reduced light reflection and transmission
resulting from the improved perovskite crystallinity and grain
size.47 In another representative study, improvement in light
harvesting was observed when BP nanosheets with tailored
thickness were concurrently inserted at both the ETL/perovskite
and perovskite/HTL interfaces.46 The improved harvesting was
ascribed to the formation of a van der Waals heterostructure
between the 2D BP nanosheets and perovskite absorber. It has
been reported that charge redistribution occurs at the interface in
van der Waals heterostructures which facilitates electron–hole
pair separation and in turn leads to enhanced optical
properties.139

Despite these studies discussed above, some reports claim
that no significant difference in light harvesting is observed
with BP incorporation in PSCs.48,80,123 This could be due to
insufficient amounts of BP additives or detection limits as
perovskite absorber matrixes possess excellent absorption
properties. These conflicting studies highlight that careful

monitoring is needed for the study of BP in PSCs due to the
multifunctional nature of BP.

4.4. BP-based heterojunction solar cells

The p–n heterojunction, which exhibits many intriguing opto-
electronic properties, is the foundation in the design of some
PV systems. Sandwiching p-type and n-type semiconductor
materials (as donors and acceptors, respectively) results in
the effective separation of charge carriers at the heterojunction
interface and thus produces a flow of electricity. However, to be
considered for photovoltaic applications, the heterojunction
additionally needs a small direct bandgap of roughly 1.2–1.6 eV
for efficient light absorption, and a high carrier mobility. In the
shade of these two aspects, BP stands out as a promising
candidate to construct HJSCs. BP-based HJSCs were first widely
explored in theory by calculations.140–146 2D BP nanosheets
have been investigated as donor materials with a variety of
acceptor materials, such as GaN and 2D transition metal
dichalcogenides (TMDCs, i.e., MoS2, ZrS2, MoTe2).

140–143 The
heterobilayer or trilayer BP/TMDC-based 2D HJSCs with ultra-
thin thickness were predicted to enable a high theoretical
maximum PCE of B18%.140,141 Particularly, 2D van der Waals
heterojunctions could be constructed with a single type of
material derived from BP via edge modification for use as
donor and acceptor materials due to the ambipolar transport
properties of BP.145,146 PCE as high as 20% was demonstrated
in the edge-modified BP-based HJSCs.145

The promising results from these theoretical studies have
motivated experimentalists to explore BP-based HJSCs. In this

Fig. 11 (a) TEM image of BPQDs with an average diameter of 4.5 nm; (b) energy band structure and (c) J–V curves of the OSCs with the incorporation of
BPQDs (size 4.5 nm) in the bulk heterojunction active layer; UV/vis absorption of (d) BPQDs and (e) PTB7:PC71BM layer with BPQDs in different sizes;
(f) schematic diagram of light absorption and scattering by BPQDs in an organic layer. Reproduced with permission from ref. 109. Copyright 2017, John
Wiley and Sons.
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context, BP has been integrated with [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) to form hybrid heterojunctions for
solar cells.116 PCBM is a well-known and widely used acceptor
with efficient electron transport properties. Thus, BP was
applied as an inorganic donor component and served as the
hole transporting phase. Two distinct BP/PCBM heterojunc-
tions (planar and bulk) were crafted through a crystallization/
precipitation method (Fig. 12a). BP dots with an average size of
B4.5 � 1.1 nm were prepared with a height of B1.8 � 0.4 nm
(equivalent to B3 layers) to match the energy level of PCBM for
improved charge transport (Fig. 12b). The charge transfer
between the donor BP and the PCBM acceptor resulted in a
red-shifted broad absorption peak in the range of 400–600 nm
(Fig. 12c), which is because neither BP nor PCBM displays
notable absorption peaks in that range. The enhanced optical
properties and superior carrier mobility of the BP/PCBM hybrid
heterojunction led to favorable photovoltaic performances of
6.8% and 8.3% for planar and bulk heterojunctions,
respectively.116 This was the first example of BP-based hetero-
junctions for PV applications, and they demonstrated various
advantages, such as the absence of heavy metals for reduced
toxicity, good stability in liquid electrolytes, and tunable energy
levels to match electrodes. The obtained promising result can
be used as an important reference to promote further

development of BP-based heterojunctions with high energy
conversion efficiency.

4.5. BP-enhanced exciton dissociation

Solar cells can broadly be divided into two distinct classes
according to their photophysical mechanisms for charge
generation: (1) those that generate free electrons and holes
and (2) those that generate bound electron–hole pairs (excitons).
Notably, PSCs exhibit both free charges and excitons.147 Recent
studies have converged on the theory that free charge carriers are
the dominant species in perovskites, yet the coupling of the
excitons to the photons and their subsequent dissociation into
free charge carriers are the central primary processes in device
photophysics.148 In organic–inorganic perovskites, such as the
widely studied CH3NH3PbI3, exciton binding energy can be as
low as 2–20 meV, which is smaller than the intrinsic thermal
energy at room temperature (kT E 25 meV),149–151 and thus
nearly full dissociation of excitons occurs in organic–inorganic
halide perovskites. This suggests that the beneficial optoelectronic
properties of organic–inorganic perovskites are due to the
spontaneous free-carrier generation following light absorption.
However, a much higher binding energy of around 86 meV has
been reported for fully inorganic perovskites.152 The larger
energy barrier for exciton dissociation in inorganic perovskites

Fig. 12 (a) Schematic of BP/PCBM planar and bulk heterojunction-based solar cells; (b) energy level alignment in the device based on a BP/PCBM
heterojunction (TV means theoretical value); (c) UV absorbance of BP, PCBM and BP/PCBM heterojunctions. Reproduced with permission from ref. 116.
Copyright 2017, The Royal Society of Chemistry.
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results in poor short-circuit current density in the corres-
ponding devices and is regarded as one of the major challenges
restricting PCE in inorganic PSCs.

Exciton binding energy is significantly affected by the
built-in field across photovoltaic layers,153,154 which provides
an effective approach to tailor exciton binding energy. In this
context, exciton dissociation in CsPbI3-based PSCs with multi-
layer BP nanosheets positioning at the perovskite/HTL interface
(Fig. 13a) was investigated.122 BP insertion was found to
increase the relative dielectric constant at the CsPbI3/HTL
interface (Fig. 13f) due to the BP’s strong out-of-plane dielectric
screening effect.155 A higher relative permittivity corresponds to
smaller Coulombic interactions between electrons and holes,
which results in diminished exciton binding energy.156 Thus,
the exciton binding energy gradually decreased from 103.0 �
8.2 meV of pure CsPbI3 to 47.2 � 9.0 meV of CsPbI3–BP1–2
heterostructures (Fig. 13c).122 The smallest exciton binding
energy was obtained with BP1–2 due to its suitable bandgap
structure in concurrently transferring holes and blocking
electrons near the cathode (Fig. 13b). The decreased exciton
binding energy after the insertion of BP1–2 increased exciton
dissociation efficiency from 86% to 98% and higher free carrier

density from 1.92 � 1014 cm�3 to 2.82 � 1014 cm�3 (calculated
from Mott–Schottky plots, Fig. 13d). Accordingly, the PCE
increased from 10.48% for pristine CsPbI3 devices to 14.17%
for CsPbI3–BP devices.122 The pioneering work that used the
dielectric screening effect of BP to enhance exciton dissociation
opened up new opportunities for comprehensively capitalizing
on the numerous advantages of BP in optoelectronics.

4.6. BP as morphology modifiers

In addition to facilitating carrier transfer, improving light
harvest, enhancing exciton dissociation, and constructing
heterojunctions for photovoltaics, BP has also been found to
effectively modify the morphology of light absorbers in solar
cells. BP nanosheets have been reported to improve the
molecular ordering and phase purity of the donor:acceptor
blend in OSCs via p–p interface interactions.111 Additionally,
BPQDs have been observed to serve as heterogeneous
nucleation sites in perovskite crystallization.48,65,123,125 In the
following section, recent advances in using BP to modify the
morphology of photoabsorbers are scrutinized.

4.6.1 BP as morphology modifiers in OSCs. OSCs can be
divided into two categories: whether their acceptors are

Fig. 13 (a) Schematic of the CsPbI3 solar cell with BP incorporated at the perovskite/HTL interface; (b) energy level diagram; (c) color plots of
temperature-dependent PL spectra of pristine CsPbI3, CsPbI3–BP6–7, CsPbI3–BP3–4 and CsPbI3–BP1–2 heterostructures (from left to right); (d) Mott–
Schottky plots; (e) schematic illustration of excitons in different dielectric environments; (f) the real part of the dielectric constant, in which the relative
dielectric constant at low frequencies and high frequencies corresponds to the motion dynamics of the charged species at TiO2/CsPbI3 and CsPbI3/
CuSCN interfaces, respectively. Reproduced with permission from ref. 122. Copyright 2019, The Royal Society of Chemistry.
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fullerene-based and fullerene-free. In fullerene-free OSCs, the
small molecular acceptors tend to mix with donor polymers
during OSC fabrication, which has been observed to impede
phase separation.157 The mixed morphology of the donor:
acceptor blend without efficient phase separation has been
shown to lead to severe charge recombination, poor carrier
transport, and thus decreased photovoltaic performance in
terms of low FF. 2D materials, such as graphene oxide (GO)
and MoS2, have been reported to enhance the crystalline
packing and the optoelectronic properties of conjugated
polymers via their p–p interface interactions.158,159 Inspired
by this, BP nanosheets with large p-conjugated structures and
superior electronic properties were explored as morphology
modifiers in fullerene-free OSCs.111 Particularly, monolayer
BP nanoflakes with an average size of 46 nm111 were prepared
to match the domain size in bulk heterojunctions.160

The incorporation of BP was revealed to obviously enhance
the p–p stacking of the blend (Fig. 14d) and slightly
enhance the molecular ordering (Fig. 14c) as verified by
grazing-incidence wide-angle X-ray scattering (GIWAXS) mea-
surements (Fig. 14a and b). Additionally, increased domain
purity in the blend with BP was observed from the increased
integrated scattering intensity in the resonant soft X-ray scatter-
ing (R-SoXS) profile (Fig. 14e).111 More ordered p–p stacking,
higher molecular ordering, and higher phase purity are desir-
able for efficient charge transport and suppressing bimolecular
recombination in OSCs, which further leads to boosted photo-
voltaic performance. Furthermore, the morphological stability

of the bulk heterojunction was also improved, which was
probably due to the space confinement effect of the embedded
BP nanoflakes that locked the refined phase separation
microstructure.111 It is worth pointing out that the broad utility
of BP as an efficient morphology modifier for fullerene-free
OSCs has been demonstrated in two different heterojunctions,
i.e., PTB7-Th:IEICO-4F and PBDB-T:ITIC blends.111

4.6.2 BP-assisted perovskite growth in PSCs. It has been
well documented that the morphology of perovskite films is
strongly correlated with their supporting interface. Interfacial
application of 2D materials, such as graphene oxide and WS2
nanosheets, has been reported to result in perovskite films with
higher coverage and favorable textures.161 Similarly, 2D
BP-assisted perovskite growth has been observed when BP is
incorporated as an interfacial buffer layer for enhanced hole or
electron transfer.46,65,121 He et al. first found that BPQDs served
as nucleation sites for MAPbI3 crystallization when applied to
enhance hole extraction at the anode side in planar PSCs with a
p–i–n structure.65 The incorporation of BPQDs reduced the
nuclei density and further led to the growth of large grain size
perovskite crystals.65 Using BP as the ETL or buffer layer at the
ETL/perovskite interface in n–i–p structured PSCs has similarly
been shown to yield compact perovskite films with a larger
grain size, fewer traps and good crystallization.46,121 In addition
to interfacial applications, the compatibility of mixing BP with
perovskite precursor solutions to improve film quality has also
been demonstrated.48,123 Yet, in this case, the distribution of
BP in perovskite films was reported to be drastically different

Fig. 14 2D GIWAXS images of PTB7-Th:IEICO-4F blends (a) without and (b) with BP nanoflakes (BPNFs). Intensity profiles versus (c) in-plane direction qxy
and (d) out-of-plane qz. (e) Lorentz corrected and thickness normalized R-SoXS profiles of the blend w/wo BPNFs. Reproduced with permission from
ref. 111. Copyright 2019, Springer Nature.
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according to the morphology of BP samples. While BPQDs were
mainly distributed at the bottom of the perovskite film as
heterogeneous nucleation centers,48 BP flakes with a large
lateral size of B0.5–2 mm were found to be homogeneously
distributed in the MAPbI3 perovskite layer,123 Particularly, BP
flakes also functioned as a charge transport mediator in the
MAPbI3/BP film.123 These findings further demonstrate the
multiple potential uses of BP in photovoltaic applications.

The dual function of BPQDs in assisting perovskite growth
and boosting carrier transport has also been well demonstrated
in fully inorganic CsPbI2Br solar cells.

125 The contributions of
BPQDs in modulating the nucleation and crystallization of
CsPbI2Br were revealed in detail in this work. Specifically, the
positive Cs+ cations were able to bind with the lone-pair
electrons in the BPQDs (Fig. 15a), and the corner-sharing
lead-halide octahedrons then stacked near the surface of the
BPQDs to form a hybrid film of BPQDs embedded in a CsPbI2Br
matrix (Fig. 15b). As a result, the as-prepared BPQDs with a
narrow size distribution (3–5 nm) served as effective hetero-
geneous nucleation sites and triggered the uniform growth of
CsPbI2Br crystals. The ‘‘BPQD-seeded’’ growth strategy both
improved film morphology and shortened the phase transition
period to obtain a pure a-phase CsPbI2Br (Fig. 15c).125 In
addition, the electronic bonding at the heterojunction hybrid
interface between BPQDs and CsPbI2Br resulted in superior
electron-extracting efficiency. The enhanced crystallization and
improved carrier transport in BPQD-embedded CsPbI2Br films
boosted the PCE to 15.7% in the corresponding device.125

5. Conclusion and outlook

BP is widely recognized as an emerging 2D layered material for
diverse optoelectronic applications owing to its compelling
semiconductor properties. In this review, the notable attributes
of BP, top-down and bottom-up routes to scalable BP preparation,
and recent advances in BP-incorporated solar cells are discussed.
Nonetheless, considerable efforts are still required to further
promote the use of BP for developing high-performance, low-
cost third-generation solar cells to compete with commercial
Si-based solar cells. To this end, we highlight several scientific
and practical challenges and opportunities in order to realise the
full potential of BP for constructing high-efficiency solar cells.

(a) Controlled synthesis of monolayer and few-layer BP

Though BP possesses a largely tunable bandgap from 0.3 eV in
the bulk to 2.0 eV in the monolayer, it is worth noting that the
bandgap of BP experiences a dramatic change from 2.0 eV in
the monolayer to B0.7 eV in five layers.16,17 As such, it is of
great significance to synthesize BP of few-layer thickness in a
precisely controllable manner. Currently, BP flakes or QDs for
solar cells are nearly all synthesized via liquid phase exfoliation,
especially ultrasonication-assisted exfoliation (Table 2).
However, long processing duration and high sonication energy
are necessary in liquid phase exfoliation in order to achieve
single-layer or ultra-thin BP. This introduces many structural
defects in exfoliated BP, leading to relatively low quality and
small lateral size of BP.3,32,53–56 However, liquid phase

Fig. 15 Schematic structure of (a) the device and interaction between BPQDs and CsPbI2Br, (b) CsPbI2Br growth on the BPQDs surface; (c) SEM images
of the (I–IV) CsPbI2Br film and (V–VIII) BPQDs@CsPbI2Br film. Reproduced with permission from ref. 125. Copyright 2020, American Association for the
Advancement of Science.
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exfoliation synthesis may still dominate in BP production in the
near future due to its simplicity, low cost, high throughput and
excellent compatibility with device fabrication. In this context,
shear-assisted liquid phase exfoliation needs to be promoted as
it could efficiently produce ultra-thin BP flakes with uniform
size and thickness distribution.79,162 Regarding bottom-up
approaches, efforts to overcome rigorous reaction conditions
in pulsed laser deposition of BP are required in the future to
render the synthesis compatibility of BP with soft constituents
in solar cells.

(b) Investigation into the effect of interlayer interactions on
the electronic properties of BP

Though many theoretical investigations on the electronic
properties of BP revealed its thickness-dependent electronic band
structure, carrier mobility, anisotropic properties, etc., experi-
mental studies on its fundamental properties are relatively few.
This is due partially to the lack of well-controlled methods for BP
synthesis as well as its stability issue during characterization and
measurements. In addition to degradation, crystalline BP is also
found to be easily destroyed under an electron beam during
imaging, converting into amorphous BP.44,46 It is noteworthy that
fundamental studies on BP properties are readily accessible due
to recent advances in BP synthesis and surface passivation
techniques.96 As a result, systematic experimental studies on
the thickness-dependent electronic properties of BP are highly
feasible, thus providing insight into its various future applica-
tions. One crucial yet overlooked issue in the current investigation
is the secondary stack of BP flakes during application. Particularly,
when applied as thin films in devices, ultra-thin BP samples were
usually repeatedly spin-coated to reach a thickness of dozens or
even hundreds of nanometers.116,119–122 Yet, compared to its
original dispersed counterpart, electronic properties of such thick
BP films resulting from the stacking of thin BP nanosheets have
rarely been studied. It remains an open question as to whether or
how the secondary stack will affect the electronic properties of the
as-exfoliated BP in devices. In this context, it is imperative to
in situ characterize BP in specific device applications to underpin
the improved device performance upon the incorporation of BP.

(c) Meticulous design for rendering dual function or
multifunction of BP in solar cells

Regardless of its impressive capability in improving the photo-
voltaic performance as detailed in Section 4, research in
BP-incorporated solar cells is centered primarily on the utility
of one function of BP instead of concurrently implementing its
multifunctionalities (see Major BP function; Table 2). It is
expected that dual functionality or even multifunctionality of
BP could be enabled via delicate device designs in future
studies. Taking an OSC as an example, the thickness of its
light absorbing layer is typically limited to approximately
100 nm to ensure efficient carrier transport and collection
due to the relatively low carrier mobility of organic
semiconductors.109,110 Clearly, there is a tradeoff between light
harvesting and charge transport in OSCs that restricts its
efficiency improvement. To this end, the incorporation of BP

into organic light absorbers to construct ternary OSCs results in
two advantageous aspects, that is, superior carrier transport
properties and broad light absorption of BP. In addition, it is
amenable for BP to interface closely with either the donor or
acceptor via convenient tailoring of band alignments. Likewise,
BP may also be able to play an essential role in simultaneously
assisting perovskite growth, enhancing exciton dissociation,
and facilitating charge extraction and transport in PSCs via
an exquisite device design and BP positioning, as each
function of BP has been demonstrated separately in the
literature.46,122,125 Taken together, it is not surprising that the
multifunctionality of BP enabled via a meticulous design may
render fundamental and technological breakthroughs in photo-
voltaics in the future.

(d) Exploration of BP solar cells

The broad absorption of BP from the visible to the mid-infrared
region makes it a promising photoabsorber for constructing
solar cells. BPQDs have been explored as the only light absorber
in DSSCs.114 Though the PCE was not satisfying, this pioneering
work signifies the potential of exploring BP as the light harvester
for solar cells, thus expanding the category of new-generation
photovoltaics. Due to its large absorption coefficient and high
transparency, BP is well positioned for fabricating semi-
transparent solar cells, which can be integrated as windows
and skylights towards energy efficient buildings. It is notable
that the absorption coefficient of BP is much higher than that of
most of the organic semiconductors with the same
thickness.16,163 Promising photovoltaic performance has been
predicted in many theoretical studies.140–146 Specifically, 2D
HJSCs with ultrathin thickness composed of a hetero-bilayer or
trilayer were able to deliver a high theoretical maximum PCE of
B18–20%, which is extremely competitive over other types of 2D
heterojunctions140,141,145 Likewise, a p–n homojunction
diode based on few-layer BP in a lateral structure has been
demonstrated, displaying efficient photovoltaic behavior.164

These pioneering studies suggest considerable opportunities
for BP-based 2D HJSCs, which will likely garner much attention
from the photovoltaics community in the near future.

(e) Scrutiny of interfacial interaction between BP and other
functional layers

To date, analysis on enhanced photovoltaic performance (e.g.,
improved bandgap alignment, facilitated carrier extraction and
transport, and enhanced light absorption) resulting from BP
incorporation is mainly concentrated on the intrinsic properties
of BP in most of the studies. On the other hand, the interaction
between BP and other functional layers in solar cells, such as van
der Waals heterojunction,46 bonding,125 etc., also plays a vital
role in improving the device performance. The sp3 hybridization
in the BP structure leaves behind a lone electron pair pointing
out of the layer.37 Despite the susceptible oxidation of BP due to
the presence of the lone electron pair, the latter, on the other
hand, provides active sites for BP to interact with other
functional materials. As such, increased attention in future
studies is expected in this largely overlooked aspect (i.e., the
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interaction between BP and other functional layers in solar cells).
Clearly, rational design via capitalizing on the bonding of BP
with the constituents of interest in solar cells merits further
exploration to passivate defects, enhance interfacial properties,
etc. for high device performance.

(f) Functionalization and doping of BP

The thickness-dependent, highly tunable bandgap and electronic
properties of BP can be further tailored via applying an external
electrical field, strain, functionalization, doping, etc.24,25,165

Particularly, the latter two have been demonstrated to be highly
effective in concurrently manipulating the electronic properties
and stability of BP, making functionalization and doping even
more attractive in tuning the electrical properties of BP for various
optoelectronic applications.26,166 For example, the covalent
functionalization of BP with aryl diazonium not only yielded a
strong p-type doping that simultaneously improved the mobility
and on/off current ratio of the resulting field-effect transistor, but
also suppressed the chemical degradation of exfoliated BP even
after three weeks of ambient exposure.166 Investigations have
shown that the bandgap of BP can be further reduced by alloying
arsenic or carbon element.167,168 The hole mobility of phosphorus
carbide was predicted to be several times larger than that of
intrinsic BP.168 It is worth noting that current studies on
BP-incorporated solar cells are all centered on pure exfoliated
BP without any subsequent chemical modification (Table 2).
Thus, future studies on the functionalization and doping of BP
are strongly encouraged to further improve its properties, enhance
its band structure compatibility with other semiconductors, and
broaden its applications.

(g) Device encapsulation for the long-term stability of
BP-incorporated solar cells

The major drawback of BP is its instability under ambient
conditions. However, its stability is not a great challenge for its
application in solar cells, as discussed in Section 2.5. In most of
the studies (Table 2), the incorporation of BP as additives or
functional layers in solar cells is sheltered by the matrix or
sandwiching layers, which protect BP from degradation.
Nonetheless, device encapsulation is still important for long-
term, practical applications. In future study, the incorporation
of BP in solar cells will be further extended to some air-exposed
situations, such as being employed as the sole carrier transport
layer directly above the perovskite absorber in PSCs120 or
applied as transparent electrodes.169 In this context, it is
necessary to encapsulate devices to ensure their long stability.
In addition to encapsulation, other strategies (e.g., covalent170

and noncovalent functionalization,171 metal-ion modification,172

and doping173) developed for concurrently regulating the
electrical properties of BP and yielding improved stability will
also further promote a wide variety of applications of BP.
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