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Editorial

2D Nanostructures for Optoelectronic and Green
Energy Devices

Sangyeon Pak 1,* and Jung-Inn Sohn 2,*

1 School of Electronic and Electrical Engineering, Hongik University, Seoul 04066, Republic of Korea
2 Division of Physics and Semiconductor Science, Dongguk University-Seoul, Seoul 04620, Republic of Korea
* Correspondence: spak@hongik.ac.kr (S.P.); junginn.sohn@dongguk.edu (J.-I.S.)

Two-dimensional (2D) materials and nanostructures have gathered significant atten-
tion due to their excellent mechanical properties [1], unique electrical and optical charac-
teristics [2,3], large surface-to-volume ratio, and chemical and environmental stability [4].
These features have led to the discovery of a large new family of 2D materials and a vast
range of possible applications ranging from optoelectronics and electronics to energy con-
version and saving applications. With the extensive catalogue of available 2D materials,
ranging from metallic layers to semiconductors and insulators, their applications hold great
promise for future innovative research in science and technology.

In recent years, many colleagues have been developing fundamental studies dedicated
specifically to the design of 2D materials in optoelectronic and green energy devices due
to their excellent opto-electrical and electrochemical performance. These research studies
sit at the interface between engineering, material science, physics, and chemistry, and the
importance of 2D materials and nanostructures in such applications calls for intensive
experimental research assisted with engineering their fundamental and interface properties
for enhancing the performance of various devices.

In this Special Issue “2D Nanostructures for Optoelectronic and Green Energy De-
vices”, we have collected nine high-quality, original research papers and one comprehensive
review paper by outstanding scientists and engineers from relevant fields, covering the
topics in optical properties and couplings in 2D nanostructures, [5–8] spectroscopic anal-
ysis in atomic scale, [9] 2D transistors, [10,11] 2D optoelectronics, [12] and 2D energy
storage applications [13,14].

The synthesis and characterization of the new fundamental properties of 2D nanos-
tructures are of fundamental importance in order to utilize the 2D nanostructures for
optoelectronic and green energy device applications. Shin et al. [6] reported interlayer
coupling effects in 2D heterostructures using low-frequency Raman spectroscopy, offering
a route to observe the quality of the interface in 2D nanostructures. Singh et al. [7] and
Pandey et al. [8] reported optical coupling in nanostructures and substrates, which can
be used in nanophotonics and detection applications. Yoon et al. [9] reported the atomic
arrangement of graphene-like ZnO examined using transmission electron spectroscopy.
A-Rang Jang [11] reported graphene contact in a 2D transistor, which was effective in low-
ering the Schottky barrier in metal-2D semiconductor contact. Sangyeon Pak [10] reported
a simple and effective fabrication route of p-type doping 2D MoS2 simply by spin coating
CuCl2 molecules.

Two-dimensional nanostructures are also found extensively in the field of energy
storage applications where nanomaterials can be used as the effective electrode materials
with a large surface area in batteries and supercapacitors. The work by Wi and cowork-
ers [13] reported layered graphite structures fabricated using the direct laser scribing of PI
substrate, which is an effective electrode material in micro-supercapacitors when integrated
with hydroquinone gel electrolyte. Such flexible micro-supercapacitors promise future
energy storage components, especially in wearable applications. Liu et al. [14] utilized
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vanadium pentoxide nanofiber/carbon nanotube hybrid films as binder-free cathodes for
zinc-ion batteries, achieving a high energy density and stable cyclability, demonstrating the
promises for large-scale energy storage applications.

Last, the Special Issue includes a comprehensive review on the applications on 2D
materials, perovskites, and 2D material/perovskite heterostructures for applications to
optoelectronic devices, including solar cells and photodetectors, nicely summarized by
Yuljae Cho and his co-workers [12]. Especially, the review summarizes various synthetic
methods for 2D materials and perovskite materials, and the photodetector performance of
various materials was adequately compared and summarized.

To summarize, this Special Issue is expected to attract and enrich readers through
featuring all of the above-mentioned research articles and review articles. Especially, we
express our sincere thanks to all the authors, reviewers, and editors that made a contribution
to this Special Issue.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (Grant no. 2022R1F1A1063997) and 2023 Hongik University
Research Fund.
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Article

Tuning Schottky Barrier of Single-Layer MoS2 Field-Effect
Transistors with Graphene Electrodes

A-Rang Jang

Division of Electrical, Electronic and Control Engineering, Kongju National University, Cheonan 31080, Korea;
arjang@kongju.ac.kr

Abstract: Two–dimensional materials have the potential to be applied in flexible and transparent
electronics. In this study, single-layer MoS2 field-effect transistors (FETs) with Au/Ti–graphene
heteroelectrodes were fabricated to examine the effect of the electrodes on the electrical properties of
the MoS2 FETs. The contact barrier potential was tuned using an electric field. Asymmetrical gate
behavior was observed owing to the difference between the MoS2 FETs, specifically between the MoS2

FETs with Au/Ti electrodes and those with graphene electrodes. The contact barrier of the MoS2 FETs
with Au/Ti electrodes did not change with the electric field. However, the contact barrier at the MoS2–
graphene interface could be modulated. The MoS2 FETs with Au/Ti–graphene electrodes exhibited
enhanced on/off ratios (~102 times) and electron mobility (~2.5 times) compared to the MoS2 FETs
with Au/Ti electrodes. These results could improve the understanding of desirable contact formation
for high-performance MoS2 FETs and provide a facile route for viable electronic applications.

Keywords: graphene; molybdenum disulfide; Schottky barrier

1. Introduction

Two–dimensional (2D) materials have attracted significant attention as potential can-
didates for next-generation electronics [1,2]. Graphene is considered to be one of the most
promising 2D materials because of its unique electrical, mechanical, and optical properties.
However, the widespread use of graphene in viable electronic device applications is limited
by its zero-bandgap property, which considerably decreases the on/off ratio [3–6]. To over-
come this limitation, graphene nanoribbons [7,8], bilayer graphene [9–12], and modified
device architectures, such as vertical tunneling transistors, have been developed [13,14].
Although these devices have improved the on/off ratio, other desirable properties, such
as mobility and current density, have deteriorated. Thus, there is an urgent requirement
for 2D materials, including transition metal dichalcogenides (TMDs), with an appropriate
bandgap and reasonable mobility to replace graphene. MoS2 is one of the most promising
TMDs because its bandgap is 1.3–1.8 eV depending on the number of layers. Single-layer
MoS2 films have a direct bandgap of 1.8 eV, whereas multilayer MoS2 films have an indirect
bandgap of 1.2 eV [15–17]. Owing to these unique properties, MoS2 has been intensively
studied for electronic and optoelectronic applications. In recent years, it has become possi-
ble to synthesize large-area single-layer MoS2 via chemical vapor deposition (CVD) [18–22].
This has provided a major opportunity for next-generation electronic device applications.
However, the contact barrier issue must be studied for electronic device applications of
2D materials [23,24]. Moreover, the performance of MoS2 field-effect transistors (FETs)
is lower than the theoretically predicted performance [25]. This discrepancy has been
explained on the basis of charged impurities and localized states in MoS2 [26–28]. Domi-
nant scattering processes decrease carrier mobility. In addition, the contact at MoS2–metal
electrode interfaces is a critical issue. A tunneling barrier that is formed at the interface of a
metal contact in an MoS2 device [29] significantly reduces carrier mobility in single–layer
MoS2. This is one of the main reasons for the poor performance of single-layer MoS2 FETs.

Nanomaterials 2022, 12, 3038. https://doi.org/10.3390/nano12173038 https://www.mdpi.com/journal/nanomaterials3
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Sulfur atoms mediate the hybridization between a contact metal and Mo atoms, resulting
in the tuning of the bandgap [30]. Furthermore, the bandgap of single-layer MoS2 can be
determined by the strength of the Mo–S covalent bonding [31]. Therefore, a systematic
study of the effects of electrode materials on the performance of MoS2 FETs can help re-
solve this critical issue and find a reliable method of improving the electrical properties of
MoS2 FETs. A charge accumulation region forms at metal–MoS2 interfaces when a metal
contact is used. This generally leads to the formation of an interface electric dipole, which
modifies the interface band alignment [30]. This results in poor contact and an unexpected
contact barrier between the metal and MoS2. Owing to the challenges associated with metal
electrodes, graphene has been considered as a suitable electrode material for MoS2 FETs.
Graphene and single-layer MoS2 bond via van der Waals (vdW) forces, thereby creating
a pristine interface. Furthermore, the contact barrier between graphene and MoS2 can
be controlled by tuning the work function of graphene (4.5 eV), which is quite similar to
that of MoS2 [32]. As the work function of graphene can be readily tuned by applying
an electric field, graphene-based heterostructures have recently been studied in electronic
devices [33–36]. For instance, the Schottky barrier formed between graphene and silicon
can be tuned by approximately 200 meV as a function of the gate voltage [13]. Therefore,
the contact barrier between graphene and MoS2 can be tuned by applying an electric field.

Herein, we report high-performance single–layer MoS2 FETs with graphene electrodes
that exhibit a considerable enhancement in the on/off ratio (~102 times) and electron
mobility (~2.5 times) compared to the MoS2 FETs with Au/Ti electrodes. We show that
the contact barrier potential of the MoS2 FETs with graphene electrodes can be effectively
tuned by applying an electric field. The work function of graphene becomes higher than
that of MoS2 at a negative bias voltage, resulting in the formation of a Schottky barrier.
Similarly, the work function of graphene becomes lower than that of MoS2 at a positive
bias voltage, resulting in the formation of an ohmic barrier. The contact barrier between
MoS2 and graphene can be easily tuned using graphene electrodes. Thus, the on/off ratio
and electron mobility of the MoS2 FET can be improved by tuning the contact barrier.

2. Materials and Methods

2.1. Graphene Growth and Transfer

Graphene was synthesized on a copper foil (99.8% purity, 0.025 mm thick, Alfa Aesar,
Haverhill, MA, USA) using CVD at a growth temperature of 1050 ◦C with 10 sccm of H2
and 15 sccm of CH4 [37]. Then, the full side of the foil that faced upwards during synthesis
was covered with poly(methyl methacrylate) (PMMA) (AR–N 7500.18, Allresist, Strausberg,
Germany) via spin coating (4000 rpm for 60 s). The remaining graphene on the Cu foil
that faced downwards during the synthesis was removed using O2 plasma (Femto, Diener,
Ebhausen, Germany). The Cu foil was completely etched using 0.1 M ammonia persulfate
(Sigma Aldrich, St. Louis, MO, USA). The PMMA/graphene layer was washed several
times with fresh deionized water. Finally, the PMMA/graphene layer floated on the surface
of the water, and it was transferred to a SiO2 substrate. The transferred PMMA/graphene
layer was patterned using electron beam lithography (Nanobeam nB4, NBL, Cambridge,
UK) as shown in Figure S1a.

2.2. Fabrication of the MoS2 Field-Effect Transistor

As shown in Figure S1b, single-layer MoS2 was prepared via mechanical exfoliation
from a bulk MoS2 flake (429ML–AB, SPI Supplies, West Chester, PA, USA). To fabricate
MoS2 FET with graphene electrode, a dry transfer process was employed [38]. Patterned
graphene was transferred onto single–layer MoS2 flake after the alignment position using
a micromanipulator (NMO–203, Narishige, Tokyo, Japan) (Figure 1a). Au/Ti electrodes
were patterned using electron beam lithography with a positive electron beam resist (AR–
P 671.04, Allresist, Strausberg, Germany). This was followed by metal deposition (Ti
(5 nm)/Au (45 nm)) and a lift-off process.

4
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Figure 1. (a) Schematics illustration of the fabrication process for MoS2 FET with graphene electrode.
Raman spectroscopy of mechanically exfoliated single–layer MoS2 (red), chemical vapor deposition
(CVD)-grown graphene on single-layer MoS2 (blue), and CVD-grown graphene (green). (b) MoS2

region, and (c) graphene region of the Raman spectrum (the insert of (b) shows the Raman analysis
position by cross mark).

2.3. Characterization of the MoS2 Thin Film and Field–Effect Transistor

Mechanical exfoliation was employed to extract high-quality single-layer MoS2 from
bulk MoS2 [3]. Then, single–layer MoS2 was transferred onto a silicon wafer with a 300 nm
thick SiO2 layer. Raman spectroscopy (Alpha 300R, WiTec, Ulm, Germany) was used to
determine the number of layers of MoS2 [39]. The Raman spectrum of MoS2 revealed a
peak spacing of less than 20 cm−1 between the E2g and A1g modes, indicating that single-
layer MoS2 was formed. A 532 nm laser with a power of 1 mW was used as an excitation
source. The exposure time was 1 s, and calibration was performed using a reference Si
peak position of 520 cm−1. The fabricated MoS2 FETs were loaded into a vacuum chamber

5
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(Lake Shore) for electrical measurements. The electrical properties of the MoS2 FETs with
graphene–graphene electrodes, Au/Ti–Au/Ti electrodes, and graphene–Au/Ti electrodes
were characterized in vacuum (under 10−4 Torr) using a semiconductor parameter analyzer
(4200-SCS with a preamplifier unit, Keithley, Cleveland, OH, USA) for comparison.

3. Results and Discussion

Figure 1b,c show the Raman spectra of single-layer MoS2, graphene on single-layer
MoS2, and graphene, respectively. The MoS2 and graphene/MoS2 layers exhibit typical
single-layer Raman active modes (~18.27 cm−1 of frequency difference between E2g and
A1g), and the 2D/G ratio of graphene is about 4.06. Therefore, it can be noted that exfoliated
MoS2 flake has a formation of single layer. The Dirac point of intrinsic graphene is at zero
gate voltage, the work function of which is approximately 4.5 eV [32]. As shown in Figure
S2, the Dirac point of the CVD-grown graphene electrode was measured at 22.5 V, owing to
the hole doping originated from both coupling with dielectric layer of SiO2 and exposure
to oxygen and moisture [40]. The schematic of the band structure of graphene and MoS2 is
shown in Figure 2. Graphene and single-layer MoS2 were bonded via weak vdW forces.
However, MoS2 and the metal interfaces formed covalent interactions, causing a change
in the electronic structure [30]. This led to unexpected contact resistance. Three different
types of single-layer MoS2 FETs were fabricated to investigate the effects of the graphene
electrode. The first was a single-layer MoS2 FET with a Au/Ti–graphene heteroelectrode,
as shown in Figure 3a. Highly boron-doped Si (resistance of 0.001 Ω) with a 300 nm thick
SiO2 layer was used as the substrate. The channel length and width of the mechanically
exfoliated MoS2 used in the single-layer MoS2 FET were ~2 μm and ~4 μm, respectively.
Figure 3b shows the asymmetric IDS–VDS output characteristics of the single-layer MoS2
FET with the Au/Ti–graphene heteroelectrode without the gate voltage. Different contact
barriers were generated according to the contact material. An ohmic contact was formed
between single-layer MoS2 and Au/Ti. A Schottky contact was formed between single-
layer MoS2 and graphene. Figure 3c shows the IDS–Vg transfer characteristics for a positive
source–drain voltage (VDS). The on/off ratio and electron mobility (graphene in the
heteroelectrode) were >105 and ~3.2 cm2/V·s, respectively. Figure 3d shows the IDS–Vg
transfer characteristics for a negative drain voltage. The on/off ratio and electron mobility
(Au/Ti in the heteroelectrode) were >102 and ~1.2 cm2/V·s, respectively. These results
indicated that graphene could be used as an ideal electrode in a single-layer MoS2 FET.
Mobility was calculated using the following equation: μe = gm × L/ Cg × VD × W; where
gm is the transconductance, VD is the source–drain voltage, L is the channel length, W
is the channel width, and Cg is the capacitance of 300 nm thick SiO2. The MoS2 FET
with the Au/Ti electrodes exhibited ohmic contact behavior, whereas the MoS2 FET with
the graphene electrodes exhibited Schottky contact behavior. Multilayer MoS2 FETs with
exfoliated graphene electrodes also showed ohmic contact behavior [41]. The work function
of graphene was approximately 4.5 eV because mechanically exfoliated graphene was
almost pure with no doping. Therefore, the single-layer MoS2 FET with the graphene
electrodes exhibited a Schottky barrier without a gate bias voltage. However, the work
function of graphene was electrostatically adjusted to approximately 300 meV for single-
layer graphene by tuning the Fermi level (EF) by changing the gate voltage by 50 V [32].
The work function of graphene decreased at a positive gate bias voltage. Figure 4 shows
the IDS–VDS characteristics of the single-layer MoS2 FET as a function of the back-gate
voltage. The Schottky barrier between graphene and single-layer MoS2 was enhanced at a
negative gate voltage; thus, current could not flow in the negative gate voltage direction
(Figure 4a). As the gate was positively biased, the Schottky barrier between graphene and
single-layer MoS2 decreased, and the contact barrier between single-layer MoS2 and Au/Ti
did not change. The IDS–VDS output characteristics of the single-layer MoS2 FET with the
Au/Ti–graphene heteroelectrode (green solid line) showed almost similar with linear (red
dashed line) at a gate voltage of 20 V because the work function of graphene became similar
to that of single-layer MoS2 (Figure 4c). As the gate voltage exceeded 20 V, the current level
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(black solid line) of the graphene electrode became higher than that of the Au/Ti electrode
(Figure 4d). These results showed that the electrical properties of the single-layer MoS2
FET were enhanced using the graphene electrodes. A Schottky barrier was formed at the
interface of graphene and MoS2 in the current-off region; thus, there was no leakage current.
However, an ohmic barrier was formed at the interface between graphene and MoS2 in the
current-on region. Therefore, the on/off ratio and electron mobility of single-layer MoS2
were high. The on/off ratio and electron mobility of single–layer MoS2 were compared with
those of homogeneous electrodes. A single-layer MoS2 FET with the graphene electrodes
was fabricated, and its electrical properties were measured. Figure 5a shows the schematic
of the single-layer MoS2 FET with the graphene electrodes, and Figure 5b shows its IDS–Vg
transfer characteristics. The IDS–VDS output characteristics shown in Figure 5c confirmed
that a Schottky barrier was formed. When an increasingly positive back-gate bias was
applied to the single-layer MoS2 FET with the graphene electrodes, the Schottky barrier
was slightly modified into a clear ohmic contact, as shown in Figure 5d. The on/off ratio
and electron mobility were >105 and ~2.3 cm2/V·s, respectively. A single-layer MoS2
FET with the Au/Ti electrodes was fabricated, and its electrical properties were measured
for comparison. Figure S2a shows the schematic of the single-layer MoS2 FET with the
Au/Ti electrodes, and Figure S2b shows its IDS–Vg transfer characteristics. The on/off
ratio and electron mobility were >103 and ~0.9 cm2/V·s, respectively. The on/off ratio and
electron mobility of the single-layer MoS2 FET with the graphene electrodes were ~102

and ~2.5 times higher than those of the single-layer MoS2 FET with the Au/Ti electrodes,
respectively. To study the barrier height of the MoS2 FET with graphene electrode, current
voltage characteristics (Figure 6a) and IDS–Vg transfer characteristics (Figure 6b) were
measured at different temperatures. The 2D thermionic emission equation was used to
describe the electrical transport behavior of Schottky contacted MoS2 devices [41,42].

IDS = AA∗
2DT3/2exp

[
q

kBT

(
ΦB − VDS

n

)]
(1)

where A is the contact area of the junction, A∗
2D is the two–dimensional equivalent Richard-

son constant, q is the magnitude of the electron charge, ΦB is the Schottky barrier height,
kB is the Boltzmann constant, n is the ideality factor, and VDS is the drain-source bias.
Instead of the typical Arrehenius plot, ln(Id/T2) versus 1000/T for three-dimensional
semiconductors, ln(Id/T3/2) versus 1000/T was used because here the semiconducting
channel is two-dimensional. The ln(Id/T3/2) versus 1000/T of MoS2 FET with graphene
electrodes for various values of Vg is shown in Figure 6c. Based on Equation (1), the height
of the Schottky barrier can be deduced as Equation (2):

yintercept = − q
1000kB

ΦB (2)

In the MoS2 FET with graphene electrodes, the Schottky barrier is decreased
dramatically—from 51.5 meV to 0 meV—with the back gate voltage changing from −7.5 to
12.5 V, as shown in Figure 6d. The change of the Schottky barrier in the MoS2 FET with
graphene electrodes comes from changes in work function of graphene.

7
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Figure 2. Schematic band diagram of intrinsic graphene, CVD-grown graphene, and single-
layer MoS2.

Figure 3. Schematic and electrical properties of MoS2 field-effect transistor (FET) with hetero-
electrodes. (a) Schematic of MoS2 FET with heteroelectrodes; (b) IDS–VDS output characteristics;
(c) IDS–Vg transfer characteristics at VDS = 0.5 V; (d) IDS–Vg transfer characteristics at VDS =−0.5 V.
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Figure 4. Band diagrams and electrical properties of the MoS2 FET with Au–graphene heteroelectrode
at different gate voltages ((a) −20 V, (b) 0 V, (c) 20 V, and (d) 40 V).
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Figure 5. Schematic and electrical properties of MoS2 FET with graphene electrodes. (a) Schematic of
MoS2 FET with graphene electrodes; (b) IDS–Vg transfer characteristics at VDS = 0.5 V; (c) IDS–VDS

output characteristics; (d) IDS–VDS characteristics at different gate bias voltages.

Figure 6. Temperature-dependent electrical transport of the MoS2 FET with graphene electrode.
(a) Current voltage characteristics and (b) IDS–Vg transfer characteristics from 30 K to 230 K, for

source-drain bias voltage of 0.1 V. (c) Linear fit of the Arrhenius plot, ln
(

Id/T3/2
)

vs. 1000/T as
function of Vg. (d) The Schottky barrier of MoS2 FET with graphene electrode depends on the
gate voltage.
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4. Conclusions

This work demonstrates the enhancement of the electrical properties of an MoS2 FET
with graphene electrodes by tuning the contact barrier using an electric field. The MoS2
FET with a Au/Ti–graphene heteroelectrode shows a clear change in the contact barrier
between MoS2 and graphene. A Schottky barrier and ohmic barrier exist in the off and on
states of the MoS2 FET with the graphene electrodes. The on/off ratio and electron mobility
of the MoS2 FET with the graphene electrodes are 102 and 2.5 times higher than those of
the MoS2 FET with the Au/Ti electrodes, respectively. The Schottky barrier between MoS2
and graphene is decreased from 51.5 to 0 meV by the back gate voltage. The implication of
these results could be of great importance in better understanding the desirable contact
formation for high performance MoS2 FETs. This FET may be promising for electronic
device applications based on next-generation 2D materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12173038/s1, Figure S1: Schematic illustration of sample
preparation process; Figure S2: Electrical properties of chemical-vapor-deposition-grown graphene;
Figure S3: Schematic and electrical properties of MoS2 field-effect transistor with Au/Ti electrodes.
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Abstract: Electronic devices based on two-dimensional (2D) MoS2 show great promise as future
building blocks in electronic circuits due to their outstanding electrical, optical, and mechanical
properties. Despite the high importance of doping of these 2D materials for designing field-effect
transistors (FETs) and logic circuits, a simple and controllable doping methodology still needs to be
developed in order to tailor their device properties. Here, we found a simple and effective chemical
doping strategy for MoS2 monolayers using CuCl2 solution. The CuCl2 solution was simply spin-
coated on MoS2 with different concentrations under ambient conditions for effectively p-doping the
MoS2 monolayers. This was systematically analyzed using various spectroscopic measurements using
Raman, photoluminescence, and X-ray photoelectron and electrical measurements by observing
the change in transfer and output characteristics of MoS2 FETs before and after CuCl2 doping,
showing effective p-type doping behaviors as observed through the shift of threshold voltages
(Vth) and reducing the ON and OFF current level. Our results open the possibility of providing
effective and simple doping strategies for 2D materials and other nanomaterials without causing any
detrimental damage.

Keywords: MoS2 monolayer; copper chloride; transition metal chloride; p-type doping; spin coating

1. Introduction

Monolayer transition metal dichalcogenides (TMDCs) have been considered to be the
next-generation semiconducting channel materials because of their incredible electronic
and mechanical properties that make them suitable for flexible, wearable, and transparent
devices [1–5]. In addition, their ideally dangling bond-free surface and atomic thickness
show promise for van der Waals integration on various substrates/materials and in re-
ducing short channel effect, thus becoming candidates for the semiconducting channel
materials in nano-scaled electronics and optoelectronics devices [2,6–8]. Especially, the
field-effect transistors (FETs) composed of TMDC monolayers show high carrier mobility,
large On/Off ratio (>108), and low power consumption, which have inspired experimental
research in advancing FET performance of these devices [5,9–14].

To implement the TMDC monolayers for practical electronic device applications, the
device properties need to be tailored to show the desired output characteristics of electronic
devices. One way to achieve the desired device characteristics is through doping [3,15–19].
The doping of 2D materials is recognized to be the key to precisely controlling their
fundamental properties, based on the history of the contemporary Si or III–V-based semi-
conductors. Ion implantation is one of the possible doping techniques. However, this uses
high energy and can be detrimental to atomically thin 2D crystals. On the other hand, chem-
ical doping is potentially more advantageous compared to the ion implantation method,
as the chemical doping is generally based on a charge transfer by chemical potential of
adsorbed organic molecules and leads to less damage in 2D crystal structures [18,20–23].
The chemical doping of 2D TMDCs have been mostly relied on employing self-assemble
monolayer (SAM) techniques [3,9], substitutional doping [17,24], and passivation of sulfur
vacancy defects [5,25,26]. However, using such techniques, it is difficult to tune the amount
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of doping, and they generally require a controlled doping environment. Therefore, it is
required to find a convenient method to modulate electrical/optical properties, as well as
the electronic device properties.

Herein, we report a simple and controllable doping method for 2D MoS2 using copper
(II) chloride (CuCl2) performed at ambient conditions. In this process, the CuCl2 is dissolved
in ethanol, and the solution is simply spin-coated onto 2D MoS2 to effectively modulate
charge carrier densities without any damage to MoS2 crystals and their devices. The change
in doping was analytically confirmed through Raman, photoluminescence (PL), and X-ray
photoelectron spectroscopy (XPS), showing the p-type doping effect on 2D MoS2. We
further confirmed the feasibility of this doping process by simply coating the different
concentrations of CuCl2 solution onto the back-gated MoS2 transistors, showing effective
p-type doping behaviors as observed through the shift of threshold voltages (Vth) and
reducing the ON and OFF current levels. These findings pave an important pathway toward
modulating 2D materials and devices and designing logic devices based on 2D materials.

2. Materials and Methods

Synthesis of monolayer MoS2: Monolayer MoS2 was synthesized on a SiO2 (300 nm)/Si
substrate using the previously reported thermal chemical vapor deposition (CVD)
method [27,28]. Here, 0.05 mg of MoO3 precursors were prepared by dissolving the MoO3
powders into ammonium hydroxide (NH4OH) solution and loading the MoO3 onto alu-
mina boats using a micropipette. The SiO2/Si substrate was placed above the alumina boat
with the substrate placed faced down. The growth was carried in a 2-inch quartz tube, an
alumina boat containing 100 mg of sulfur powder was placed upstream, while the alumina
boat containing 0.05 mg of MoO3, and substrate was placed downstream in the middle of
the CVD furnace. The growth was carried out at 750 ◦C for 10 min, and the furnace was
naturally cooled down to room temperature. MoS2 crystal sizes around 30–50 μm were
obtained from the CVD synthesis.

Fabrication and measurement of MoS2 transistors: The synthesized MoS2 monolayers
were transferred onto HfO2/Si substrate using polystyrene (PS) film as the transferring
medium. The PS film (MW~192,000) was spin-coated onto MoS2/SiO2/Si substrate and
the film was detached during the transfer process while the film was floated on DI water.
The detached PS film with MoS2 was dried in air for 2 h and transferred onto HfO2/Si
substrate for device fabrication. The source and drain electrode pads were patterned
using photolithography, and 5 nm Ti/40 nm Au electrodes were deposited using a thermal
evaporator. The devices were annealed at 150 ◦C for 1 h under vacuum conditions. The
electrical properties were measured using semiconductor parameter analyzer (Keithley
4200A-SCS) and MS Tech probe station.

Characterization of MoS2: The Raman and PL measurements were carried out using
Alpha 300 R confocal Raman spectroscopy with 532 nm laser. AFM measurement was
carried out using XE7 (Park Systems, Suwon, Korea). XPS measurement was performed
using NEXSA (Thermofisher Scientific, Waltham, MA, USA).

3. Results

MoS2 monolayers were synthesized on a SiO2 (300 nm)/Si substrate using a chemical
vapor deposition (CVD). Figure 1a shows the CVD-grown monolayered MoS2 profiled by
atomic force microscopy (AFM) height measurement. The morphology and thickness of the
as-grown MoS2 show its thickness around 0.7 nm, confirming the single-layered thickness.
For doping of MoS2, CuCl2 was employed in this study as the metal chlorides offer a
wide range of doping molecules, have been frequently employed to modulate electrical
properties of graphene, and are known to be strong electron acceptors [29–31]. The metal
chloride generally acts as a strong electron acceptor due to the high electronegativity of
chlorine compared to molybdenum or sulfur [31]. It should be noted that CuCl2 has never
been used for doping 2D MoS2. Figure 1b illustrates our simple CuCl2 doping process.
CuCl2 was firstly dissolved in ethanol at different molar concentrations (0.5 M and 1 M).
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The as-grown MoS2 layer on SiO2 was then placed on a spin coater, and CuCl2 solution was
dropped onto the as-grown MoS2, followed by the spin coating at 3000 RPM. The doped
MoS2 samples were then dried on a hot plate at a mild temperature below 90 ◦C. All of the
doping processes were performed in ambient conditions.

 

Figure 1. CuCl2 doping process for MoS2 monolayers. (a) AFM topography image of MoS2 monolay-
ers showing its atomic thickness around 0.7 nm. Scale bar: 5 μm. (b) Schematic illustration of CuCl2
doping process. The as-synthesized MoS2 monolayers on SiO2/Si substrate were placed on a spin
coater, and CuCl2 solution was dropped onto the substrate for spin coating at 3000 RPM.

In order to understand the effect of CuCl2 doping on MoS2 monolayers, we first
performed Raman and PL analysis of the pristine MoS2 and CuCl2-doped MoS2 as shown
in Figure 2a,b. Figure 2a shows the Raman spectrum of pristine MoS2 (dotted grey line),
0.5 M CuCl2-doped MoS2 (purple line), and 1 M CuCl2-doped MoS2 (magenta). The Raman
spectrum of pristine MoS2 shows two characteristic peaks located at around 381 cm−1

and 400 cm−1, which correspond to the in-plane E1
2g and out-of-plane A1g vibrational

modes, respectively. As the CuCl2 is doped onto MoS2, the Raman peaks of MoS2 were
monotonically blue shifted with increasing the CuCl2 doping concentrations. Such a trend
of shifting in Raman peaks is a clear signature that carrier concentrations were changed
without damaging the crystal structure, and can be understood as a CuCl2-induced p-type
doping effect, which is in agreement with the previous studies [9,32]. Figure 2b shows
PL spectra measured for the pristine MoS2 and CuCl2-doped MoS2. The pristine MoS2
shows direct bandgap PL emission at around 1.82 eV. As the MoS2 monolayers were doped
with CuCl2, the PL intensity was largely increased. It has been widely accepted that the
PL intensity of 2D MoS2 is strongly affected by carrier concentrations. The increased PL
intensity of MoS2 monolayer can be due to the reduced trion formation and strongly in-
creased exciton radiative recombination rates through decreasing the carrier concentrations
of CuCl2-doped MoS2 monolayers [33]. Therefore, CuCl2 doping of MoS2 monolayer de-
creases carrier concentrations due to the strong electron accepting nature of CuCl2, which
was observed through Raman and PL measurements.

To further confirm the effect of CuCl2 doping and the chemical state of CuCl2 molecules,
we performed X-ray photoelectron (XPS) analysis as shown in Figure 3a–d. XPS analysis
was performed for both pristine MoS2 and CuCl2-doped MoS2, and we compared any
change in the binding energies. Figure 3a,b show the main binding energy of MoS2, Mo 3d
and S 2p peaks, and we compared the change of binding energies before and after CuCl2
doping. It is clearly observable that the binding energies of both Mo 3d and S 2p peaks
shifted toward lower binding energy by about 0.3 eV. The shift to a lower binding energy
in semiconducting MoS2 can be attributed to the shift of Fermi-level energy toward the
valence band, which results in the change of binding energies in MoS2, and the results agree
with the Raman and PL analysis that show the p-type doping effect of CuCl2 on MoS2.
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Figure 2. (a) Raman and (b) PL measurements before and after CuCl2 doping. 0.5 M and 1 M
CuCl2 solutions were employed for doping. After CuCl2 doping, the Raman spectrum of MoS2 was
blue-shifted and PL intensity was largely increased, showing p-type doping effect on MoS2.

Figure 3. X-ray photoelectron spectroscopy (XPS) measurements before and after CuCl2 doping. XPS
spectrum of (a) Mo 3d and (b) S 2p before and after CuCl2 doping. The shift of the binding energies
to lower energy indicates lowered Fermi level in MoS2. XPS spectrum of (c) Cu 2p and (d) Cl 2p was
found in CuCl2 doped MoS2 film, demonstrating the CuCl2 is doped onto MoS2.

XPS analysis on CuCl2-doped MoS2 also showed the chemical state of CuCl2 as shown
in Figure 3c,d. Figure 3c and d show the high-resolution XPS peaks of Cu 2p and Cl 2p
peaks, respectively, which were recorded from the CuCl2-doped MoS2 sample. As shown

18



Nanomaterials 2022, 12, 2893

in Figure 3c, it can be seen that the binding energies of Cu 2p are composed of the main
characteristic doublet peaks centered at around 953 eV and 933.3 eV, which correspond to
Cu 2p1/2 and Cu 2p3/2, respectively, and other satellite peaks [34]. The difference between
the two peaks is around 19 eV, which is in good agreement with the value reported in the
literature [35]. Cl 2p peaks can be deconvoluted into two main doublets, which are found
at 200.6 eV and 198.9 eV and correspond to Cl 2p1/2 and Cl 2p3/2, respectively. The peak
difference of the two peaks is around 1.7 eV, which is in good agreement with the value
reported in the literature [36]. The XPS results and the presence of Cu 2p and Cl 2p binding
energies confirm the presence of CuCl2 and the effective p-type doping on MoS2.

To understand the effect of CuCl2 doping on the electrical properties of FETs based
on a 2D MoS2 channel, the electrical properties were measured before and after doping
the MoS2 FETs with CuCl2. The FET devices were fabricated on a HfO2/Si substrate using
photolithography and metal deposition using a thermal evaporator. Figure 4a shows the
schematic description of the doping process of MoS2 FETs. The as-fabricated MoS2 FETs
were spin-coated with CuCl2 solution. Figure 4b shows the representative transfer curve,
drain-source current, IDS, as a function of the gate voltage, VG, which is plotted on a
logarithmic scale at the applied drain voltage of VDS = 0.1 V. The inset of Figure 4b shows
the transfer curve in a linear scale. The as-fabricated MoS2 FET showed n-type transfer
characteristics and a large ON/OFF ratio above 107. From the transfer characteristics, we
have estimated a field effect mobility using μFE = L

WCoxVds

dIds
dVgs

, where L is channel length,

W is channel width, and Cox is the gate capacitance of 309.9 nF cm−2. The field effect
mobility was measured to be 12.3 cm2/Vs, which is in good agreement with reported
values for a back-gated transistor using CVD-grown MoS2 monolayers. It can be observed
from Figure 4b that the CuCl2-doped MoS2 FETs shows a gradual decrease in both ON and
OFF current as the CuCl2 is doped onto the MoS2 FETs.

Figure 4. (a) Schematic description of CuCl2 doping on MoS2 FETs. (b) The transfer characteristics,
(c) output characteristics, (d) threshold voltages of MoS2 FETs before and after CuCl2 doping.
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Such behavior was also found when an output curve, the drain-source current versus
drain-source voltage on a linear scale, was measured as shown in Figure 4c (inset image
shows the output curve of 1 M CuCl2 doped MoS2 FET). The output curve of as-fabricated
MoS2 FET shows a high ON current and a linearly dependent drain current showing good
Ohmic contact between MoS2 and electrodes. As the CuCl2 is doped onto MoS2 FETs, the
channel conductance is largely decreased, showing a p-type doping effect of CuCl2 on
MoS2, in accordance with transfer curve measured in Figure 4b.

Following the reduced ON current and channel conductance, it was also shown that
as CuCl2 was doped onto MoS2 FETs, threshold voltage (Vth) was shifted towards positive
voltages from -2.85 V to -1.45 V and -0.9 V as 0.5 M and 1 M CuCl2 was doped onto
MoS2 FETs as shown in Figure 4d. Using the changes in the Vth, the change in carrier
concentrations upon CuCl2 doping can be calculated using the parallel-plate capacitor
model [3,9], Ndoping = C|ΔVth|

e , where C is the gate capacitance, ΔVth is the change in the
VTh after the CuCl2 is doped onto the device compared to the as-fabricated MoS2 FET,
and e is the elementary charge. The amount of doping concentration was estimated to be
2.72 × 1012 cm−2 and 3.77 × 1012 cm−2 when 0.5 M CuCl2 and 1 M CuCl2 were doped
onto MoS2 FETs, respectively. The electrical analysis of MoS2 FETs before and after CuCl2
doping show that CuCl2 is an effective p-type dopant for MoS2 that can be easily employed
using simple spin coating of different concentrations of CuCl2 solution.

4. Conclusions

To conclude, we have demonstrated simple and effective p-type doping on the 2D
MoS2 FETs by simply spin coating the device with CuCl2 solution at ambient conditions.
The effect of CuCl2 doping was confirmed analytically through Raman, PL, and XPS
measurements. The p-type doping on the MoS2 channel showed largely decreased channel
conductance and the shift in threshold voltages towards positive gate voltages in back-gated
MoS2 transistors. It was also shown that the amount of doping can be simply controlled
by the CuCl2 concentrations in a solution containing ethanol. The results and findings
present an important pathway towards designing a CMOS circuit based on 2D FETs and
other nanomaterials.
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Abstract: Van der Waals (vdW) heterostructures based on two-dimensional (2D) transition metal
dichalcogenides (TMDCs), particularly WS2/MoS2 heterostructures with type-II band alignments, are
considered as ideal candidates for future functional optoelectronic applications owing to their efficient
exciton dissociation and fast charge transfers. These physical properties of vdW heterostructures are
mainly influenced by the interlayer coupling occurring at the interface. However, a comprehensive
understanding of the interlayer coupling in vdW heterostructures is still lacking. Here, we present a
detailed analysis of the low-frequency (LF) Raman modes, which are sensitive to interlayer coupling,
in bilayers of MoS2, WS2, and WS2/MoS2 heterostructures directly grown using chemical vapor
deposition to avoid undesirable interfacial contamination and stacking mismatch effects between the
monolayers. We clearly observe two distinguishable LF Raman modes, the interlayer in-plane shear
and out-of-plane layer-breathing modes, which are dependent on the twisting angles and interface
quality between the monolayers, in all the 2D bilayered structures, including the vdW heterostructure.
In contrast, LF modes are not observed in the MoS2 and WS2 monolayers. These results indicate that
our directly grown 2D bilayered TMDCs with a favorable stacking configuration and high-quality
interface can induce strong interlayer couplings, leading to LF Raman modes.

Keywords: bilayer MoS2; bilayer WS2; WS2/MoS2 heterostructure; low-frequency Raman modes;
interlayer coupling

1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDCs), such as MoS2 and
WS2, have attracted significant attention for flexible and transparent electronics and op-
toelectronics applications because of their superior mechanical, electrical, and optical
properties, such as high mobility, good mechanical strength, superior transparency, and
excellent flexibility, as well as strong light–matter interactions [1–6]. TMDCs have consid-
ered to be promising nanomaterials for nanoelectronics, optoelectronics, sensors, energy
conversion, and energy storage devices over the past decades [7–15]. Recently, considerable
efforts have been devoted to the vertical assembling and integration of distinct 2D TMDC
monolayers into van der Waals (vdW) heterostructures with diverse band alignments to
develop a wide range of optoelectronic devices [16–18]. Because the individual monolayers
composing the heterostructure are held together only by weak vdW interactions, the physi-
cal properties of such devices are strongly dependent on the interlayer coupling that occurs
at the interface of the TMDC-based vdW heterostructures [15,19,20]. Thus, understanding
the underlying physics of the interlayer couplings in vdW heterostructures, which play
an important role in determining the charge and energy transfer behavior, is crucial for
designing and developing high-performance devices.
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Among the various heterojunction configurations with the corresponding band struc-
tures, the WS2/MoS2 heterostructures are considered to be a promising platform for use
in device applications to achieve a high device performance because of their type-II het-
erojunctions, which enable an efficient exciton dissociation and charge transport [21–25].
For instance, Tan et al. demonstrated that the interlayer coupling between WS2 and MoS2
can enable a long-lived trap state in WS2/MoS2 heterostructures, resulting in an enhanced
photodetector performance with a large photoconductive gain and high responsivity [18].
Wang et al. reported that the strong interlayer coupling in WS2/MoS2 heterostructures
reduces the energy intervals of electron transition, making it detectable under infrared
light [19]. Thus, a fast and reliable method for characterizing the interlayer coupling within
2D TMDCs heterostructures is highly desirable for rapidly assessing the physics underlying
the unique electronic structures and optical properties.

Raman spectroscopy is one of the most powerful nondestructive tools used for ob-
taining a detailed structural and electronic information on 2D layered TMDCs and vdW
heterostructures [26]. In particular, it has been recently reported that low-frequency (LF)
Raman modes can be used as an indicator to directly probe the interlayer coupling effects in
vdW-based layered structures, including layered heterostructures, because the LF Raman
vibrational modes originate from the weaker interlayer vdW restoring forces [27,28].

In a few studies, the interfaces of WS2/MoS2 heterostructures have been investigated
using Raman scattering [29,30]. However, a detailed study on the interlayer coupling in
WS2/MoS2 heterostructures through LF Raman analysis has not yet been conducted.

In this study, we investigated and compared the LF Raman modes in the bilayers
of MoS2, WS2, and WS2/MoS2 heterostructures using a confocal Raman spectrometer to
clearly distinguish the LF Raman modes. Moreover, we directly synthesized the MoS2,
WS2, and WS2/MoS2 heterostructures on a SiO2/Si substrate via chemical vapor depo-
sition (CVD) to rule out the undesirable effects, such as mismatch in the stacking angle
between the monolayers and interface contaminations, which generally result in physically
stacked TMDCs [27,28,31]. The thicknesses of the directly grown mono- and bilayers were
confirmed using atomic force microscopy (AFM). Raman spectroscopy measurements were
performed to characterize the vibrational modes in the high-frequency and LF ranges.
Two characteristic LF Raman modes, the interlayer in-plane shear (C) and out-of-plane
layer-breathing (LB) modes, were clearly observed in all the 2D bilayered homo- and
heterostructures, including the MoS2 and WS2 bilayers, and WS2/MoS2 heterostructures,
whereas no LF modes were detected in the MoS2 and WS2 monolayers. These results
indicate that the LF modes can be ascribed to the strong coupling in our samples without
interface contaminations/defects and/or misalignment effects, compared to mechanically
stacked samples.

2. Materials and Methods

2.1. Sample Preparation

First, a solution was prepared by adding MoO3 powder (200 mg, Sigma-Aldrich, St.
Louis, MO, USA) and WO3 powder (200 mg, Sigma-Aldrich, St. Louis, MO, USA) to
NH4OH (10 mL, 28–30% solution, Sigma-Aldrich, St. Louis, MO, USA) in a small vial. A
20 μL MoO3 and WO3 solution was dropped onto a substrate and spin coated at 3000 rpm
for 1 min. The weight of the deposited MoO3 film and WO3 particles was found to be
significantly small, around ~0.01 mg [32].

Bilayer MoS2 were grown using atmospheric pressure CVD (APCVD) (Figure 1a). The
prepared MoO3 solution was coated on a 300-nm-thick SiO2/Si substrate and loaded into
the center of a quartz tube furnace. A ceramic boat loaded with 100 mg of S powder was
placed upstream of the furnace. The bilayer MoS2 growth was carried out at 730 ◦C for
10 min, and then the furnace was naturally cooled down to room temperature.
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Figure 1. (a) Schematic of the growth process of the 2D bilayered MoS2, WS2, and WS2/MoS2 het-
erostructures via CVD. AFM topography images of the directly grown (b) monolayer and (c) bilayer
MoS2. (Scale bar: 5 μm) (d) Schematic of the Raman spectroscopy measurements with a 488 nm laser
focused on the vdW heterostructures.

Bilayer WS2 were grown using low-pressure CVD (LPCVD), in which the quartz tube
was evacuated to a base pressure of approximately 10−3 Torr, and a mixture of Ar and
H2 was flowed into the furnace. The prepared WO3 solution and S powder were placed
in the same position as that fixed during the bilayer MoS2 growth process. The bilayer
WS2 growth was performed at 850 ◦C for 10 min, and throughout the process, the furnace
pressure was maintained at 15 Torr.

Next, a WS2/MoS2 heterostructure was grown using the LPCVD method. The sub-
strates coated with the MoO3 and WO3 solution were loaded on the bottom and top of
the crucible in a furnace, respectively. The S powder was placed in the same position as
that fixed during the bilayer MoS2 growth process, and the growth temperature, time,
and pressure were the same as those used in the bilayer WS2 growth process. As the
temperature of the furnace increased, MoO3 was deposited and sulfurized on the substrate
located at the top of the crucible. The temperature of furnace reached at 850 ◦C, and the
vertical and lateral MoS2/WS2 heterostructures were synthesized [32].

2.2. Characterization

The surface morphology and thicknesses of the CVD-grown bilayer TMDs were
characterized using atomic force microscopy (AFM (Multimode 8, Bruker, Billerica, MA,
USA)).

Observing the LF Raman modes in 2D layered TMDCs and vdW heterostructures
is challenging, because it is difficult to distinguish them from the Rayleigh line using a
conventional Raman microscope [33]. In this study, Raman spectroscopy measurements
were performed at room temperature using a confocal Raman spectrometer (alpha 300 M+,
WiTech, Ulm, Germany). A green laser beam with a wavelength of 488 nm and power of
approximately 1 mW was focused onto the individual samples by a 50× objective (NA:
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0.55) with a long working distance, as illustrated in Figure 1d. The estimated laser spot size
was 1.08 μm.

3. Results and Discussion

3.1. MoS2 Bilayers

Monolayer and bilayer MoS2 were directly grown on a SiO2/Si substrate via the
APCVD method, as shown in Figure 1a (see the Section 2 for more details).

Figure 1b,c show the AFM images of the triangular mono- and bilayer MoS2. The
lateral size of both the layers was approximately 13–15 μm. The height profiles show that
the thicknesses of the mono- and bilayer MoS2 were found to be approximately 0.8 and
1.7 nm, respectively.

Raman spectroscopy was performed to investigate the vibrational modes of the as-
grown 2D bilayer MoS2, WS2, and WS2/MoS2 heterostructures. Figure 2a illustrates the four
different vibrational modes with relative displacements between the metal and chalcogen
atoms, which can be representatively observed in most few-layer TMDCs. These modes
can be classified into two categories according to their frequencies: high-frequency and LF
modes. In the high-frequency range (>300 cm−1), the E2g and A1g modes originate from the
in-plane and out-of-plane atomic vibrations within the layers, respectively. It was observed
that the E2g mode softens (red-shift), while the A1g mode stiffens (blue-shift) as the number
of layers is increased. Consequently, the frequency difference between the two modes
increases [34]. Because the high-frequency Raman modes of the mono- or multilayered
TMDCs originate from the intralayer chemical bonds, the restoring forces are significantly
affected by the strength of the intralayer bonding, resulting in less sensitivity to interlayer
coupling [26,27,34,35]. In contrast, in the LF range (<50 cm−1), the interlayer in-plane shear
(C) and out-of-plane layer-breathing (LB) modes are expected to have very low frequencies
owing to the weak interlayer vdW restoring forces [36,37]. Thus, the analysis of the LF
Raman modes can be treated as a more reliable method for directly probing the interlayer
coupling in multilayered TMDCs.

Figure 2b shows the Raman spectra of the monolayer (black line) and bilayer MoS2
(red line), recorded in the high-frequency range of 320–480 cm−1. Note that the quality
and lateral size of the MoS2 (and WS2) samples chosen for the Raman measurement were
almost the same as those shown in Figure 1b,c. For the monolayer MoS2, two typical peaks
were obtained at 386.7 and 404.7 cm−1, which correspond to the in-plane vibrational mode
(E2g mode) and out-of-plane vibrational mode (A1g mode), respectively. Evidently, for the
bilayer MoS2, the E2g and A1g modes shift in the opposite direction, and the frequency
difference between these two modes increases from 18.1 cm−1 (for the monolayer MoS2) to
21.1 cm−1 [34,38,39].

Figure 2c shows the Raman spectra of the monolayer (black line) and bilayer MoS2
(red line), obtained in the LF range of −80 to 80 cm−1. Neither the C nor the LB modes
are observed in the monolayer MoS2, as is generally expected for all the other monolayer
TMDCs, because the interlayer restoring force is absent. In contrast to the monolayer MoS2,
two distinct LF Raman peaks were observed in the spectra of the bilayer MoS2, as well as
in the corresponding anti-Stokes spectra. A sharp peak at 40.2 cm−1 can be assigned to the
LB mode of the bilayer MoS2. Another peak at 24.3 cm−1 can be assigned to the C mode of
the bilayer MoS2, which is typically of lower frequency than that of the LB mode.

According to previous studies, the intensity and frequency of the Raman peaks cor-
responding to the C and LB modes in bilayer MoS2 depend on the twisting angles and
interface quality between the top and bottom MoS2 layers. It has been reported that the C
mode is clearly observed near 0◦ or 60◦, and is even absent for certain twisting angles. [31]
Thus, the clear observation of the C mode shown in Figure 2c implies that the bilayer MoS2
was grown with the 2H (60◦) or 3R (0◦) stacking configuration (as shown in Figure 1b,c),
which is the most stable configuration of CVD-grown bilayer systems [40]. Furthermore,
we observed that there exists only one peak corresponding to the LB mode. This finding
indicates that unlike the mechanically stacked bilayer MoS2, the directly grown bilayer
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MoS2 had a uniform interlayer without localized strains, crystallographic defects, or wrin-
kles, which are usually introduced in mechanically transferred samples. Thus, these results
suggest that our directly grown bilayer MoS2 can induce a strong interlayer coupling with
highly ordered domains between the monolayers.

Figure 2. (a) Schematic of the lattice structure and four different vibrational modes of the bilayered
TMDCs. Raman spectra of the monolayer (black lines) and bilayer MoS2 (red lines), obtained in the
(b) high-frequency and (c) LF ranges. The Raman peaks enclosed by the green- and blue-colored
regions correspond to the C and LB modes, respectively.

3.2. WS2 Bilayers

Monolayer and bilayer WS2 were directly grown on a SiO2/Si substrate via an LPCVD
method (see Section 2 for more details).

Figure 3a shows the Raman spectra of the monolayer (black line) and bilayer WS2
(red line), obtained in the high-frequency range of 320–480 cm−1. For the monolayer WS2,
two typical Raman signals were observed at 356.5 and 417.5 cm−1, corresponding to the
in-plane vibrational mode (E2g mode) and out-of-plane vibrational mode (A1g mode) of
WS2, respectively. Moreover, the E2g and A1g modes of the bilayer WS2 shifted in the
opposite direction compared to those of the monolayer WS2, resulting in an increase in
the frequency difference between them, which is consistent with the previously reported
results [41,42].

Figure 3. Raman spectra of the mono- (black lines) and bilayer WS2 (red lines), recorded in the
(a) high-frequency and (b) LF ranges. The Raman peaks enclosed by the green- and blue-colored
regions correspond to the C and LB modes, respectively.
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Figure 3b shows the Raman spectra of the monolayer (black line) and bilayer WS2 (red
line), obtained in the LF range of −80 to 80 cm−1. Similar to the results of MoS2 shown in
Figure 2c, for the monolayer WS2, no peaks corresponding to the C and LB modes were
observed. However, two different peaks at 17.9, and 33.8 cm−1 were observed in the LF
Raman spectrum of the bilayer WS2, which can be assigned to the C and LB modes in a
Stokes Raman spectrum, respectively. These findings indicate that the LF Raman modes
can be attributed to the interlayer coupling effect.

3.3. WS2/MoS2 Heterostructures

A vertical WS2/MoS2 heterostructure, with WS2 on top of the MoS2 monolayer, was
directly grown on a 300-nm-thick SiO2/Si substrate via the LPCVD method (see Section 2
for more details).

The Raman spectrum of the WS2/MoS2 heterostructure in the high-frequency range
of 320–500 cm−1 is presented in Figure 4a. The characteristic peaks observed at 383.7 and
356.5 cm−1 can be ascribed to the E2g modes of the individual MoS2 and WS2 monolay-
ers, respectively, whereas those located at 404.7 and 418.2 cm−1 can be attributed to the
A1g modes of these individual MoS2 and WS2 monolayers, respectively, confirming the
formation of the WS2/MoS2 heterostructure.

In the LF range, as shown in Figure 4b, we also observed two sharp characteristic
peaks at 19.5 and 33.8 cm−1, which can be assigned to the C and LB modes, respectively.
Figure 4c shows the LF modes of the WS2/MoS2 heterostructure. In general, two physically
transferred layers composed of vdW heterostructures are usually misaligned, leading
to a lack of in-plane restoring force, thus resulting in the disappearance of the C mode.
Furthermore, nonuniform interfaces with variable local stacking can result in the presence
of multiple LB modes [27]. Unlike the observations made in a previous study [29], here,
we observed that in the WS2/MoS2 heterostructure, only one peak existed corresponding
to each C and LB mode, which were associated with a good stacking configuration and
interface uniformity, respectively [31]. Notably, directly grown heterostructures with
epitaxial interfaces can exhibit a strong interlayer coupling compared to the mechanically
transferred heterostructures prepared using a dry-transfer method or exfoliated suspension
drop casting [28,43]. Thus, we believe that the clear observation of the C and LB mode
peaks can be attributed to the strong interlayer coupling arising from the epitaxially grown
bilayers with a clear interface and stable configuration.

Figure 4. Raman spectra of the WS2/MoS2 heterostructures recorded in the (a) high-frequency and
(b) LF ranges. The Raman peaks enclosed by the green- and blue-colored regions correspond to the C
and LB modes, respectively. (c) Schematic depicting the interlayer interaction categorized by the C
and LB modes in the LF range for the WS2/MoS2 heterostructure.

4. Conclusions

In this study, we investigated the LF Raman modes to explore the interlayer coupling
in the bilayered MoS2 structures, WS2 structures, and WS2/MoS2 heterostructures, which
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were directly synthesized via CVD. For all the 2D bilayered MoS2 and WS2 homostructures
and WS2/MoS2 heterostructures, typical LF C and LB modes were observed, whereas no
LB modes were detected in the MoS2 and WS2 monolayers. Moreover, we showed that the
observed single LB mode and clear C mode peaks could be attributed to the high-quality
homo- and heterojunctions with stable stacking configurations, which enable the induction
of a strong interlayer coupling within the layers. Our results provide a fundamental
understanding of the interlayer coupling in WS2/MoS2 heterostructures and other 2D
TMDC-based vdW heterostructures and an ideal approach for designing and developing
high-performance functional devices based on various vdW heterostructures.
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Abstract: Two-dimensional materials, such as transition metal dichalogenides (TMDs), are emerging
materials for optoelectronic applications due to their exceptional light–matter interaction charac-
teristics. At room temperature, the coupling of excitons in monolayer TMDs with light opens up
promising possibilities for realistic electronics. Controlling light–matter interactions could open up
new possibilities for a variety of applications, and it could become a primary focus for mainstream
nanophotonics. In this paper, we show how coupling can be achieved between excitons in the
tungsten diselenide (WSe2) monolayer with band-edge resonance of one-dimensional (1-D) photonic
crystal at room temperature. We achieved a Rabi splitting of 25.0 meV for the coupled system,
indicating that the excitons in WSe2 and photons in 1-D photonic crystal were coupled successfully.
In addition to this, controlling circularly polarized (CP) states of light is also important for the
development of various applications in displays, quantum communications, polarization-tunable
photon source, etc. TMDs are excellent chiroptical materials for CP photon emitters because of
their intrinsic circular polarized light emissions. In this paper, we also demonstrate that integration
between the TMDs and photonic crystal could help to manipulate the circular dichroism and hence
the CP light emissions by enhancing the light–mater interaction. The degree of polarization of WSe2

was significantly enhanced through the coupling between excitons in WSe2 and the PhC resonant
cavity mode. This coupled system could be used as a platform for manipulating polarized light
states, which might be useful in optical information technology, chip-scale biosensing and various
opto-valleytronic devices based on 2-D materials.

Keywords: transition metal dichalogenides; excitons; light–matter interactions

1. Introduction

Controlling the light–matter interaction on subwavelength scales is vital for a multi-
tude of nanotechnology applications, such as modulators, lasers, switches, waveguides,
logic elements, etc. Two-dimensional (2-D) materials, such as transition metal dichalco-
genides (TMDs), have attracted substantial interest in photonics with the advancement of
science and technology owing to its remarkable features, such as strong excitonic effects
and valley-dependent characteristics [1,2]. It is possible to control the spin and valley in
monolayer TMDs due to the strong spin–orbit coupling and breaking of inversion sym-
metry, which is different from their bulk counterparts [3,4]. In contrast to graphene, the
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strong quantum confinement in the out-of-plane direction causes the bandgap of TMDs to
be strongly influenced by the number of layers; the bandgap can be tuned from indirect
to direct bandgap as the number of layers decreases from a few layers to a monolayer [5].
Because of their distinctive direct band gap structure, significant exciton-binding energies
of a few 100 meV, and valley-associated features, such as valleytronics, these atomically
thin monolayer TMDs have gained a lot of attention. The low dimensionality features of
TMDs lead to an efficient light absorption and strong light–matter interactions, which is
becoming significant for fundamental quantum physics. In some scenarios, excitons in
TMDs that cover visible and near-infrared wavelengths can couple with surface plasmons
in metal to generate plexcitons, and when the light–matter coupling is strong enough,
the Rabi oscillations and strong coupling regime would result in the formation of hybrid
quasi-particles, called polaritons.

Strong coupling is made possible by the local optical density of photonic states (LDOS),
which is primarily determined by the spatiotemporal confinement of electromagnetic fields,
as characterized by the mode volume V and resonance Q-factor, LDOS α Q/V. Because of
their direct band gap and large exciton binding energy, numerous systems integrating TMDs
monolayer and plasmonic nanostructures have recently demonstrated robust plasmon–
exciton coupling [6,7]. However, since many of the novelties and prospective applications
of these monolayer TMDs are based on their excitonic light emission, having a controllable
emission in such systems is essential for developing efficient photonic components. In
addition, many optical applications require a significant amount of light absorption, and
photonic crystals (PhCs) are one of the most robust platforms for boosting light absorption,
modulating light emission, and improving light–matter interactions [8–10]. The integration
of TMDs with PhC structure helps to maximize the light extraction by manipulating their
excitonic emissions. PhC nanocavities have an exceptionally high Q factor of up to 106 and
an ultrasmall mode volume (V) on the order of a cubic wavelength, allowing them to greatly
increase the intensity of incident light. In general, resonant cavity can be formed in PhC by
making point defects where light can be localized and trapped in the defect. The group
velocity of light tends to become zero at the band edge of the PhC, resulting in the trapping
of light at the band edge. When light interacts with a shock wave traveling through a
one-dimensional PhC, the frequency shifts across the bandgap, narrowing the bandwidth
and slowing light by orders of magnitude. This light trapping phenomenon can be used
to couple band-edge resonance with other bound-state like excitons in order to achieve
strong light–mater interactions. Strong coupling has been demonstrated between excitons
in TMDs and optical bound states in the continuum (BICs) supported by PhC slab with a
Rabi splitting of 5.4 meV [11]. The large oscillator strength of TMDs excitons, which leads
to strong exciton–photon interactions and the formation of exciton polaritons, is responsible
for the strong coupling in such systems. The existence of BIC in periodic PhC is triggered
by the destructive interference of contrapropagating waveguide modes associated with
the periodic potential. The BIC is characterized by the high-Q factor resulting in a drastic
enhancement in the light–matter interaction phenomenon and is found to be beneficial in
nonlinearly tunable devices [12].

In addition, the linear polarization of PhC might be coupled with the circular polariza-
tion (CP) of TMDs, resulting in a shift in the valley polarization of TMDs. Valleytronics
in TMDs allows for the tuning of valley degrees of freedom, which opens up a lot of
possibilities for encoding and manipulating data, leading to the realization of quantum
devices and quantum computation [13]. However, because of the inter-valley scattering
present in TMDs, the mechanism of valley depolarization is convoluted, resulting in a
significant drop in the degree of valley polarization under room temperature [14]. Circular
polarized light is very important for many important applications, such as circular dichro-
ism spectroscopy [15], magnetic imaging [16], spintronics [17], quantum computing [18,19],
optical communication [20], and manipulation of quantum states [21]. Controlling CP
states of the light in TMDs will result in circular dichroism (CD), which is a phenomenon
that occurs when light passes through a certain medium and splits into left-hand CP
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(LCP) and right-hand CP (RCP) polarization states. Circular dichroism manipulation is
significant in a variety of platforms, particularly in display technology, and CP radiation
is becoming highly prevalent in chemistry, biology, and elementary physics apart from
optics [22–26]. Due to the existence of CD, TMDs are particularly promising materials
with controllable optical chirality for facilitating the generation of CP light. It has been
challenging to manipulate the valley polarization in TMDs monolayer at room temperature
due to weak light matter interaction and substantial defects. However, various approaches
have been adopted to enhance the CD in these TMDs using in-plane electric field [27],
out-of-plane magnetic field [2], localized magnetic field [28], plasmonic structures [29],
etc. It has been reported that CD in TMDs materials, such as WSe2, can be tuned by using
plasmonic metasurfaces owing to the presence of localized surface plasmon resonance [28].
The enhanced light–matter interaction is responsible for the improvement of CD in these
integrated systems. Photonic crystals can be integrated with TMDs to maximize the light
extraction from TMDs through strong light–mater interactions. As a result, the integration
between the monolayer TMDs and the PhC can control the polarization states of photons
emitted from the TMDs. In our work, we use 1-D PhC, and its band-edge resonance is
responsible for coupling with the excitons in TMDs monolayer thereby enhancing the
light–mater interaction in the integrated system.

Tungsten diselenide (WSe2) and molybdenum disulfide (MoS2) are two TMDs materi-
als that have been the most investigated in recent years [30–34]. However, MoS2 has the
downside of being easily oxidized in air, resulting in S vacancies in the material, thereby
lowering its optical quality [35]. WSe2, on the other hand, drew a lot of attention because
to its distinctive features, such as high quantum yield, strong spin-orbit coupling, and
ambipolar charge transport. In addition, the peak emission wavelength, band gap and PL
intensity of WSe2 change with the change in the number of layers. In this paper, we show
how to tune the optical mode of a 1-D PhC on a flexible PDMS substrate by increasing
the PhC lattice constant. Furthermore, we use a monolayer layer of WSe2 with a thickness
of only 0.7 nm as the gain material, which can couple with the resonant mode of the 1-D
PhC cavity. The magnitude of degree of polarization is significantly enhanced through
the exciton–photon interaction with the integration of 1-D PhC. This work could pave
a way towards the manipulation of a degree of circular polarization in various TMDs
integrated systems.

2. Materials and Methods

2.1. Fabrication of SiNx 1-D Photonic Crystals

Low pressure chemical vapor deposition (LPCVD) was used to deposit SiNx with
a thickness of 200 nm on a silicon substrate, followed by spin coating of 300 nm thick
ma-N2403 photoresist and a thin layer of espacer on our SiNx/Si substrate. Due to its
better scale and resolution to our pattern, electron beam lithography was a good candidate
for our device fabrication and was used to pattern our SiNx/Si substrate. For the e-beam
process, the spot size and the beam voltage were set at 1.0 and 30 kV when patterning, and
the exposed ma-N2403 was developed by the tetramethylammonium hydroxide (TMAH
2.38%) solution. We used high-density plasma inductively coupled plasma-reactive ion
etching (ICP-RIE) dry etching system for transferring the pattern into the SiNx PhC layer.
After the etching was completed, the residual ma-N2403 photoresist was removed from
the substrate through O2 plasma in ICP-RIE at 20 ◦C with O2 flow of 35 sccm for 5 min to
finally obtain the SiNx 1-D PhC. Figure 1a illustrates the fabrication process of the SiNx
PhC and its SEM image and optical microscopy image are shown in Figure 1b.
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Figure 1. (a) SiNx 1-D photonic crystal fabrication steps. For transferring the pattern, ICP/RIE
etching technology was used. (b) SEM image and optical microscope image of the SiNx 1-D PhC.

2.2. Transfer Process of 1-D PhC Structure on Flexible Substrate

We employed the most common PDMS elastomers, Sylgard® 184 from Dow Corning®

(Midland, MI, USA), which has two resin components with vinyl groups (Part A) and
hydrosiloxane groups (Part B), for the preparation of the flexible substrate. The PDMS
elastomer was cured by mixing the two resin components A and B solutions with a volume
ratio of 10:1 followed by the elimination of bubbles from PDMS in vacuum environment for
1 h. Then, we poured 2 mL of the PDMS solution into a plastic Petri dish and heated it at
75 ◦C for 12 min to keep the sample from sinking to the bottom and the substrate was finally
half-cured. We then added 1 mL of uncured PMDS solution to finish the PDMS substrate,
which was subsequently bonded to an upside down SiNx/Si structure and heated for
30 min at 75 ◦C. After the PDMS substrate was constructed, the Si substrate was removed
using a diluted TMAH solution (2.38%), followed by a DI water rinse and hot plate drying
to obtain the SiNx pattern on the PDMS substrate. The process flow of bonding the SiNx
1-D PhC structure on the PDMS substrate is demonstrated in Figure 2a and the optical
microscopy image of the patterned PDMS substrate with SiNx is shown in Figure 2b.

Figure 2. (a) Process flow chart of bonding the SiNx pattern on PDMS. (b) Optical image of the
fabricated structure on the PDMS substrate.
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2.3. Transfer Process of WSe2 Monolayer

To transfer WSe2 to the flexible substrate, the monolayer WSe2 was first grown on a
sapphire substrate by chemical vapor deposition (CVD). The process flow of the transfer
process of WSe2 to the flexible substrate is shown in Figure 3. Before transferring, we
spin-coated a layer of PMMA A5 on the top of WSe2 monolayer with the sapphire substrate
at 1000 RPM for 1 min and baked at 100 ◦C for 30 min. The substrate was then immersed
for 90 min in hot buffered oxide etch (BOE) at 100 ◦C to etch the sapphire and establish a
narrow gap between the PMMA/WSe2 layer and sapphire substrate. The substrate was
immersed in DI water after the etching procedure to remove BOE, and the PMMA/WSe2
layer was easily separated from the sapphire substrate and floated on the DI water surface.
The PMMA/WSe2 layer was then picked up using our flexible substrate, and we ensured
that the WSe2 flakes were overlapped with the 1-D PhC structures. The sample was then
obliquely baked at 100 ◦C for 12 h before being immersed in acetone for 15 min to remove
the PMMA coating. Finally, we baked the sample at 100 ◦C to dry the substrate, and an
optical image of the WSe2 monolayer/1-D PhC structure on a flexible substrate is shown at
the end of the last transfer step.

Figure 3. Schematic of the transfer process flow of WSe2 to the flexible substrate through the
PMMA-assisted transfer. An optical image following the PMMA transfer for the WSe2 monolayer on
SiNx/PDMS substrate is shown at the end of the last transfer step.

3. Results and Discussion

For many years, photonic crystals have attracted attention, and in a one-dimensional
photonic bandgap, the light at the band edge has practically zero group velocity, allowing
for lasing. A PhC structure with uniform periodicity can be used to couple the light with
the gain material. In this work, we used a 1-D SiNx PhC structure having different lattice
constant that varies from 410 nm to 470 nm, and the filling factor in each lattice constant
is changed. The band-edge resonance of 1-D PhC couples with the excitons of WSe2
monolayer with an emission wavelength of 750 nm and a bandgap of 1.65 eV. For the PhC,
the wavelength corresponds to the parameters of the lattice constant as shown in Figure 4a
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and the wavelength increases with the period in the cavity of the PhC structure. The
resonant cavity mode of the PhC structure couples with WSe2 excitons once it is transferred
to the flexible substrate, as illustrated in Figure 4b, and the PhC peaks are similar in both
cases. We measured a series of devices with different periods to verify the band-edge
resonant modes in the 1-D PhCs, and we expected the normalized frequency (a/λ) to be
the same in the same filling factor for a band-edge mode. As shown in Figure 4c, the
wavelength increases linearly with the lattice constant and the normalized frequency is
approximately 0.61, indicating that the mode is the same. In order to investigate the optical
modes of the 1-D PhC on a flexible PDMS substrate, we calculated the corresponding
band structure of the PhC by the plane-wave expansion (PWE) method for TE-like modes.
Figure 4d shows the simulated band structure with a period of 470 nm and a width of
269 nm showing the group velocity of light with different in-plane wave vector k from
along the x-axis to along the y-axis. In fact, the PhC band-edge mode is likely to occur
around high-symmetry points, and the flat photonic band with low group velocity can
enhance the light interaction. By comparing the experimental and simulated results, we
can be certain that the circle in the band structure represents the operation mode of the
PhC, which has a normalized frequency of 0.61.

Figure 4. Coupling wavelength of the (a) 1-D PhC with different periods. (b) Integrated system with
different lattice periods. (c) Coupling wavelength and normalized frequency with different lattice
periods. (d) The 2-D PWE simulated TE-like band structure of the PhC.
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We tried to investigate the characteristics of the integrated system with various filling
factors after ensuring that the PhC operating mode is a band-edge resonant mode. We
used SEM to determine the size of the PhC structure (4–1 to 4–6) as shown in Figure 5a,
with filling factors ranging from 0.46 to 0.58. Figure 5b depicts the spectrum of devices
with varying filling factors, but the same lattice constant of 470 nm and height of 200 nm,
implying that the wavelength shifts depending on the filling factor ratio. It can be seen that
the cavity mode and gain material of WSe2 have a high anti-crossing dispersion relationship,
which is an essential Rabi splitting phenomenon. When the emitter–photon interaction
becomes larger than the dissipation rates of the system, this enables quantum coherent
oscillations between the coupled systems and the quantum superposition between different
quantum states. The Rabi splitting of the coupled system is around 25.0 meV, indicating
that the band-edge resonance of 1-D PhC and the excitons in WSe2 monolayer were coupled
successfully. We can notice that the coupling wavelength increases as the filling factor
increases because the corresponding normalized frequency increases as shown in Figure 5c.
In the 1-D PhC structure, the effective index increases as the filling factor increases, causing
the normalized frequency to decrease and coupling wavelength to be red-shifted.

Figure 5. (a) Different 1-D PhCs (4–1 to 4–6) with various filling factors. (b) Spectrum of the coupled
system for different filling factor ratio in the same period of 470 nm. (c) Coupling wavelength and
corresponding normalized frequency for different filling factors.

To manipulate the optical characteristics of the WSe2 integrating with the flexible
SiNx 1-D PhC structure, we used a homemade extending stage for stretching the flexible
substrate as shown in Figure 6a. The sample is fixed on the stage by two clamps, and the
sample can be stretched in the lateral direction by rotating the micrometer. By using an
optical microscope and comparing the variation of length to the original length, we were
able to measure the lattice extension in terms of percentage. When the PhC structure is
stretched, the strain on SiNx PhC structure and PDMS substrate can result in numerous
changes. Young’s modulus for SiNx and PDMS are 297 GPa and 870 KPa, respectively,
hence the SiNx PhC structure has less deformation than PDMS. In addition, the Poisson’s
ratio while the strain is applied as shown in the inset of Figure 6a can be calculated as

ϑ = −dεtrans

dεaxial
(1)
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where dεtrans is the axial strain while changing the length of x-direction, positive when
stretching; and dεaxial is the short-axis strain while changing the length of y-direction,
negative when stretching. Figure 6b shows that the Poisson’s ratio is approximately 0.55
after a series of measurements.

Figure 6. (a) Homemade stage that serves as the extending platform. (b) Poisson’s ratio calculation.

The pattern’s lattice constant in this experiment is 470 nm, which increases as the
pattern stretches. The extension of the lattice constant along the x-direction is measured by
optical microscope and the strain percentage is defined as X (%) = (X − X0)/X0 × 100%,
where X0 and X are the length of the original pattern bonded on the PDMS substrate and
after deformation, respectively. In this experiment, the strain percentage reflects the relative
deformation in the size of a single pattern, which is 30 × 30 μm2. The period increases from
470 nm to 506 nm as the pattern’s strain increases to 8%, as seen in Table 1. In addition, as
the strain of the pattern decreases to 1.6%, the period decreases from 470 nm to 462 nm. The
pattern’s period is linearly proportional to the pattern’s relative deformation, according to
the measurements.

Table 1. Estimating the period of the 1-D PhC with different strains from the optical microscope.

Strain −1.6% 0% 1.3% 2.3% 3.6% 5.0% 6.3% 8.0%

Period 460 nm 470 nm 475 nm 479 nm 485 nm 492 nm 498 nm 506 nm

We created the structure on a flexible PDMS substrate because we wanted to expand it
so that the geometry of the structure could be fine-tuned, and the wavelength can change
as the period is extended in the flexible substrate. Figure 7a represents the PL spectra of
the coupled system with different strains as the system is stretched in the x-direction. As
we can see, the peak of the PhC structure can be manipulated as the strain is increased or
decreased. From Figure 7b, we can see that, with the strain variation from −1.6% to 6.3%,
the wavelength can be fine-tuned and increases linearly with the red-shifted wavelength,
which is attributed to the period extension of the PhC structure on the flexible substrate.
However, the PL peak wavelength of WSe2 does not shift with the increase in the strain
as shown in Figure 7c. In addition, in the Raman spectra of Figure 7d, the peak positions
of E1

2g and A1g do not split and remain constant as the PDMS strain increases. The
main reason is due to a strain transfer problem caused by a large variation in the Young’s
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modulus of the PDMS (870 KPa) substrate and the monolayer WSe2 (258.6 GPa), resulting in
a lower strain transfer efficiency. As a result, the WSe2 monolayer is harder than the PDMS
substrate and hence the monolayer cannot be deformed by the flexible substrate. This
problem can be overcome by using a flexible substrate with a Young’s modulus comparable
to that of the monolayer WSe2, which improves the strain transfer efficiency.

Figure 7. (a) PL spectrum of the PhC structure integrated with WSe2 for various strains. (b) Wave-
length shift with strain and period. (c) PL spectra of WSe2 with different strains. (d) Raman spectra
of WSe2 with different strains.

The existence of circular dichroism in TMDs enables them to control their optical
chirality; there is a significant interest and potential applications for chiral 2D nanomaterials.
There are many approaches to maintain the CD of PL in TMDs, such as applications of
electric field and magnetic fields [2,27,36]. In this paper, we show the manipulation of CD of
WSe2 through integration with 1-D PhC structure. Since the PhC can boost light absorption
and improve the light–matter interactions by manipulating the excitonic emission, it can
also be utilized to manipulate the degree of circular polarization in TMDs. In general, 1-D
PhC exhibit band-edge resonance where the density of states at the resonant frequency
is very high. This can be utilized to couple with excitons in the monolayer WSe2 for
an enhanced light–mater interaction, which in turn can improve the degree of circular
polarization for WSe2. In general, the applications of 2D materials in valleytronics have
become very significant, and the circular polarization state can be applied to encode
data for optical communications. WSe2 is an appropriate candidate for inducing optical
chirality with the integration of nanostructures. The band structures of TMDs consist of
two inequivalent valleys, i.e., K and –K, which lead to strong spin–orbit coupling. As a
result, according to the valley-dependent optical selection rule, right circular polarized
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light can couple to excitonic transitions in the K valley, whereas left circular polarized light
can couple to excitonic transitions in the –K valley, resulting in the single handedness of
the corresponding light emission. However, as shown in Figure 8, the PL emission from
the WSe2 after RCP light excitation contains not only RCP light from K valley, but also
LCP light corresponding to the –K valley. This is attributed to the inter-valley scattering of
excitons between the K and –K valley originated from optical phonons induced by defects.
This is the reason why WSe2 had a smaller degree of polarization at room temperature.
However, when WSe2 is integrated with a 1-D PhC structure, the optical absorption is
enhanced resulting in the generation of more excitons under RCP light excitation in the K
valley. These excitons lead to the improvement in the optical activities that contribute to the
enhancement in the degree of valley polarization. In addition, the inter-valley scattering
between the K and –K valleys is reduced due to strong light–mater interactions, thereby
suppressing the excitons generation in –K valley.

Figure 8. Mechanism for monitoring valley polarization in WSe2/1-D PhC integrated system. Under
RCP light excitation, the WSe2/1-D PhC integrated system shows a significantly higher decay rate
for excitons in K valley, while reduced decay rates for excitons in –K valley.

The degree of valley polarization can be defined using the following formula:

P =
IR − IL
IR + IL

× 100% (2)

where IR and IL represent the intensities of right- and left-polarized light, respectively. The
degree of valley polarization depends on the excitons population with their decay rates
and the inter-valley scattering between the two valleys. As a result, the degree of valley
polarization can be enhanced by increasing the excitons populations or decay rates and
suppressing the inter-valley scattering. The presence of 1-D PhC leads to strong light–
matter interactions due to the coupling between excitons and the band-edge resonance,
which in turn increases the excitons’ decay rates and reduces the inter-valley scattering,
thereby improving the degree of valley polarization in the WSe2 monolayer/1-D PhC
integrated system.

In the experiment, we characterized the circular polarization of the exciton absorption
from the bare WSe2 and the WSe2/1-D PhC devices. Figure 9a show the absorption spectra
of the bare WSe2 exciton under the LCP light pumping. The exciton absorption of the bare
WSe2 prefers left-hand polarization due to the valleytronic effect in the WSe2 monolayer.
Figure 9b shows the absorption spectra of the exciton from the WSe2/1-D PhC device under
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the LCP light pumping. The difference between the LCP and RCP absorption of the WSe2
exciton was much more enhanced after the integration of 1-D PhC. Figure 9c shows the
circular polarization degree (CD) of the exciton absorption estimated with Equation (2), and
a CD value of approximately −2.44% was observed for the bare WSe2 monolayer under
LCP light pumping. The CD spectrum of the WSe2/1-D PhC is shown in Figure 9d, and an
exciton absorption with a CD value of approximately −20.44% was achieved under LCP
light pumping conditions, while the LCP light absorption was higher than that of RCP light
absorption for the WSe2/1-D PhC structure under LCP pumping due to the introduction
of the band-edge resonant mode from 1-D PhC. The difference in the absorption spectra
demonstrates the photoinduced nonreciprocal dichroic behavior in the WSe2/1-D PhC
system owing to the coupling between excitons in WSe2 and band-edge resonance of the 1-D
PhC. The mechanism related to this nonreciprocity is associated with the difference in the
density of the excitons in the two valleys of WSe2 when coupled with the resonances of 1-D
PhC. The degree of valley polarization increased from −2.44% to −20.44% under LCP light
incidence. A similar phenomenon with the inverse CDs was also observed for the bare WSe2
and the WSe2/1-D PhC devices under the RCP pumping. The significantly high degree of
valley polarization values from the WSe2/1-D PhC integrated system is attributed to the
light–matter interaction in the coupled system resulting from the coupling between excitons
and the PhC resonant mode. Hence, the optical chirality of the WSe2 monolayer emission
can be manipulated by integrating the 1-D PhC structure with the WSe2 monolayer.

Figure 9. (a,b) Circularly polarized light absorption spectra for bare WSe2 and WSe2/1-D PhC under
LCP light incidence. (c,d) Degree of polarization for WSe2 and WSe2/1-D PhC under LCP light
incidence, respectively.
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4. Conclusions

In summary, we investigated the coupling between the excitonic emission of a WSe2
monolayer and the band-edge resonance of 1-D PhC on a PDMS flexible substrate. The
Rabi splitting of the coupled system was around 25.0 meV, indicating that coupling exists
between the 1-PhC resonance and WSe2 excitons in the integrated system. Furthermore,
we demonstrated the manipulation of the circular polarized light emission through the
light–matter interaction between the WSe2 excitons and the PhC band-edge resonance.
In particular, we demonstrated the enhancement of the degree of circular polarization from
−2.44% to −20.44% under LCP light incidence after the integration of 1-D PhC. A similar
behavior with inverse CD is also observed under RCP light pumping. The stronger light–
matter interaction in the coupled system is shown to control the valley-dependent excitons
generation thereby manipulating the valley polarization in the WSe2 monolayer. A device
capable of efficiently modulating circular polarized photon emission was developed by
combining a novel gain material with low-dimensional materials, such as the 1-D PhC struc-
ture. These results also provide a possible platform to control the circular polarized states
of the chip-scale emitters for various applications, such as optical information technology,
biosensing and various opto-valleytronic devices based on 2D materials.
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Abstract: ZnO, which can exist in various dimensions such as bulk, thin films, nanorods, and
quantum dots, has interesting physical properties depending on its dimensional structures. When a
typical bulk wurtzite ZnO structure is thinned to an atomic level, it is converted into a hexagonal
ZnO layer such as layered graphene. In this study, we report the atomic arrangement and structural
merging behavior of graphene-like ZnO nanosheets transferred onto a monolayer graphene using
aberration-corrected TEM. In the region to which an electron beam is continuously irradiated, it
is confirmed that there is a directional tendency, which is that small-patched ZnO flakes are not
only merging but also forming atomic migration of Zn and O atoms. This study suggests atomic
alignments and rearrangements of the graphene-like ZnO, which are not considered in the wurtzite
ZnO structure. In addition, this study also presents a new perspective on the atomic behavior when
a bulk crystal structure, which is not an original layered structure, is converted into an atomic-thick
layered two-dimensional structure.

Keywords: graphene-like ZnO; atomic arrangement; merging; aberration-corrected TEM

1. Introduction

Bulk zinc oxide (ZnO) has a range of crystalline structures, namely wurtzite and
zinc-blende structures [1]. The wurtzite ZnO is the most thermodynamically stable and
exhibits strong electronic properties. It is also used in the flexible fabrication of electronic
devices [2–5] and can transform into a variety of nanostructures [6]. When thinned down
to a ZnO with atomic layers, planer ZnO [7–10], which resembles a graphene structure,
can also form by expanding lattice parameter by 1.6% (a = 3.303 Å) [11] rather than the
wurtzite ZnO. Since bulk ZnO is not a layered material, there is a limit to obtain atomic-
thick nanosheets by physical and chemical exfoliation methods, such as methods related
to graphene [12,13] and transition metal dichalcogenides [13–15]. However, it has been
reported that ZnO nanosheets and graphene-like ZnO (g-ZnO) [7–10,16], which have
trigonal planar coordination and are composed of Zn and O atoms alternately, can be
synthesized by various deposition methods [7–9] with electron beam irradiation and a
hydrothermal synthesis [10].

With the decreasing thickness of metal oxide semiconductor materials, unique elec-
trical, mechanical, chemical, and optical properties are introduced, e.g., ZnO monolayer
have increased band gap of ~4.0 eV comparing to bulk ZnO, which has a band gap of
3.37 eV, due to strong quantum confinement effects and graphene-like structure [8], while
sustaining its direct band gap nature [17,18]. In addition, the g-ZnO is chemically sta-
ble [16,19,20] and is expected to exhibit high mechanical strength which originates from
decreasing probability of finding defects by decreasing their thickness. In the same manner,
low bending stiffness of the nanoscale thickness also enables g-ZnO to be applicable to
the flexible electronics. Based on the extraordinary nature and properties of g-ZnO, it is
very promising for transparent electronics, ultraviolet (UV) light emitters, chemical sensors,
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piezoelectric devices, switching electronics applications and photoactive devices [7,21,22],
and ZnO QDs has potential applications in nanoscale devices [23].

We report the atomic arrangements at the edge of the g-ZnO nanosheets using
aberration-corrected transmission electron microscopy (ACTEM). We explain the atomic
reconstructions when the sheets merge at the edge of the g-ZnO nano-flakes. To observe
that in detail, we use the g-ZnO nanosheets synthesized using an adaptive ionic layer
epitaxy (AILE) method [24,25] and a monolayer graphene sheet as supporting layers in-
side transmission electron microscope (TEM). These results explain the atomic behavior
of two-dimensional (2D) metal oxide semiconductors and direct observation of atomic
arrangements from before to after merging.

2. Materials and Methods

2.1. Preparation of the Specimen

CVD-synthesized monolayer graphene film on 35 μm thick copper foil was purchased
from Graphene Square (Graphene Square Inc., Seoul, Korea). Firstly, the graphene on
copper foil was coated with ~200 nm poly methyl methacrylate (PMMA). Secondly, to
release the graphene from the copper foil, the graphene on copper foil was floated onto
copper etchant (Sigma Aldrich, St. Louis, MO, USA), then PMMA-coated graphene was
transferred onto distilled water more than 3 times to remove the Cu etchant. The PMMA-
coated graphene was then scooped up with TEM grids and annealed at 120 ◦C for 5 min.
to firmly attach the PMMA-coated graphene onto the TEM grids. Lastly, the PMMA
was dissolved with acetone for 1 day and the graphene on TEM grids were immersed
into isopropyl alcohol several times to remove the acetone residue on the surface of the
graphene. Synthesized ZnO nanosheets using the ILE [24,25] method were then scooped
using the graphene-transferred TEM grid.

2.2. ARTEM Observations and STEM-EELS Spectra

Specimens were analyzed using an aberration-corrected FEI Titan Cubed TEM (FEI Titan3
G2 60–300), which was operated at an 80 kV acceleration voltage with a monochromator. The
microscope provided a sub-Angstrom resolution at 80 kV and −13 ± 0.5 μm of spherical
aberration (Cs). Typical electron beam densities were adjusted to ~6 × 105 e−nm−2. The
atomic images were taken using a white atom contrast to obtain the actual atom positions
under the properly focused conditions needed for direct image interpretation. STEM
HAADF images and EELS spectra were recorded with a monochromatic beam at 80 kV
with a probe size of 1.5 nm and an energy resolution of 0.8 eV, as measured from the
full-width-at-half-maximum of the zero-loss peak.

3. Results and Discussion

We used synthesized g-ZnO nanosheets by an adaptive ionic layer epitaxy (AILE)
method [24,25]. First, a monolayer graphene sheet is transferred on a TEM grid and then,
the g-ZnO sheet is transferred on the monolayer graphene sheet (Figure 1a). We focused
on the atomic arrangement and merging dynamics occurring from edge configurations of
the ZnO nanosheets and nano-flakes. According to previous calculation and experimental
research [7–9,16,17], wurtzite ZnO films can transform into a graphene-like structure, which
is chemically stable. The wurtzite ZnO is schematically explained in Figure 1b. The Zn and
O atoms form a tetrahedral configuration. G-ZnO has a hexagonal unit cell resembling
a top-down view of the wurtzite ZnO structure in Figure 1b [26,27]. Since sp2 bonding
of the hexagonal graphene-like structure is stronger than the sp3 bonding in the wurtzite
structure, the Zn–O bond length of the g-ZnO structure is shorter as well [19–21].
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Figure 1. Graphene-like ZnO (g-ZnO) nanosheets on a monolayer graphene sheet. (a) Schematic showing a sample
preparation for ACTEM imaging. (b) Atomic model showing top and side views of a wurtzite ZnO structure. (c) ACTEM
image showing g-ZnO nanosheets on the monolayer graphene sheet with a FFT of the graphene and the ZnO sheets.
(d) STEM HAADF image of the ZnO on the graphene. (e) EEL spectrum obtained from the yellow circle in (a) showing
oxygen K-edge and zinc L-edge of the g-ZnO sheet on the graphene. The inset shows the carbon K-edge from the graphene.

For understanding the atomic movements of the g-ZnO nanosheets, we used the
monolayer graphene sheets as a substrate layer because the ZnO sheets were not fully
formed as lateral planar sheets. Since the lattice parameter of the ZnO and diameter of Zn
atom is larger than their graphene, atomic dynamics of the ZnO sheets can be observed
on the graphene sheet. An atomic image shows the g-ZnO sheets on the monolayer
graphene sheets (as shown in Figure 1c) with an inset of fast Fourier transformation (FFT)
showing spots of the graphene and spots of the ZnO sheets. Figure 1d,e shows a scanning
transmission electron microscope high angle annular dark field (STEM-HAADF) image of
a region where an electron energy loss (EEL) spectrum acquired and the EEL spectrum of
the g-ZnO sheets on the graphene sheet, which confirms the presence of both Zn and O.
The O-K edge where the peaks are located around 532 eV corresponds to oxygen atoms
bonded to Zn in the ZnO nanosheet [28]. An inset of Figure 1d shows the C-K edge with π*
and σ* peaks, which confirms the existence of graphene behind the ZnO sheets.
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Figure 2 shows ACTEM images of edge configurations such as armchair (AC) and
zigzag (ZZ) edge configurations nominally of the g-ZnO sheets. Previous research [8,9]
shows that formation energies of O- and Zn-terminated ZZ edge configuration gradually
decrease as the lateral size of the grown ZnO sheet increases at a lateral growth at the edge
of the monolayer g-ZnO sheet. Furthermore, atomically extended ZZ edge configuration
are observed (as shown in Figure 2a). For the AC edge configuration, although the lateral
growth of ZnO is energetically favorable for the ZZ edge configurations rather that the
AC edge configuration, the partial AC configuration is also able to be observed (as shown
in Figure 2b).

 

Figure 2. Edge configurations of g-ZnO. (a) ZZ edge configuration and (b) AC edge configuration.

In order to stabilize the edge of the synthetic g-ZnO sheet, but not the ZnO thinned
from the bulky wurtzite ZnO, adatoms can be absorbed at the edge of the g-ZnO sheet. We
observed that adatoms migrate along the edge of the ZnO sheet before being completely
absorbed into the sheet (Figure 3). Although the migrating atoms at the edge might be
carbons from carbon adsorbates and the graphene sheet, it is more likely that Zn atoms
migrate because the Zn atom is clearly larger than the C. In addition, the positions in which
the moving atoms settled are between O atoms designated at the O-terminated ZZ edge,
which is confirmed using a line profile (as shown in Figure S1). Adatoms, colored with
yellow dots, can attach and detach at the edge under continuous electron beam irradiation
(Figure 3a,b). The attached adatom migrates freely along the O-terminated ZZ edge (Figure
3c–e) and finally separates from the ZZ edge (Figure 3f).

 

Figure 3. Atomic migration at the edge of the monolayer g-ZnO sheet. (a,b) successive images
showing migrating adatoms, colored by yellow dots. (c–e) The adatom moves on top of dips in the
ZZ configuration at the edge. (f) The adatom is finally detached.

50



Nanomaterials 2021, 11, 1833

About the lateral growth of the g-ZnO sheet, there are two directions which are
parallel and normal directions to the growth direction (as shown in Figure 4a). Since the
ZZ edge configuration is more stable than the AC, the normal direction to the growth
direction is preferable to that parallel to the growth direction [8]. However, when a
merging occurs from the edges of g-ZnO nano-flakes (Figure 4b), adatoms bond parallel to
the flakes (Figure 4c). The flake correspondingly expands in the normal direction gradually
(Figure 4d–f), maintaining a well-aligned atomical state (as shown in an inset of Figure 4f).
The merged flake can also merge with others (Figure 4g), which continuously merges and
expands through the parallel and normal directions from the flake (Figure 4h,i). Notably,
when flakes merge, ZnO adatoms are, firstly, bonded along to the parallel direction. The
adatoms are then bonded along to the normal direction. The hole inside the flake formed
during the continuous merging and expanding process (Figure 4f) is filled by continuous
adsorption of the adatoms through the parallel and normal direction indicating green and
cyan arrows (Figure 4j,k). Finally, a fully merged flake is formed (Figure 4l).

 

Figure 4. Merging of g-ZnO nano-flakes. (a) Atomic model showing normal and parallel to the
growth direction. (b) Two graphene-like ZnO flakes before merging each other with magnified inset
image showing edges of the flakes. Red and yellow arrows indicate that each flake is the same as
flakes which are shown in Figure S2. (c) Initial state to merge the flakes along to the parallel directions
of each flake. (d–k) Merging and expanding the flakes to the parallel and normal directions, indicated
by green and cyan arrows. (l) Final g-ZnO flake after the process showing the behavior of merging
and expanding.
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We observed, under electron beam irradiation, atomic arrangement of bridged-adatoms
when merging at edges of the g-ZnO. Figure 5 shows successive ACTEM images at the
edges. This area was chosen for monitoring for its atomic arrangements facilitating direct
atomic dynamics. In Figure 5a, each edge atomic configuration is confirmed using intensity
line profiles at the flakes (see Figure S3). Before merging, Zn and O atoms that are not
completely bound to the ZnO sheet on the graphene sheet may randomly exist around the
edges of the nano-flakes. When the continuous electron beam is irradiated, the ZnO flakes
merge, exhibiting partial rectangular lattices, colored by a yellow, as an intermediate state
(Figure 5b–e). Finally, the bridged atoms rearrange into hexagonal lattices (Figure 5f).

 
Figure 5. Atomic arrangement of bridged-atoms of the merging. (a) Initial state before the merging of the flakes. (b–e) Intermediate
states showing the rectangular lattices with insets of the magnified bridged regions. (f) Final state after the merging. Raw
images are supported as Figure S4.

4. Conclusions

We report the atomic behavior of the g-ZnO nanosheets on the graphene sheet under
electron beam irradiations. Previous theoretical and experimental works suggest interesting
properties for these sheets, but our work focuses on atomic arrangements of the edge and
merging between the ZnO nano-flakes. The g-ZnO has edge configurations (e.g., the ZZ
and AC configurations) which were analogous to the graphene lattices. In addition, we
observed the atomic migration by adatoms at the edge of the sheet. In terms of merging
of the g-ZnO sheets, when the nano-flakes merge, they have the preferred directions
depending on the growth direction. Once adatoms bond along the parallel direction the
edge, the flakes expand toward the normal direction. Moreover, while the merging occurs,
intermediate arrangements (e.g., rectangular lattices) form before the perfect merging into
the hexagonal lattices. This work explains the atomic dynamics of the promising g-ZnO
nanosheet, which suggests fundamental investigations of the 2D metal oxide materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/nano11071833/s1, Figure S1: (a) Raw image of Figure 3e. (b) Intensity line profiles acquired from
the red line in (a). This indicates that the ZnO flake has O-terminated ZZ configuration. Figure S2:
Atomic g-ZnO flakes on the graphene. (a–i) ACTEM images showing the flakes atomically driven
under electron beam irradiation. Figure S3: (a) Raw image of Figure 5a–c. Intensity line profiles
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acquired from blue and red arrows in (a). Figure S4: ACTEM images showing the full processes of
the merging between the g-ZnO flakes.
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Abstract: Optoelectronic devices are key building blocks for sustainable energy, imaging applica-
tions, and optical communications in modern society. Two-dimensional materials and perovskites
have been considered promising candidates in this research area due to their fascinating material
properties. Despite the significant progress achieved in the past decades, challenges still remain to
further improve the performance of devices based on 2D materials or perovskites and to solve stabil-
ity issues for their reliability. Recently, a novel concept of 2D material/perovskite heterostructure
has demonstrated remarkable achievements by taking advantage of both materials. The diverse
fabrication techniques and large families of 2D materials and perovskites open up great opportu-
nities for structure modification, interface engineering, and composition tuning in state-of-the-art
optoelectronics. In this review, we present comprehensive information on the synthesis methods,
material properties of 2D materials and perovskites, and the research progress of optoelectronic
devices, particularly solar cells and photodetectors which are based on 2D materials, perovskites,
and 2D material/perovskite heterostructures with future perspectives.

Keywords: 2D materials; perovskites; heterostructures; optoelectronics

1. Introduction

As modern technology improves by leaps and bounds, optoelectronic devices, such as
solar cells and photodetectors, have become indispensable parts of society. These semicon-
ductor devices that convert optical signals into electrical ones have wide applications in the
areas of renewable energy, imaging systems, biomedical devices, and optical communica-
tions [1–4]. Over the past few decades, tremendous efforts have been made persistently to
enhance the efficiency and stability of the devices through synthesizing high-quality mate-
rials [5–12], designing novel device structures, engineering interfaces [13], and employing
encapsulation with polymer and inorganic glass [14,15].

2D materials, including graphene and its derivatives, transition metal dichalcogenides
(TMDCs), and black phosphorous (BP), have attracted intense interest in optoelectronic ap-
plications due to their distinctive optical, electrical, and mechanical characteristics [12,16–20].
These nanomaterials possess strong in-plane covalent bonds whereas each layer is vertically
connected by weak van der Waals (vdWs) force. The unique vdWs structures enable the
exfoliation of an ultrathin single layer with a uniformly distributed thickness and orienta-
tion [21–24]. Despite the great potential of 2D materials in advanced optoelectronics, their
atomic-scale thickness largely restricts the light absorption capacity of devices, resulting in
unsatisfactory device performance [25].

Meanwhile, perovskites have been regarded as a promising active layer in high-
performance optoelectronic devices. Since the first demonstration of perovskite solar cells
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with a power conversion efficiency (PCE) of 3.8% in 2009 [26], the record PCE has been
elevated to over 25% till now [27], almost catching up with commercial photovoltaic appli-
cations [26,27]. Similarly, perovskite-based photodetectors have also achieved impressive
progress, with the champion device exhibiting detectivity exceeding 1014 Jones and fast
response speed at the nanosecond level [28,29]. The outstanding performance of perovskite
devices mainly stemmed from their fascinating properties, such as high light absorption
coefficient, adjustable bandgap, and long charge carrier diffusion length [30,31]. However,
challenges still remain regarding the long-term stability issues and unsatisfactory interfaces,
which require further intensive research [5,6,32].

Recently, the integration of 2D materials and perovskites for heterostructures has
stimulated a research hotspot. The heterostructures enable the absorption of more photons
and enhanced resistance to moisture and oxygen by combining the advantages of both
materials, bringing more opportunities for future optoelectronic industries. In addition,
some 2D materials are found to be superior alternatives for carrier transport layers [13,33].
In light of this, it is of importance to review comprehensive aspects including the materials,
devices, and integration technology of 2D materials and perovskites.

In this regard, we present comprehensive information on the applications of 2D
materials, perovskites, and 2D material/perovskite heterostructures for applications to
solar cells and photodetectors. We begin with an introduction to the synthesis methods and
basic properties of 2D materials and perovskites. Then, we summarize the development
of optoelectronic devices based on 2D materials and perovskites and address the existing
issues. Further, we introduce the newly-emerged concept of 2D material/perovskite
heterostructure and its impressive progress in optoelectronics. We focus on the synergistic
effects of integrating these materials and the underlying mechanisms of performance
enhancement. Finally, we discuss the remaining challenges of developing stable, high-
quality, and environmentally friendly 2D material/perovskite heterostructures.

2. Synthesis of 2D Materials

2.1. Graphene and Its Derivatives

Graphene is one atomic layer of graphite with a thickness of approximately 0.35 nm
and has attracted lots of interest from academia and industries due to its excellent properties,
such as a theoretical specific surface area (2630 m2 g−1), optical transparency, intrinsic
mobility (200,000 cm2 V−1 s−1), Young’s modulus (~1.0 TPa) and thermal conductivity
(~5000 W m−1 K−1) [12,16,17,34]. Ever since its first demonstration, tremendous efforts
have been put into its synthesis [21]. Among various methods to synthesize graphene, we
will introduce mechanical exfoliation, liquid exfoliation, and chemical vapor deposition
(CVD), which are commonly used.

2.1.1. Mechanical Exfoliation

Graphene was believed not to exist in the free state until Geim and Novoselov obtained
it via mechanical exfoliation in 2004 [21]. The thin flakes of graphite could be successively
cleaved into thinner flakes using adhesive tapes down to a single atomic layer (Figure 1a).
The crystallinity of the obtained flakes was high and further examinations confirmed
the anomalous quantum Hall effect which was predicted by Semenoff [35–37]. These
observations not only showed the great potential of graphene as a platform for studying
quantum physics, kicking off the race in this field but also yielded a Nobel prize. However,
the mechanical exfoliation was inefficient in producing a large volume of graphene and the
size obtained was limited.
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Figure 1. (a) Schematics of mechanical exfoliation method [38]; (b) Schematic of chemical exfoli-
ation method [39]; (c) Schematic of roll-to-roll production of graphene from a Cu foil to a target
substrate [40]. (a) Reprinted with permission from Ref. [38]. Copyright 2011, WILEY. (b) Reprinted
with permission from Ref. [39]. Copyright 2014, RSC. (c) Reprinted with permission from Ref. [40].
Copyright 2015, WILEY.

2.1.2. Chemical Exfoliation

Since graphene tends to aggregate in commonly available solvents, researchers have
developed the chemical exfoliation method. In this method, graphite is first oxidized
to introduce hydrophilic functional groups, such as carboxyl, hydroxyl, and epoxide
groups, and then dispersed in water via sonication. The dispersed solution is finally
reduced to graphene by thermal annealing or by using chemical reagents (Figure 1b) [39].
Therefore, graphene synthesized in this way is termed reduced graphene oxide (rGO).
Typically, KMnO4, NaNO3, and a strong acid (e.g., H2SO4) are used as an oxidizer. This
synthesis route developed by Hummers is safer compared with KClO3 used initially. Later,
other researchers modified Hummers’ method by using various reduction agents, such as
hydrohalic acids, aluminum hydride, and sodium ammonia [41–43]. Chemical exfoliation
is cost-effective and scalable. However, the method introduces defects in graphene in
the oxidation process, which degrades properties such as electron mobility and thermal
conductivity.

2.1.3. Chemical Vapor Deposition

The CVD of graphene is typically performed on copper or nickel through a thermal
method. Methane is a commonly used carbon source. As it is exposed to the heated
metal surface, the metal catalyzes the loss of hydrogen and dissolves the remaining carbon,
leading to a layer of metal carbide [12]. As the temperature drops, the metal carbide surface
layers saturate, and graphitic carbon precipitates out. In this way, large-area single-layer
graphene can be obtained. Though researchers have known for a long time that the CVD
of hydrocarbon on metals can generate thin graphite layers, the breakthrough of CVD
for graphene did not occur until self-limiting graphene growth on Cu was discovered
in 2009 [44]. Since the graphene growth was irrelevant to the thickness of Cu foil and
C solubility in Cu was very low, the proposed mechanism for the self-limiting growth
was surface-catalysis rather than precipitation during cooling. In addition, patterned

57



Nanomaterials 2022, 12, 2100

graphene could be obtained by patterning the metal substrate used for growth, which
offers huge benefits in patterning graphene after the synthesis [45]. Remarkably, a large area
of graphene was also successfully attained by the roll-to-roll process for flexible transparent
electrodes (Figure 1c) [40,46].

2.2. 2D Transition Metal Dichalcogenides

2D transition metal dichalcogenides (TMDCs), such as MoS2, MoSe2, and WS2, have
gained great attention because they show properties different from their bulk counter-
parts [10]. For example, the MoS2 monolayer is a direct bandgap semiconductor while the
bulk crystal is an indirect one with a narrower bandgap. Thus, monolayer MoS2 shows
much stronger photoluminescence than the multiple layers. Among various methods, we
will introduce mechanical exfoliation, liquid exfoliation, and chemical vapor deposition,
which are the most widely used methods to synthesize 2D TMDCs [22,23,47–49].

2.2.1. Mechanical Exfoliation

After the successful demonstration of mechanical exfoliation of graphene, it has
been extended to 2D TMDCs as well. Typically, an adhesive tape is used to peel off
a thin layer from a bulk crystal, and then the layer is transferred to a target substrate,
leaving single or multiple layers of TMDCs on the substrate [38,50]. Although mechanical
exfoliation provides nanosheets with clean surfaces and a good crystallinity, it is not
scalable and does not have systematic control over layer size and thickness. The layers
mechanically exfoliated are typically of several microns size. To obtain larger layers, Magda
and coworkers employed the chemical affinity of S atoms to Au to achieve MoS2 single
layers of several hundred microns size on Au (111) surfaces [22]. Furthermore, they found
that their method could be extended to other chalcogenides, such as WSe2 and Bi2Te3
as well.

2.2.2. Liquid Exfoliation

Liquid exfoliation is another popular method to fabricate 2D TMDCs which can be
further categorized as solvent intercalation, chemical intercalation, and electrochemical
intercalation (Figure 2a,b) [49,51,52]. It typically yields nanosheets with small lateral sizes
(<1 μm) which tend to aggregate upon deposition. The main idea behind the method is to
weaken the vdWs interaction between layers to separate them. Organolithium is commonly
used for chemical intercalation (Figure 2a). However, in the case of MoS2, the as-exfoliated
nanosheets showed a dominant metastable metallic phase rather than a semiconducting
phase due to Li intercalation. Eda and coworkers found that mild annealing at 300 ◦C led
to the gradual restoration of the semiconducting phase [20].

It is also viable to exfoliate single TMDC layers through direct sonication in organic
solvents or solvent intercalation (Figure 2a). Coleman et al. tested various organic solvents
in many TMDCs (MoS2, MoSe2, WS2, etc.) and found N-methyl-pyrrolidone (NMP) and
isopropanol (IPA) resulted in stable dispersions [53]. However, the yield was low and the
dispersion also contained multilayer TMDCs.

In order to improve the yield and obtain better control over the intercalation process,
Zeng et al. developed the electrochemical intercalation method (Figure 2b) [49]. A bulk
TMDC was incorporated as a cathode of a test cell while a Li foil was used as an anode to
provide intercalation ions. Hence, the degree of intercalation could be controlled in the
discharge process, leading to a 92% yield of single-layer TMDC.
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Figure 2. (a,b) Different liquid exfoliation mechanisms: (a) solvent intercalation, and chemical
intercalation [52], and (b) electrochemical intercalation [49]; (c–f) Chemical vapor deposition setups
depending on the precursors [47]. (a) Reprinted with permission from Ref. [52]. Copyright 2021,
WILEY. (b) Reprinted with permission from Ref. [49]. Copyright 2019, RSC. (c–f) Reprinted with
permission from Ref. [47]. Copyright 2015, RSC.

2.2.3. Chemical Vapor Deposition

CVD is the most widely used bottom-up technology in fabricating atomically thin
TMDCs. As a well-developed technique, it has better control of synthesis parameters and
is, therefore, able to produce large-area monolayer TMDCs. Various precursors can be
used as metal and chalcogen sources, such as MoO3, WO3, Se powder, and H2S [47,54–56].
For the CVD method, a different experimental setup needs to be adopted depending on
the types of sources (Figure 2c–f). Figure 2c shows the setup for metal and chalcogen
sources in powders. Since evaporation of metal (or metal oxides) and synthesis of TMDC
require a temperature much higher than the boiling point of chalcogen powders, it is
important to control the furnace temperature profile. When the metal has a very high
boiling temperature (e.g., tungsten), its oxide (e.g., WO3) is usually used instead [55]. When
Se is used, H2 in the carrier gas is usually required as a reducing agent [56]. During the
synthesis, seeding promoters can also be applied to avoid unwanted structures, such as
nanorods and nanoparticles.

TMDC monolayers can also be synthesized through the chalcogenization of metal or
metal oxide deposited on the substrate (Figure 2d,e). The thickness of the metal or metal
oxide layer is about 1–5 nm and determines the number of TMDC layers [57]. Hence, the
difficulty of this method lies in the precise control of thickness and homogeneity of the
pre-deposited layer over a large area. Figure 2f illustrates the setup when both metal and
chalcogenide sources are in the gas phase. Common precursors are Mo(CO)6, W(CO)6, H2S,
and dimethyl disulfide (DMDS) [47]. In the case of Mo(CO)6 and dimethyl disulfide (DMDS)
forming MoS2, the reaction can happen at low temperatures (100–140 ◦C), but the resulted
nanosheets require subsequent annealing at 900 ◦C to obtain a better crystallinity [58].

3. Synthesis of Lead Halide Perovskites

Lead halide perovskites (LHPs) with a chemical formula ABX3 (B = Pb and X = Cl, Br,
or I) are promising materials in optoelectronic applications due to their high defect toler-
ance, large light absorption coefficients, and long charge carrier diffusion length. According
to the requirement for ionic radii, there are only three suitable cations in cubic α-phase,
namely, cesium (Cs+), methylammounium (MA+), and formamidium (FA+) ions. These
materials have been applied in various optoelectronics such as solar cells, light-emitting
diodes (LEDs), and photodetectors [59–61]. However, bulk perovskites are unstable under
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ambient atmosphere and irradiation, which triggers studies on their more stable reduced-
dimensional counterparts, namely 0D quantum dots, 2D, and quasi-2D. Comprehensive
reviews on the synthesis of perovskites can be found in [5–9,62,63], and therefore we sum-
marize the synthesis methods of perovskites with different dimensions for optoelectronic
applications in this review.

3.1. 3D Lead Halide Perovskites

For 3D LHPs, tremendous efforts have been made in engineering materials’ stability
and morphology in order to fully utilize outstanding materials properties which were over-
shadowed by the poor air stability and film morphology. Among various film deposition
methods, here we focus on the most common approaches, namely, two-step sequential
deposition, one-step spin-coating, and thermal evaporation (Figure 3a,b). Various strategies
have been explored in the frame of those methods to stabilize LHPs and improve the quality
of films, such as mixing A-site cations and X-site anions, and adding organic molecules or
lower dimensional LHP to passivate surfaces and grain boundaries [61,64,65].

 
Figure 3. (a) Schematic illustration of one-step, two-step sequential, and antisolvent method for
3D LHP film deposition [63]; (b) Schematic illustration of single-source, sequential, and multi-
source thermal evaporation [63]; (c) Examples showing structures of RP, DJ, and ACI phases of
<100>-oriented LHP respectively [7]; (d) Grazing-incident wide-angle X-ray scattering patterns of
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(PXD)(MA)2Pb3I10 with and without MACl additive [66]; (e) Schematic presentation of the LARP
method [67]; (f) CsPbX3 PQDs in toluene under UV lamp (365 nm) and the normalized PL spectra [68];
(g) Schematic representation of the dynamic ligand binding of OA and OAm to PQD surfaces [69].
(a,b) Reprinted with permission from Ref. [63]. Copyright 2020, WILEY. (c) Reprinted with permission
from Ref. [7]. Copyright 2021, ACS. (d) Reprinted with permission from Ref. [66]. Copyright 2020,
WILEY. (e) Reprinted with permission from Ref. [70]. Copyright 2015, ACS. (f) Reprinted with
permission from Ref. [68]. Copyright 2015, ACS. (g) Reprinted with permission from Ref. [69].
Copyright 2016, ACS.

The two-step sequential deposition was one of the widely used methods in the early
age of perovskite research for 3D LHP films [63]. Typically, an inorganic layer, for example,
PbI2, is first spin-coated on a substrate, and then the deposited inorganic layer is immersed
into an organic salt solution, for example, methylammonium iodide (MAI). Alternatively,
the organic salt solution is spin-coated on the inorganic layer to form the desired 3D LHPs
(Figure 3a). For the two-step sequential deposition methods, it is important to control
parameters to obtain the high-quality film, such as the morphology of the inorganic layer
at the first step, the concentration of the organic salt solution, and the speed of the spin-
coating [62]. Although the two-step method offers good reproducibility and compact films,
it often encounters an issue of incomplete conversion. This has resulted from the formation
of perovskite on the surface of the inorganic layer which inhibits the diffusion of organic
cations. Gong et al. introduced nickel chloride (NiCl2) as an additive in the PbI2 precursor
to form a porous film [71]. As a result, the MAI solution could penetrate the PbI2 film more
easily, leading to the formation of larger perovskite grains. Engineering solvents have also
been introduced as another strategy. Zhi and coworkers added N-Methyl-2-pyrrolidone
(NMP) with low volatility to the MAI precursor to assist the recrystallization process of
the 3D LHPs and to enhance Ostwald ripening, resulting in films with large columnar
grains [72].

3D LHP films can also be fabricated via a one-step spin-coating method. In this
method, all the components are dissolved in the same solvent to form a precursor and
spin-coated generally at two stages, such as at a low speed for a short time and then
at a high speed for a long time (Figure 3a). However, the resultant films could have
pinholes, rough surfaces, and small grains. To resolve these issues, additives can incorpo-
rated in precursors before spin-coating. Lewis acids (e.g., iodopentafluorobenzene) or bases
(e.g., methylammonium chloride (MACl)) are commonly used to passivate under-coordinated
halide or Pb atoms at grain boundaries or surfaces, while other additives like Pb(SCN)2 are
shown to improve the crystallinity and grain size of 3D LHPs [5,73,74]. Another approach is
to drip antisolvent on substrates at the second stage of spin-coating to facilitate homoge-
neous nucleation by extracting the host solvent (Figure 3a). A wide range of antisolvent
has been employed, from highly polar ethyl acetate to nonpolar toluene, from diethyl ether
with a low boiling point to chlorobenzene with a high boiling point [75–78]. According
to Taylor and coworkers, the application of the antisolvent is not instantaneous and its
duration is also an important factor [79].

Other than the spin-coating method, thermal evaporation is another film deposition
method widely employed. The evaporation method can be further categorized as a single-
source, sequential, and multisource co-deposition (Figure 3b) [63]. In the single-source thermal
evaporation, either the prepared perovskite powder or the mixed precursor is put in one
crucible for the thermal evaporation. In the sequential evaporation, the individual precursor is
evaporated separately, followed by a thermal or vapor annealing. The most common method
is the multisource co-evaporation where each precursor is placed in different crucibles and
evaporated at the same time. The thermal evaporation method is suitable for large-scale
fabrication and conformal films. It also allows precursors with solvent orthogonality and
prevents damaging underlying layers during deposition. However, there are drawbacks to
thermal evaporation as well. It requires expensive and complex vacuum systems, which limits
the number of studies. The grain size of thermally evaporated films is typically smaller than
that of the solution-processed films. Lohmann et al. found that as the substrate temperature
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decreased from room temperature to −2 ◦C, the grain size of MAPbI3 increased from 100 nm
to micrometer size [80]. However, it has also been pointed out that the evaporation of
MAI is difficult to control due to its relatively high vapor pressure and low decomposition
temperature [81]. To solve this problem, vapor-deposited MA-free perovskite films have been
studied. For instance, Lohmann and coworkers showed that partially substituting PbCl2 for
PbI2 could significantly suppress defects in FA0.83Cs0.17PbI3 films [82].

The deposition methods mentioned above aim at fabricating films with uniform
and full coverage. However, sometimes localized crystallization and patterned films
are preferred. A laser-assisted crystallization method shows advantages in this sense.
Arciniegas et al. demonstrated confined growth of MAPbBr3 via laser irradiation [83]. The
growth mechanism was ascribed to the local generation of MA ions from the
N-methylformamide solvent due to laser-induced heat. In addition to crystal growth,
laser irradiation could also lead to a reversible localized phase transition. Zou and cowork-
ers illustrated a nonvolatile rewritable photomemory array based on this principle [84].

3.2. 2D and Quasi-2D Lead Halide Perovskites

(Quasi-)2D LHPs can be seen as a slice cleaved from an ideal cubic perovskite along
certain crystalline planes, such as <100> by layers of organic ions [7,85]. Therefore, they can
be categorized according to the cleaving planes and the thickness of the inorganic layers
between the organic spacers. <100>-oriented (quasi-)2D LHPs have a chemical formula
A′

2An−1PbnX3n+1 or A′An−1PbnX3n+1 (A′ = 1+ or 2+, A = 1+ cation, X = Cl, Br, or I) and
can be further classified as: (i) Ruddlesden-Popper (RP) phase, (ii) Dion-Jacobson (DJ)
phase, and (iii) alternating cation in the interlayer space (ACI) phase (Figure. 3c). All three
phases consist of inorganic layers of corner-sharing [PbX6]4− octahedrons. The difference
between these phases lies in the stacking displacement of adjacent layers. The RP phase
is characterized by the interdigitated organic bilayer which causes the inorganic layers
staggered by half a unit cell (0.5, 0.5 in-plane displacement). The DJ phase features a perfect
stacking (0, 0 in-plane displacement) and bivalent organic cation spacers. In the ACI phase,
A-site cations not only appear in the cuboctahedral cages but also alternate with the spacers
in the organic layer. Many linear monoammonium cations, such as butylammonium,
pentylammonium, and hexylammonium, can adopt RP structures [86]. DJ phase is usually
derived from diammonium spacers, including both linear types like NH3CmH2mNH3
(m = 7−9) and cyclic types like 3-(aminomethyl)piperidinium (3AMP) and 1,5-naphthalene
diammonium [85,87,88]. However, unlike RP and DJ phases, ACI structure can only be
templated by guanidinium (GUA) currently [70].

All three phases of (quasi-)2D LHP show a conductivity in the stacking direction
much lower than the in-plane directions because the organic cations act as barriers. As a
result, excitons are confined in the inorganic slabs, showing a binding energy depending
on the n value. Therefore, red shifts in absorption and emission spectra are observed as
n increases. Although the electrical and optical properties of the three phases are similar
in general, there are still some differences. DJ (quasi-)2D LHPs usually show a smaller
bandgap than RP ones with the same n value due to less distortion in inorganic layers and
a shorter interlayer distance [89]. In addition, DJ (quasi-)2D LHPs are more stable than RP
ones [8,90]. Although the hydrophobic property of the spacers in the RP phase provides
resistance to humidity, the vdWs gap in the bilayer made the devices vulnerable when
being subjected to high temperature and high humidity at the same time. The hydrogen-
bonding interaction in the DJ phase is stronger than the vdWs interaction in the RP phase
and therefore leads to a more rigid and tight structure, providing better device stability.

For the synthesis of (quasi-)2D LHPs as a device component, a spin-coating method
with a precursor is more frequently used, resulting in a multicrystalline film [70,85,91].
The precursor can be made by dissolving individual components in an organic solvent.
For optoelectronic applications, the (quasi-)2D LHP layer usually consists of grains with
random orientations. As the organic spacers inhibit charge transport along the stacking
direction, a crystal orientation with organic layers perpendicular to the substrate is preferred
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in devices. Various additives, such as NH4SCN, Pb(SCN)2, and MACl, have been applied
to the precursor to form crystals with vertically aligned organic layers [66,92,93]. It is
proposed that the additives function by suppressing the formation of PbI2 sol-gel which
acts as nucleation sites and tends to transform into an unoriented intermediate phase [94].
Currently, grazing-incident wide-angle X-ray scattering is the most widely used tool to
characterize the crystal orientation. The diffraction pattern will be a Scherrer ring if the
grains are randomly oriented, and bright spots if vertically oriented (Figure 3d) [66].

In addition to random crystal orientation, the 2D LHP layer is typically composed
of phases with different n values. Since the bandgap of 2D LHP decreases as n increases,
the distribution of n values would cause excitons to funnel to domains with large n
values [95]. Ma and coworkers designed a bifunctional molecular additive, tris(4- fluo-
rophenyl)phosphine oxide (TFPPO), to narrow down the n-value distribution and passivate
the lateral sides of 2D LHP at the same time. The n-value distribution was ascribed to the
slower diffusion of organic spacers due to hydrogen bonds formed between the spacer’s
ammonium tails and the fluorine atoms in TFPPO [96].

A thin 2D LHP layer can also be deposited on a 3D LHP film to form a 2D/3D
heterostructure by spin-coating a solution containing organic spacers on the 3D LHP
film [97–99]. The resultant 2D LHP layer is typically a couple of nanometers thick and
consists of phases with n = 1 or 2. Although the large bandgap and exciton binding energy
of low n values are unfavorable in solar cells, the 2D LHP layers provided passivation to
the surface of 3D LHP film and therefore improved the stability and open-circuit voltage.
Typically, IPA is used as the solvent for organic spacers due to the good solubility it offers.
Additional halide compounds, such as potassium iodide (KI) and rubidium iodide (RbI),
may also be added to the solution [100]. However, IPA can also dissolve the underlying
3D LHP layer due to its strong polarity, leading to a 3D/2D mixed phase at the surface.
To obtain a clear heterojunction, Yoo et al. employed chloroform (CF) as the solvent
for the organic spacers to avoid damaging the underlying 3D LHP film [101]. However,
only certain linear ammonium halide, for example, n-hexylammonium bromide, showed
solubility high enough to be applied in the spin-coating method. To overcome the conflict in
the solution process, Jang and coworkers developed a solid-phase in-plane growth method
to synthesize an intact and clear 2D/3D junction with control over the thickness of the 2D
layer [102]. A 2D LHP film and a 3D LHP film were deposited on two substrates separately
via the single-step spin-coating method. After the two films were stacked in contact, heat
and pressure were applied to induce the growth of the 2D layer on the 3D film. Finally, the
substrate with 2D LHP solid precursor was detached, leaving an intact 2D layer on the 3D
LHP film. The thickness of the 2D layer could be controlled by adjusting the temperature
or performing the process iteratively.

3.3. 0D Lead Halide Perovskite Quantum Dots

Perovskite quantum dots (PQDs) not only inherit excellent optical and electronic
properties from LHPs but also show unique advantages, such as size-tunable bandgaps,
and high photoluminescence quantum yield (PLQY). PQDs are typically synthesized
through a solution method. However, they may also form in inorganic glass with the
aid of laser irradiation. For example, Huang et al. demonstrated the laser-induced in-
situ formation of CsPbBr3 quantum dot in an inorganic oxide glass which enabled 3D
patterning [103]. The pattern could be erased by thermal annealing and rewritten by laser
irradiation many times. Below we introduce two main solution synthesis methods for
PQDs: ligand-assisted reprecipitation (LARP) and hot injection where the hot injection
method is mostly employed to synthesize high-quality PQDs.

3.3.1. Ligand Assisted Reprecipitation

Generally, organic-inorganic hybrid PQDs are synthesized via the LARP method whereas
the hot injection method is used more frequently for all inorganic PQDs. Schmidt et al. first
reported the spherical CH3NH3PbBr3 (MAPbBr3) PQDs synthesized by a precipitation method
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at room temperature [104]. The PQDs showed a green emission (~525 nm) with a narrow
FWHM (~25 nm) and PLQY of 20%. Later, PLQY was improved to 83% by changing
the molar ratio of reactants [105]. Zhang et al. modified the precipitation method by
using capping ligands (octylamine and oleic acid) to limit the growth of crystals and
named it LARP (Figure 3e) [67]. A precursor with capping ligands in a good solvent
(e.g., DMF) was drop-wisely added to a bad solvent (e.g., toluene). The authors concluded
that octylamine controlled the kinetics of crystallization and consequently the size of PQDs,
while OA prevented aggregation and therefore enhanced stability. However, organic-
inorganic hybrid PQDs synthesized by the LARP method were still less stable than their
all-inorganic counterpart, such as CsPbX3 PQDs, due to the volatile organic component,
especially when exposed to heat and moisture.

3.3.2. Hot Injection

Hot injection synthesis of PQDs was first performed by L. Protesescu et al. motivated
by reports on hybrid organic-inorganic metal halide perovskite [68]. A Cs-oleate stock
solution was injected into a lead halide (PbX2) precursor at 140–200 ◦C to form monodis-
persed cubic-shape PQDs of different sizes (4–15 nm). Various halide compositions could
be readily achieved by adjusting the ratio in PbX2 precursor, such as PbI2:PbBr2 = 1:1 and
PbBr2:PbCl2 = 1:1. The composition and quantum confinement effect due to sizes gave
CsPbX3 PQDs a tunable bandgap covering the entire visible spectral region (Figure 3f).
The all-inorganic PQDs also showed a large charge carrier mobility (4500 cm2 V−1 s−1),
high PLQY, and narrow full with half maximum (FWHM), which made them attractive in
optoelectronic applications, such as solar cells, photodetectors, and LEDs [106–112]. Later,
Protesescu et al. also reported a fast anion exchange in CsPbX3 which provided a post-
synthesis method to finely tune the composition [113]. The fast exchange was attributed to
the well-known high anion conductivity in bulk halide perovskite and the highly dynamic
ligand binding of the PQDs (Figure 3g) [69]. However, the easy loss of capping ligands
also made it difficult to maintain PQDs intact during a purification process. Swarnkar et al.
found that methyl acetate (MeOAc) was a suitable antisolvent to isolate CsPbI3 PQDs while
keeping the integrity [112]. Unlike their bulk counterpart which quickly transferred to an
orthorhombic phase at room temperature, the densely packed PQD film was stable in a
cubic α-phase for months under ambient conditions due to the large surface area and high
surface energy of PQDs. Although MeOAc maintained PQDs intact during purification,
there were still surface defects formed, such as iodine vacancy, while removing surface
ligands. Recently, Jia et al. tackled the problem by adding tert-butyl iodide (TBI) and
trioctylphosphine (TOP) in the purification process [114]. The iodine ions released from
the nucleophilic substitution reaction between TBI and TOP cured the surface defects. In
addition to purification methods, researchers have optimized other synthesis parameters,
such as the ratio of different precursors, reaction temperatures, solvents, and capping
ligands [115–120].

For PQDs, ligand exchange is necessary to fabricate efficient devices, as the long
organic ligands used in synthesis significantly block the charge transfer. A two-step solid-
state ligand exchange is widely performed by dipping the PQD film in methyl acetate
and ethyl acetate ligand solutions subsequently [121–123]. In this way, OA/OAm capping
ligands can be changed into acetic acid/FA or other short ligands to facilitate electric
coupling between PQDs. However, ligand exchange may cause more defects on QD
surfaces, and therefore a post-treatment with cesium salts is needed to passivate those
defects [124]. Furthermore, FA cations are hygroscopic and able to enter PQDs, which
results in device instability. To overcome the drawbacks of using the FA cations and enhance
the device stability, other large hydrophobic cations such as phenylethylammonium (PEA)
and GUA have been explored [125,126].
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4. 2D Materials for Optoelectronic Applications

2D materials, such as graphene, TMDCs, and BP, have attracted tremendous research
interest in the field of optoelectronics due to their facile processing techniques and unique
properties arising from vdWs structures [33]. For instance, graphene shows ultrafast carrier
dynamics and a broad absorption band. TMDCs are favored for their direct bandgap, high
light absorption, natural abundance, and excellent chemical stability. Besides, their mechanical
flexibility and durability allow the formation of high-quality interfaces with a low density of
charge traps [127]. BP has high carrier mobility and a moderated bandgap of around 0.3 eV in
its single-layer form, which enables reduced dark current and low noise in photodetection [128].
In this part, we present the recent development of 2D material-based optoelectronics.

4.1. 2D Material Solar Cells

One of the MoS2-based solar cells was proposed by Wi et al. [127]. In the work, the
author treated the surface of the MoS2 layer with CHF3 plasma to form a p-n junction
in the solar cell (Figure 4a). As illustrated in Figure 4b, the built-in potential between
the plasma-treated MoS2 and untreated MoS2 layer could enhance the separation and
collection of photogenerated carriers, resulting in improved device performance. The
device showed a high current density of 20.9 mA/cm2 and PCE of 2.8%. WSe2 has also
shown its potential as a solar cell material in the work reported by McVay et al. [129].
The WSe2 layer was passivated with Al2O3 and the solar cell demonstrated remarkable
photocurrent enhancement (Figure 4c). The passivation layer not only reduced surface
traps but also induced n-type surface doping and band bending at the interface, increasing
the active area for photocurrent extraction. The fabricated device exhibited a Voc of 380 mV
and Jsc of 10.7 mA/cm2. In addition, Nazif et al. proposed a flexible solar cell consisting of
the WS2 absorbing layer, graphene top contact, and MoOx coating (Figure 4d) [130]. The
transparent graphene top contacts greatly reduced Fermi-level pinning at the interface
of TMDC and metal contacts. Additionally, MoOx served as effective passivation and
anti-reflection layer, leading to increased Jsc. As a result of these strategies, the device
exhibited remarkable performance enhancement, with a PCE of 5.1% and specific power
of 4.4 W/g in comparison with that of the previously reported counterpart (PCE ~0.7%,
specific power ~0.04 W/g). The device performance of solar cells reviewed in Section 4.1 is
summarized in Table 1.

Figure 4. (a) Schematic of the plasma-treated MoS2 solar cell. (b) Energy band level of the plasma-treated
MoS2 solar cell. (c) The performance improvement of the solar cell passivated by Al2O3 under a 3400 K
black body source of 30 mW/cm2. (d) Cross-sectional image of the MoOx/graphene/WSe2 solar cell.
(e) Energy band diagram of the strain-gradient WS2 film. (f) The schematic and energy band diagram of
the MoS2 device under different polarization states. (a,b) Reprinted with permission from Ref. [127].
Copyright 2014, ACS. (c) Reprinted with permission from Ref. [129]. Copyright 2020, ACS. (d) Reprinted
with permission from Ref. [130]. Copyright 2021, Springer Nature. (f) Reprinted with permission from
Ref. [131]. Copyright 2015, WILEY. (e) Reprinted with permission from Ref. [132]. Copyright 2021, Wiley.
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Table 1. Summarized device performance of solar cells in Section 4.1.

Active Materials Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Ref.

MoS2 0.28 20.9 47 2.8 [127]
WSe2 0.38 10.7 44 1.6 [129]
WS2 0.476 17.3 61.7 5.1 [130]

4.2. 2D Material Photodetectors
4.2.1. Graphene

Ever since the successful exfoliation, graphene has been widely applied to photode-
tector applications. Here, we summarize significant works based on graphene. First, a
graphene photodetector was integrated into a silicon bus waveguide, demonstrating a chip-
integrated photodetector technology based on graphene [133]. The coupling strategy in the
work greatly improved the light absorption capability of the graphene layer over a broad-
band spectrum. As a result, the photodetector achieved maximum responsivity of over
0.1 A/W and uniform photoresponse ranging from 1450 to 1590 nm. Second, Kim et al. fab-
ricated a photodetector based on an all-graphene p-n junction [134]. Attributed to the carrier
multiplication induced by impact ionization and high photoconductive gain in the graphene
layers, the device demonstrated high detectivity (~1012 Jones) and photoresponsivity
(0.4–1.0 A/W) from ultraviolet to near-infrared region. However, due to the emergence of
TMDCs, graphene was substituted with TMDCs for photodetector applications.

In recent years, waveguide-integrated graphene photodetectors have been proposed
for datacom applications. Schuler et al. used a silicon photonic waveguide to guide the
light in a confined graphene area to facilitate light-matter interaction [135]. The device
showed a responsivity of 0.17 A/W. Following this work, Ma et al. demonstrated a
graphene photodetector coupled with a silicon waveguide, and arrayed metallic structures
were introduced into the device structure to improve the responsivity by exciting surface
plasmon polaritons [136]. As a result, the device exhibited an external efficiency of 0.5 A/W
with an ultrahigh-frequency response over 110 GHz. Similarly, Alaloul et al. reported
a CMOS-compatible graphene photodetector with a plasmon-enhanced responsivity of
1.4 A/W and broad bandwidth exceeding 100 GHz [137].

4.2.2. Transition Metal Dichalcogenides

To date, various TMDCs have been applied for the photodetectors, such as WS2,
MoTe2, and MoS2 [138]. For example, WS2 TMDC has attracted tremendous interest as
the photodetector material attributed to its availability in both n- and p-type. WS2 is
intrinsically an n-type semiconductor, but through doping p-type WS2 can be readily
attained. Kim et al. introduced a gradient-strained WS2 film, which was controlled by
the sputtering time of W, for the photodetector application [132]. Due to the band edge
variation resulting from the gradient strain, a type II homojunction was formed in the
multilayer film which effectively reduced nonradiative recombination (Figure 4e). The
photodetector demonstrated high photoresponsivity under white light irradiation with a
low driven voltage of 0.1 V.

Similarly, Mo-based TMDCs, such as MoS2 and MoTe2, are intrinsically an n-type
TMDC with availability in a p-type as well. Particularly, MoTe2 has a suitable bandgap
for both visible and near-infrared light photodetection [139,140]. Therefore, a broadband
photodetector was introduced by employing the MoTe2 TMDC [141]. The device exhibited
high detectivity of 3.1 × 109 and 1.3 × 109 Jones for 637 and 1060 nm light, respectively.
The authors attributed the high device performance to the photogating effect. The pho-
togenerated holes were localized within the trap states, leading to high photoconductive
gain. In addition, Wang et al. developed a MoS2-based photodetector with P(VDF-TrFE) as
the ferroelectric gate [131]. The ferroelectric material provided an ultrahigh electrostatic
field of about 109 V/m in the semiconducting channel and helped the device maintain
a depleted state, significantly suppressing the dark current (Figure 4f). As a result, the
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device showed broadband photodetection from 0.85–1.55 μm, as well as high detectivity of
2.2 × 1012 Jones and responsivity of 2570 A/W.

4.2.3. Black Phosphorus

BP, a layered semiconducting material similar in appearance to graphite, has risen as
a new family member of 2D materials since its first successful exfoliation in 2014. BP has
brought new concepts and applications to the field of optoelectronics due to its unique
structure and properties. Particularly, BP has the infrared bandgap which offers great
potential for IR detection [142]. For example, a mid-infrared photodetector based on
BP was demonstrated by Guo et al. [128]. The photodetector exhibited a wide range of
operating wavelengths from 532 nm to 3.39 μm. The device showed responsivity of 82 A/W
at 3.39 μm and was capable of detecting picowatt light owing to its high photoconductive
gain and low dark current. Moreover, the photodetector had effective photoresponse in the
kilohertz frequency range due to the carrier dynamics of BP with a moderate bandgap. In
addition, Jalaei et al. reported a Se-doped BP photodetector with high responsivity ranging
from 3 to 5 μm [143]. Se-doped BP showed smaller bandgap as well as higher absorption
coefficient in the mid-infrared region compared to the pristine BP. As a result, the device
exhibited responsivity of 0.75 μA/W at 4 μm with the light intensity of 0.0001 W/cm2.

Despite the great progress in optoelectronics using 2D materials as active layers, the
majority of devices exhibited unsatisfactory performance mainly due to the poor light
absorption limited by their atomic-scale thickness. To resolve this issue, heterostructures
were introduced and this structure improved the light absorption capacity, which will be
discussed in Part 6 [144]. The device performance of photodetectors reviewed in Section 4.2
is summarized in Table 2.

Table 2. Summarized device performance of photodetectors in Section 4.2.

Active Materials Response Range R (A/W) D* (Jones) τrise/τfall Ref.

Graphene 1450–1590 nm 0.108 - - [133]
Graphene UV-NIR ~1 1012 - [134]
Graphene - 0.17 - - [135]
Graphene 1480–1620 nm 0.5 - - [136]
Graphene - 1.4 - 50 μs/- [137]

WS2 440–800 nm 30 - - [132]
MoTe2 600–1550 nm 0.05 3.1 × 109 1.6 ms/1.3 ms [141]
MoS2 500–1550 nm 2570 2.2 × 1012 1.8 ms/2 ms [131]

BP 0.532–3.39 μm 82 - - [128]
BP MIR 7.5 × 10−7 - - [143]

5. Perovskite Optoelectronic Applications

5.1. Lead Halide Perovskite Solar Cells
5.1.1. 3D Lead Halide Perovskite

In two decades, 3D LHP solar cells have made rapid progress and are almost catching
up with the PCE of Si-based types. The record PCE of 3D perovskite in a solar cell is
25.6% while a Si-based cell is 26.1%, making perovskite an attractive material for solar cell
applications. The first report on 3D LHP solar cells dates back to 2009 by Kojima et al. The
device exhibited a PCE of 3.8% using MAPbI3 as the active layer. [26] Following this work,
in 2012, Kim et al. reported a high-efficiency solar cell with a PCE of 9.7% based on the
structure of mesoporous TiO2/MAPbI3/spiro-OMeTAD [145]. In the same year, Lee et al.
employed mesoporous alumina as an insulating scaffold for the MAPbI2Cl perovskite and
achieved a solar cell with a PCE of 10.9% and low energy losses [146]. Due to high PCEs
achieved in a short period, these two findings have attracted intense research interest in
perovskite solar cells and greatly facilitated the development of this area.

In 2013, a two-step sequential deposition method was introduced for the formation of
MAPbI3 perovskite layer in solar cells, which opened a new route for high-performance
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solution-processed perovskite solar cells [147]. PbI2 dissolved in DMF solution was spin-
coated on the TiO2 underlayer, and then the substrate was dipped into the MAI solution.
This led to PbI2 being transformed into the 3D LHP with a greatly improved film mor-
phology compared to the conventional one-step deposition approach. Attributed to the
improved morphology, the device exhibited a high PCE of 15%. Similarly, Yang et al.
deposited a PbI2 (DMSO) complex in a DMF solution on the TiO2 layer, followed by
the spin-coating of the FAI solution [148]. FAPbI3 crystallization occurred through the
intramolecular exchange process (IEP) of DMSO with FAI. According to SEM and XRD
results, the perovskite film by the IEP method showed a smoother surface, larger grain size,
and better (111)-preferred crystal orientation in comparison with its counterpart by the
conventional method. Benefiting from this technique, over 20% of PCE was achieved in 3D
perovskite solar cells.

In 2015, Bi et al. reported high-quality MAPbI3 perovskite layers grown on non-wetting
HTLs with a thickness aspect ratio of 2.3–7.9 [149]. Non-wetting HTLs reduced the surface
tension dragging force compared to wetting HTLs, which increased the grain boundary
mobility, yielding the growth of larger perovskite grains with improved crystallinity. As
a result, the charge recombination was suppressed and the fabricated device achieved a
high PCE of 18.3%. Following this work, Serpetzoglou et al. compared the performance
of MAPbI3 solar cells utilizing the hydrophilic PEDOT: PSS and the non-wetting PTAA as
the HTLs, respectively [150]. It was found that the non-wetting PTAA layer with a smooth
surface favored the formation of uniform and larger perovskite grains. Additionally, faster
relaxation times and slower bimolecular recombination rates were observed for PTAA-
based devices. Owing to the merits provided by the PTAA HTL layer, the PCE of the solar
cell showed remarkable enhancement from 12.6% to 15.67%.

Laser-assisted crystallization technique has also been proved to be effective to elevate
the device’s efficiency. For instance, Li et al. applied a laser irradiation approach to induce
rapid crystallization and obtained homogeneous, pinhole-free perovskite layers [151].
Owing to the gradient distribution of laser irradiation, a proper amount of PbI2 was formed
on the perovskite surface, which led to self-passivation and suppressed surface states. The
optimal solar cell exhibited a high PCE of 17.8%. Jeon et al. used low energy NIR laser
beam to improve the crystallization and film morphology of MAPbI3 perovskites [152]. The
irradiation process helped with the perovskite phase transformation from a poor crystalline
intermediate phase to a highly crystalline phase, contributing to devices with PCE of 11.3%
and 8% on glass and flexible substrates, respectively. Konidakis et al. also demonstrated
the preferable grain size and accelerated charge carrier extraction in perovskites by the
laser-assisted method [153].

In 2019, the new world record PCE of 23.3% was reported by using a double-layered
halide architecture (DHA) and Poly(3-hexylthiophene) (P3HT) as the HTL [154]. An
ultrathin wide-bandgap halide (WBH) was introduced between the narrow-bandgap halide
(NBH) and the HTL, which reduced carrier recombination at the perovskite/P3HT interface.
The authors indicated that the alkyl chain in the WBH layer interacted with the P3HT
and induced a self-assembled P3HT layer with suppressed trap states. Recently, further
improvement in PCE was achieved and updated the world record for PCE of 25.6%. The
author utilized the pseudo-halide anion formate (HCOO−) to reduce the halide vacancies
at the boundaries of perovskite films [27]. It was claimed that HCOO− anions passivated
I− vacancies by interacting with undercoordinated Pb2+, effectively reducing non-radiative
recombination.

5.1.2. Quasi-2D Lead Halide Perovskite

Despite the high efficiency of 3D LHP solar cells, their long-term stability against
oxygen and moisture has largely limited the commercialization of perovskite solar cells.
Quasi-2D perovskites have shown great potential to enhance device stability because
their hydrophobic organic ligands can serve as an encapsulation layer [155]. In recent
years, various strategies have been utilized to improve the performance of quasi-2D LHP
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solar cells. In general, quasi-2D perovskite crystals tend to have random orientations
where the insulating cations hinder efficient charge carrier transport through the vertical
direction. As a result, quasi-2D perovskite solar cells show lower photocurrent compared
to their counterparts, such as 3D and 0D perovskite solar cells [156]. Therefore, it is crucial
to induce preferential vertical crystal orientation in quasi-2D perovskite. To solve this
issue, Zhang et al. introduced NH4SCN as an additive in (PEA)2(MA)4Pb5I16-based solar
cells [92]. The improved vertical orientation of perovskite was confirmed by the XRD
results and the detailed mechanism is shown in Figure 5a. Attributed to the enhanced
carrier transport through the vertical direction, the JSC was increased from 0.93 mA/cm2

without additive to 15.01 mA/cm2 with the optimal amount of additive, and the best device
exhibited a high PCE of 11.01% (Figure 5b). In addition, the phase distribution of different
n values in quasi-2D perovskite is also critical to the device’s performance. Shao et al.
developed a vacuum-assisted method to anneal PEA2MA4Pb5I16 perovskite [157]. On the
one hand, the vacuum-assisted method resulted in a smooth and compact film with better
morphology owing to its slower crystallization speed. On the other hand, this method
significantly reduced the amount of n = 2 phases located at the bottom of the perovskite
film, resulting in the promoted charge carrier transport and reduced recombination. As a
result, the device by the vacuum-assisted method exhibited remarkable PCE enhancement
from 3.65% to 14.14%. In 2018, the new record was achieved with a PCE of 18.2% using
3-bromobenzylammonium iodide (3BBAI)-based quasi-2D LHP [158]. In 3BBAI-based
perovskite films, large n phases were located at the top of the film while small n components
were at the bottom. The highly-crystalized large n components facilitated photon capture
and carrier separation because of small bandgap and exciton binding energy whereas the
vertically-orientated small n components were beneficial for charge transport. The device
retained 82% of its original efficiency after 2400 h of storage under a relative humidity of
40% without encapsulation, demonstrating its excellent moisture stability.

Figure 5. (a) Schematic illustration of inducing vertical crystal orientation in 2D perovskite. (b) The
J–V curves for (PEA)2(MA)4Pb5I16-based devices with different amounts of NH4SCN. (c) A two-step
solid-state QD ligand-exchange procedure of CsPbI3 PQDs. (d) Schematic of the PQDSC based on
CsPbI3 QDs and Cs-treated m-TiO2 layers. (a,b) Reprinted with permission from Ref. [92]. Copyright
2018, Wiley. (c) Reprinted with permission from Ref. [122]. Copyright 2018, ACS. (d) Reprinted with
permission from Ref. [159]. Copyright 2020, ACS.

5.1.3. 0D Lead Halide Perovskite Quantum Dots

0D PQD solar cells have also demonstrated stable device performance compared to
their 3D counterparts owing to the large surface area and high surface energy of PQDs.
In addition, most trap states of PQDs are located in the conduction and valence bands
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attributed to the low defect formation energy. Therefore, PQDs exhibit defect-tolerant
characteristics, which is favorable to optoelectronic applications [160]. However, the
organic insulating ligands on the dot surface hinder effective carrier transport within
the PQD film. Therefore, ligand exchange is required to substitute long-chain ligands
with shorter ones in PQD solar cells. A two-step solid-state ligand-exchange method was
introduced by Wheeler et al. to remove native oleate and oleylammonium ligands of CsPbI3
PQDs (Figure 5c) [122]. Through the application of methyl acetate and formamidinium
iodide in the first and second step, respectively, the PQD solid film showed improved
charge transport and consequently, a PCE of 12% was achieved.

The engineering of charge transport layers is also critical for fabricating high-performance
PQD solar cells. Chen et al. applied Cs-ion-containing methyl acetate solution to the m-TiO2
electron transport layer and improved interfacial properties between m-TiO2 and PQDs
(Figure 5d) [159]. The Cs+ ions promoted the incorporation of PQDs into the m-TiO2 layer and
passivated the PQD surface, resulting in an enhanced electron injection rate. Additionally,
the authors utilized an ethanol-environment smoothing approach for reducing the surface
roughness of the m-TiO2 film. Attributed to those approaches, the optimized device
exhibited a high PCE of 14.3%.

Other strategies such as site doping have also been explored. Hao et al. fabricated
Cs1−xFAxPbI3 PQD films with reduced defect density with the aid of OA ligands [121].
The authors demonstrated that the surface ligands were crucial for the formation of A-site
vacancies and OA ligands greatly facilitated cation cross-exchange. The optimized device
based on Cs0.5FA0.5PbI3 PQDs showed an excellent PCE of 16.6% which is the highest
record to date. Attributed to suppressed phase segregation in PQDs, the PQD-based
devices showed superior long-term photostability compared to their 3D counterparts. The
device performance of solar cells reviewed in Section 5.1 is summarized in Table 3.

Table 3. Summarized device performance for solar cells in Section 5.1.

Active Materials Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Ref.

MAPbI3 0.61 11 57 3.81 [26]
MAPbI3 0.888 17.6 62 9.7 [145]

MAPbI2Cl 0.98 17.8 63 10.9 [146]
MAPbI3 0.992 17.1 73 12.9 [147]
FAPbI3 1.06 24.7 77.5 20.2 [148]
MAPbI3 1.07 22 76.8 18.3 [149]
MAPbI3 1.01 20.24 76.67 15.67 [150]
MAPbI3 1.146 22.82 68 17.8 [151]
MAPbI3 0.91 14.5 80 11.3 [152]

(FAPbI3)0.95(MAPbBr3)0.05 1.152 24.88 81.4 23.3 [154]
FAPbI3 1.189 26.35 81.7 25.6 [27]

(PEA)2(MA)4Pb5I16 1.11 15.01 67 11.01 [92]
(PEA)2(MA)4Pb5I16 1.1 17.52 73 14.14 [157]

3BBAI-based quasi-2D 1.23 18.22 81.2 18.2 [158]
CsPbI3 QDs 1.2 - - 12 [122]
CsPbI3 QDs 1.06 17.77 75.8 14.32 [159]

Cs0.5FA0.5PbI3 QDs 1.17 18.3 78.3 16.6 [121]

5.2. Perovskite Photodetectors
5.2.1. 3D Lead Halide Perovskite

Attributed to their excellent properties, perovskites have been actively applied to
photodetection technology as well. For example, a broadband photodetector with a range
of 240 to 750 nm was achieved by utilizing Cs-doped FAPbI3 perovskite [29]. The Cs-doping
improved film quality and the favorable Schottky junction was formed between the Au
and the perovskite layer (Figure 6a). As a result, the device showed a rapid response speed
with a rise and fall time of 45 ns and 91 ns, respectively. In addition, highly-sensitive
photodetectors were reported based on CsPbIxBr3–x perovskites [161]. In the work, the
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authors treated the surface of PTAA with amphiphilic PEIE to improve its wettability,
leading to enhanced film coverage and quality of the above perovskite layer. The best device
based on CsPbIBr2 exhibited a high detectivity of 9.7 × 1012 Jones and ultrafast response
speed of 20 ns. The device remained 87% of its original photoresponsivity after more than
2000 h of storage in ambient air, which demonstrated its impressive environmental stability.

Figure 6. Schematic illustration of (a) the energy level of Cs-doped FAPbI3 perovskite photodetector
under incidental light, (b) the MAPbI3-based flexible photodetector, (c) the array photodetector
based on (PA)2(G)Pb2I7. Schematic of (d) the energy band diagram and (e) charge transport in
the gradient 2D/3D perovskite films. (f) Schematic illustration of the spray-coating deposition
method. (g) Schematic of the PET/Ag NP/Al2O3/CsSnBr3 QD photodetector. (h) Photocurrent of
the photodetectors with different thicknesses of the Al2O3 layers. (i) The detectivity and responsivity
of photodetectors with different thicknesses of the Al2O3 layers. (a) Reprinted with permission from
Ref. [29]. Copyright 2017, WILEY. (b) Reprinted with permission from Ref. [162]. Copyright 2018,
WILEY. (c) Reprinted with permission from Ref. [163]. Copyright 2019, WILEY. (d,e) Reprinted with
permission from Ref. [164]. Copyright 2020, WILEY. (f) Reprinted with permission from Ref. [28].
Copyright 2018, ACS. (g–i) Reprinted with permission from Ref. [165]. Copyright 2021, ACS.

Furthermore, a self-powered photodetector was realized using MAPbI3 as the light-
harvesting layer on a flexible substrate (Figure 6b) [162]. Drop-by-drop solvent engineering
of toluene was applied during spin-coating the perovskite layer to slow down the crys-
tallization process, resulting in improved film morphology. As a result, the fabricated
photodetector exhibited excellent detectivity of 1.22 × 1013 Jones. Additionally, the flexible
device was capable of harvesting omnidirectional light owing to its transparent polymer
substrate. Remarkably, the device exhibited excellent physical stability even after bending
1000 times.

5.2.2. Quasi-2D Lead Halide Perovskite

In the case of quasi-2D LHP, a new perovskite framework employing G cation was re-
ported for an array photodetector application (Figure 6c) which sheds light on a new branch
of 2D hybrid perovskite [163]. In the work, the authors used (PA)2(G)Pb2I7 perovskite
crystals (where PA is n-pentylaminium and G is guanidinium), and achieved reduced dark
current by the high-quality single crystals as well as the amplified photocurrent by the
array structure. As a result, the photodetector exhibited superior performance such as
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high detectivity (6.3 × 1012 Jones) and ultrafast response speed (3.1 ns). 2D/3D gradient
(PEA)2(MA)n−1PbnI3n+1 perovskite structure was employed to fabricate high-performance
perovskite photodetectors [164]. As illustrated in Figure 6d, the favorable energy band
alignment along the vertical heterojunctions facilitated the separation of electron-hole pairs.
Additionally, carrier recirculation in the gradient perovskite films enabled a long carrier
lifetime (Figure 6e). As a result, a highly sensitive photodetector was obtained with a
responsivity of 149 A/W and a detectivity of 2 × 1012 Jones.

In addition to LHP, a lead-free green photodetector was realized by integrating a 2D
(PEA)2SnI4 perovskite microsheet using a ternary-solvent method [166]. Under the light
illumination of 195.8 μW/cm2, the device showed photoresponsivity of 3.29 × 103 A/W
which is higher than its counterpart based on (PEA)2SnI4 polycrystalline film [167]. The
high detectivity of 2.06 × 1011 Jones and photoconductive gain of 8.68 × 103 was also
demonstrated. This work opened up great possibilities for the high-performance photode-
tector for green optoelectronics.

5.2.3. 0D Lead Halide Perovskite Quantum Dots

To improve the air stability of perovskite-based photodetectors, PQDs have been
integrated into photodetectors. For example, Zhang et al. fabricated air-stable α-CsPbI3
PQD film which exhibited high stability in material properties after exposure at a relative
humidity of 30% for 60 days [168]. The authors modified the surface of α-CsPbI3 QDs
utilizing an up-conversion material (NaYF4:Yb,Er QDs) to extend its absorption region and
achieved broadband photodetection from 260 nm to 1100 nm. Additionally, a high on/off
ratio of 104, a responsivity of 1.5 A/W, and a short response time (less than 5ms) were
also demonstrated. In spite of their high air stability, the yield of PQDs is relatively low
compared to their 3D and quasi-2D counterparts. Furthermore, a large volume of materials
is wasted during a conventional spin-coating method, limiting the scalability of PQD-based
photodetectors. To resolve this issue, a spray-coating approach was developed to deposit
the CsPbBr3 QD layer in a photodiode (Figure 6f) [28]. This spray technique enabled a high
material utilization rate of 32% compared to that of the spin-coating method (only 1%).
Additionally, the authors precisely adjusted the substrate temperature and spray time to
obtain the crack-free PQD film and demonstrated a large-area photodiode of 10 × 10 cm2

with a high detectivity of 1 × 1014 Jones.
In addition to LHP-based PQDs, lead-free PQDs have also been actively researched to

realize an environmentally-friendly photodetector. Ma et al. synthesized lead-free CsSnBr3
QDs and introduced a plasmonic/dielectric nanostructure to optimize the performance of
a flexible photodetector (Figure 6g) [165]. Plasmonic Ag nanoparticles (NPs) were applied
to improve the light absorption capability of the CsSnBr3 PQDs through localized surface
plasmon resonance. A dielectric Al2O3 spacer layer was inserted between the PQD layer
and the Ag membrane to reduce the surface energy quenching. As shown in Figure 6h,
with the optimized thickness of the Al2O3 layer, the photocurrent showed a remarkable
enhancement which was 7.5 times higher than that of the device without the dielectric
layer. The self-assembled Ag NPs membrane could release some bending tension, which
enabled the flexible device with good mechanical durability. The photodetector showed
the maximum detectivity of 4.27 × 1011 Jones and responsivity of 62.3 mA/W (Figure 6i),
which are among the highest values for Sn-based perovskite photodetectors.

Perovskites have great potential for future generation optoelectronic applications due
to their fascinating material properties. Nevertheless, some prominent issues regarding
the device structures and inherent material defects hampered their further development
towards commercialization. First, there is an urgent need for replacing the commonly
used carrier transport materials. On the one hand, most perovskite optoelectronic devices
utilized PEDOT: PSS as the hole transport layer, whose acidity and hygroscopicity would
severely deteriorate the device’s durability [169]. On the other hand, as the popular electron
transport material, TiO2 suffered from a high density of trap states and the required high-
temperature sintering (400–500 ◦C) process [170]. In addition, the devices generally showed
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poor stability and large recombination loss due to the sensitivity and a great number of
defects of perovskites. The introduction of passivation and encapsulation layers is expected
to solve these problems. The device performance of photodetectors reviewed in Section 5.2
is summarized in Table 4.

Table 4. Summarized device performance of photodetectors in Section 5.2.

Active Materials Response Range (nm) R (A/W) D* (Jones) τrise/τfall Ref.

FA0.85Cs0.15PbI3 240–750 5.7 2.7 × 1013 45 ns/91 ns [29]
CsPbIBr2 400–580 0.28 9.7 × 1012 20 ns/20ns [161]
MAPbI3 - 0.418 1.22 × 1013 - [162]

(PA)2(G)Pb2I7 420–700 ~47 6.3 × 1012 0.94 ns/2.18 ns [163]
(PEA)2(MA)n−1PbnI3n+1 420–760 149 2 × 1012 69 ms/103 ms [164]

(PEA)2SnI4 - 3.29 × 103 2.06 × 1011 0.37 s/3.05 s [166]
CsPbI3 QDs 260–1100 1.5 - <5 ms/<5 ms [168]

CsPbBr3 QDs - 3 1014 [28]
CsSnBr3 QDs 300–630 0.0623 4.27 × 1011 50 ms/51 ms [165]

6. 2D Materials/Perovskites Interface Engineering

As we discussed above, 2D materials and perovskites have achieved great success
during the past decade in the field of optoelectronics. However, challenges still remain
and there is high demand for further improving the performance of the devices. For
instance, the performance of 2D materials-based optoelectronics is generally limited by
weak light absorption caused by their atomic-scale thicknesses, whereas perovskites-based
devices suffer from severe stability issues against oxygen and moisture [33]. In recent
years, the concept of 2D material/perovskite heterostructure has been proposed. Devices
based on this novel structure exhibited improved performance and stability by taking
advantage of the outstanding optical properties of perovskites and the fascinating electrical
and optical properties of 2D materials in addition to an encapsulation effect. Furthermore,
there are large families of 2D materials and perovskites, opening up great possibilities for
engineering the heterostructures [33]. In this part, we summarize recent achievements in
solar cells and photodetectors based on 2D material/perovskite heterostructure.

6.1. 2D Material/Perovskite Heterostructure for Solar Cells

2D materials have excellent material properties, such as low trap density and high
carrier mobility. Therefore, they have been considered promising candidates for charge
transport layers in perovskite solar cells [171].

6.1.1. Graphene Derivative/Perovskite Heterostructure

Derivatives of graphene have been widely utilized in perovskite solar cells to improve
device performance and stability. For example, graphene oxide (GO) was introduced as
a hole transport layer (HTL) in MAPbI3−xClx-based solar cells by Wang et al. [172]. The
pristine GO was treated with ammonia, which helped with improved film coverage and
crystallinity of the perovskite layer. It was reported that the better wettability of ammonia-
treated GO to DMF precursors, as well as the strong Pb–N coordination bond between
perovskites and a-GO, enhanced the crystallization, yielding a PCE of 14.14%. However, the
application of GO in high-performance perovskite solar cells is largely restricted because
of its insulating characteristics and a high degree of surface oxygen [173]. To solve this
issue, rGO was employed as the HTL layer to the perovskite solar cell application as the
rGO has low surface oxygen content and an intrinsic passivation effect towards water and
oxygen [174]. Jokar et al. demonstrated that the reduction of oxygen atoms decreased
charge recombination caused by the localized holes at the rGO/perovskite interface, con-
tributing to the elevated PCE of 16.4% [175]. Similarly, Chen et al. substituted acid and
hydrophilic PEDOT: PSS with covalently sulfated graphene oxide (oxo-G1) and employed
it as the HTL layer [169]. Oxo-G1 reduced the speed of water ingress into the device and
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improved its stability in ambient air. As a result, the rGO/MAPbI3 heterostructure device
demonstrated enhanced PCE and much slower degradation over time compared to devices
with PEDOT: PSS as HTL. Another approach was introduced by Agresti et al. The authors
inserted lithium neutralized graphene oxide (GO-Li) as the electron transport layer (ETL)
in MAPbI3 perovskite solar cells (Figure 7b) [176]. The GO-Li formed a favorable band
alignment with titanium dioxide (TiO2), which significantly facilitated electron extraction
from the perovskite to the mesoporous TiO2 (m-TiO2) layer. Compared to the reference
sample without GO-Li, the fabricated device showed increased Jsc (+10.5%) and FF (+7.5%)
as well as reduced hysteresis. Additionally, GO-Li passivated oxygen vacancies of m-TiO2,
resulting in enhanced stability under illumination.

Figure 7. (a) Schematic structure of the reference device and GO-Li device. (b) Schematic illustration
of energy diagram and carrier transfer in the perovskite solar cell. (c) The schematic illustration
of the formation of perovskite films on SnO2 and SnS2 ETLs. (d) The TRPL results of perovskite
films with different ETLs. (a) Reprinted with permission from Ref. [176]. Copyright 2016, WILEY.
(b) Reprinted with permission from Ref. [177]. Copyright 2019, WILEY. (c) Reprinted with permission
from Ref. [178]. Copyright 2018, WILEY. (d) Reprinted with permission from Ref. [170]. Copyright
2019, RSC.

6.1.2. TMDC/Perovskite Heterostructure

Similar to the derivatives of graphene layers, TMDC has been widely employed as
a charge transport and/or passivation layer as well. Singh et al. synthesized an MoS2
layer by a facile microwave-assisted method as an ETL in MAPbI3 perovskite solar cells
for the first time [170]. As the MoS2 has high electron mobility and a low density of trap
states, a perovskite film with the MoS2 layer exhibited reduced nonradiative recombination
compared to the perovskite solar cell with TiO2. Particularly, as the TRPL results show
in Figure 7c, the perovskite film with the MoS2 layer as a quencher showed the shortest
recombination lifetime, indicating the efficient charge transfer of the MAPbI3/MoS2 het-
erostructure. The as-obtained solar cell exhibited a PCE of 13.14%, which was comparable
to that of TiO2- and SnO2-based devices. Similarly, an SnS2 layer was employed as the ETL
for the FA0.75MA0.15Cs0.1PbI2.65Br0.35 perovskite solar cell where the SnS2 layer was pre-
pared by a self-assembled stacking deposition method [178]. The SnS2 nanosheet induced
heterogeneous nucleation of the perovskite and enabled uniform film with homogeneous
grain size. The interaction between Pb and S atoms at the SnS2/perovskite interface effec-
tively passivated defect states and improved charge extraction (Figure 7d). The fabricated
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device showed a higher PCE of 20.12% in comparison with the conventional SnO2-based
device (17.72%).

The TMDC/perovskite heterostructure was also widely applied to the HTL. For
example, Kim et al. fabricated MAPbI3-xClx solar cells utilizing MoS2 and WS2 as the
HTL [179]. Attributed to the suitable work functions that MoS2 and WS2 have, the MoS2-
and WS2-based perovskite solar cells exhibited a PCE of 9.53% and 8.02%, which are
comparable to PEDOT: PSS-based devices (9.93%). Similarly, MoSe2 was employed as HTL
to form the MoSe2/MAPbI3 heterostructure in the perovskite solar cell, and a PCE of 8.23%
was attained [180]. The authors discovered that increasing the annealing temperature
of MoSe2 from 500, 600 to 700 ◦C had a positive effect on the perovskite crystallization,
resulting in improved device performance.

6.1.3. Other 2D Material/Perovskite Heterostructure

Finally, other 2D materials have also been widely employed in perovskite solar cells.
A phosphorene, an isolated single layer of BP, is one of the promising candidates for the
heterostructure because it has a high carrier mobility of over 1000 cm2 V−1 s−1 and formed
good energy band alignment in the device structure [177]. By using a simple vortex fluidic
mediated exfoliation method, the phosphorene nanosheet was attained and applied to the
perovskite solar cell as an ETL (Figure 7e). The phosphorene nanosheet effectively promoted
electron transfer, and therefore the average PCE of the devices improved from 14.32% to
16.53%. Recently, a Ti3C2Tx MXene nanosheet was also employed as the ETL in MAPbI3-
based perovskite solar cells [181]. In the work, the authors revealed that the UV-ozone
treatment of Ti3C2Tx induced oxide-like Ti–O bonds, resulting in enhanced electron transfer
and suppressed nonradiative recombination at the Ti3C2Tx/MAPbI3 interface. Attributed
to this, the device showed improved performance with PCE significantly increased from
5% to 17.17%. The device performance of solar cells reviewed in Section 6.1 is summarized
in Table 5.

Table 5. Summarized device performance for solar cells in Section 6.1.

Heterostructure Voc (V) Jsc (mA/cm2) FF (%) PCE (%) Ref.

GO/MAPbI3−xClx 1 18.4 76.8 14.14 [172]
rGO/MAPbI3 0.962 22.1 77 16.4 [175]
rGO/MAPbI3 1.08 18.06 77.7 15.2 [169]
GO/MAPbI3 0.859 19.61 70.3 11.8 [176]

MoS2/MAPbI3 0.89 21.7 63.8 13.14 [170]
SnS2/FA0.75MA0.15Cs0.1PbI2.65Br0.35 1.161 23.55 73 20.12 [178]

MoS2/MAPbI3−xClx 0.96 14.89 67 9.53 [179]
WS2/MAPbI3−xClx 0.82 15.91 64 8.02 [179]

MoSe2/MAPbI3 1.02 14.45 55.8 8.23 [180]
BP/(FAPbI3)x(MAPbBr3)1−x 1.08 23.32 0.71 17.85 [177]

Ti3C2Tx MXene/MAPbI3 1.08 22.63 70 17.17 [181]

6.2. 2D material/Perovskite Heterostructure for Photodetectors
6.2.1. Graphene/Perovskite Heterostructure

Graphene has attracted much research interest in the field of photodetection owing to
its high charge carrier mobility and broad absorption band. However, the development of
graphene-based photodetectors has been largely restricted due to the rapid recombination
rate and weak light absorption in pristine graphene. Various approaches have been applied
to solve these problems, including coupling graphene with silicon waveguide [133] or
microcavity [182], and hybridizing graphene with lead sulfide QDs [183]. However, some
of these strategies require complicated fabrication procedures, or the obtained devices only
have limited operating bandwidth and photosensitivity. To further improve the device
performance, researchers integrated newly-emerged perovskite materials with graphene
and great progress has been made in the past few years.
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For 3D MAPbI3 perovskite, the heterostructure with graphene demonstrated a high
device performance [184]. Due to the formation of the heterostructure, electrons in the
graphene layer are transported to the perovskite layer. These electrons filled the empty
states caused by light absorption in the valence band, effectively reducing the probability
of carrier recombination within the perovskite layer. Attributed to this photogating effect,
the photodetector exhibited high photoresponsivity of 180 A/W, EQE of 5 × 104%, and
detectivity ≈ 109 Jones at light illumination power of 1 μW.

Recently, single-crystal MAPbBr3 with the graphene heterostructure has also been
demonstrated as shown in Figure 8a [185]. Enhanced charge transport and consequently
high photocurrent were achieved in the device, which was attributed to low defect density
in the single crystal perovskite and improved charge carrier separation by the internal
electric field as shown in Figure 8b. Compared to devices based on pure graphene, the
photoresponse of the graphene/MAPbI3 heterostructure photodetector was enhanced
by an order, with high responsivity (1017.1 A/W), detectivity (2.02 × 1013 Jones), and
photoconductive gain (2.37 × 103).

Figure 8. (a) Schematic of the graphene/MAPbI3 single crystal photodetector. (b) Energy band diagram
of the graphene/MAPbI3 single crystal heterostructure. (c) Schematic of the graphene/PQDs/graphene
phototransistor. (d) Energy band diagram of the graphene/PQDs/graphene heterostructure.
(e) Schematic illustration of devices based on perovskite layer (P), graphene/perovskite (GP), and
graphene/perovskite/graphene (GPG) structure. (f) The Ilight/Idark ratio under different bias voltages.
(a,b) Reprinted with permission from Ref. [185]. Copyright 2020, WILEY. (c,d) Reprinted with permis-
sion from Ref. [186]. Copyright 2019, ACS. (e,f) Reprinted with permission from Ref. [187]. Copyright
2019, WILEY.

In addition, graphene/perovskite/graphene (GPG) heterostructure was widely used
for the photodetector application. For example, Bera et al. reported a broadband photo-
transistor based on the graphene/MAPbBr3 PQDs/graphene heterostructure as shown in
Figure 8c [186]. Due to the asymmetric potential at the interfaces (Figure 8d), electrons were
transferred to the top graphene layer while holes were driven towards the bottom graphene
layer under light illumination. The Schottky barrier suppressed carrier recombination and
enhanced the photocurrent. In addition, the PMMA layer on the top of the device reduced the
reflectivity of the incident light as well as served as an encapsulation layer against ambient
air. The device exhibited high photoresponsivity of ~109 A/W, a fast response time of ~20 μs,
and stable photodetection for over six months. Similarly, a photodetector consisting of the
graphene/MAPbI3/graphene structure was reported by Chen et al. in 2019 [187]. As shown
in Figure 8e, in the GPG device, a perovskite channel was introduced in the bottom graphene
layer, thus creating vertical and horizontal Schottky junctions for effective carrier transport.
Compared to devices with other structures, the GPG device had the highest Ilight/Idark ratio be-
cause the dark current was reduced by the perovskite channel with large resistance (Figure 8f).
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The GPG phototransistor showed a high on/off switch ratio of 2.6 × 103 and detectivity of
3.55 × 109 Jones. The authors also fabricated the GPG structure on PET substrates and the
obtained flexible device exhibited excellent reliability and bendability.

6.2.2. TMDC/Perovskite Heterostructure

A variety of TMDC/perovskite heterostructures have been employed for photode-
tector applications. For example, Lu et al. developed a high-performance phototransistor
by integrating a WSe2 monolayer and MAPbI3 perovskite layer [188]. The authors used a
focused laser beam to passivate the chalcogen vacancies in the pristine WSe2 film and sig-
nificantly improved its conductivity. The combination of perovskite with high absorption
coefficient and defect-free WSe2 resulted in excellent device performance which is three
orders of magnitude higher than that of a pristine WSe2 device.

Similarly, hybrid photodetectors comprising of MoS2/MAPbI3 heterostructure were
proposed by employing different phases of MoS2 layers, namely 1T and 2H [189]. The
authors compared the performance of the metallic 1T phase and the semiconducting 2H
phase of MoS2 in photodetectors. On the one hand, the 1T phase is capable of accommodat-
ing the injection of more carriers owing to its metallic characteristic, resulting in enhanced
photocurrent. On the other hand, the photogenerated carriers injected into MoS2 have a
high probability of recombination in the 1T-MoS2/MAPbI3 device (Figure 9a), which leads
to a high dark current. As a result, the 1T-MoS2/MAPbI3 device exhibited high photore-
sponsivity with a low on/off ratio while the 2H-MoS2/MAPbI3 device had reasonable
photoresponse with an increased on/off ratio.

Figure 9. (a) Charge transfer mechanism of 1T-MoS2/MAPbI3 and 2H-MoS2/MAPbI3 photodetectors.
(b) PL spectra of the fabricated heterostructure, isolated perovskite, and WS2. (c) Schematic illustration of type
II band alignment and charge transfer at the MAPbI3/WS2 heterostructure. (d) Schematic of charge transfer
for the PQDs/MoS2 device. Schematic illustration of the (e) perovskite/BP/MoS2 photodiode and (f) charge
transfer in the heterostructure. (a) Reprinted with permission from Ref. [189]. Copyright 2016, WILEY.
(b,c) Reprinted with permission from Ref. [190]. Copyright 2019, ACS. (d) Reprinted with permission from
Ref. [191]. Copyright 2018, WILEY. (e,f) Reprinted with permission from Ref. [192]. Copyright 2019, ACS.
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In 2019, Erkõlõc et al. demonstrated photodetectors based on ultrathin MAPbI3/WS2
heterostructures by a vapor-phase growth approach [190]. PbI2 was deposited onto mono-
layer WS2, followed by the successive conversion to MAPbI3 through MAI intercalation.
WS2 served as an effective template for the site-selective growth of ultrathin perovskite
film at a large scale, avoiding any damage to the perovskite that would be caused by post-
growth lithography processes. The strong PL quenching indicated effective charge transfer
between MAPbI3 and WS2 layers due to type II band alignment (Figure 9b,c). Attributed to
the strong light absorption capability of the perovskite layer, the fabricated photodetector
showed enhanced responsivity of 43.6 A/W compared to the WS2-only device of 3.3 A/W.

In addition to 3D perovskites, quasi-2D and PQDs have also been applied in het-
erostructures. For example, Fu et al. hybridized MoS2 with quasi-2D (BA)2(MA)2Pb3I10
perovskite for sensitive photodetection [144]. Due to the facile charge separation at the
MoS2/perovskite interface, the hybrid photodetector exhibited excellent performance with
two and six orders of magnitude improvement for detectivity (4 × 1010 Jones) and pho-
toresponsivity (104 A/W). For PQDs, an ultrasensitive photodetector was demonstrated
using the hybrid structure of CsPbI3−xBrx QDs and monolayer MoS2 [191]. Attributed to
favorable energy band alignment at the PQDs/MoS2 interface, the photocurrent of the
hybrid device was improved by 15.3 times compared to that of the MoS2-only device. As
illustrated in Figure 9d, the Schottky barrier determined by the applied gate voltage and
the photogating effect together modulated the dark current and photoresponsivity in the
device. As a result, the optimized photodetector displayed high photoresponsivity of
7.7 × 104 A/W, detectivity of 5.6 × 1011 Jones and EQE of over 107%.

6.2.3. Other 2D Materials/Perovskite Heterostructure

Other 2D materials, such as BP and nitrides (MXenes), have also shown great potential
for integrating with perovskites. For instance, Muduli et al. integrated CsPbBr3 PQDs
on the surface of few-layer BP (FLBP) [193]. Due to charge transfer between the CsPbBr3
PQD and FLBP layers, the CsPbBr3 PQD-FLBP device showed significant photoresponse in
comparison with the CsPbBr3 PQD-only device with negligible photocurrent. Following
this work, a hybrid photodiode was proposed which consisted of the perovskite/BP/MoS2
double heterostructures (Figure 9e) [192]. As illustrated in Figure 9f, type I and type II band
alignments are formed at the perovskite/BP and BP/MoS2 heterointerface, respectively.
Under light illumination, photogenerated carriers in the perovskite layer diffused into the
BP layer, followed by efficient carrier separation by the built-in electric field at the interface
of BP and MoS2. As a result, the photodiode exhibited high detectivity of 1.3 × 1012 Jones
as well as a fast response of 150/240 μs.

For flexible photodetectors, a large-area photodetector was realized by utilizing a
2D CsPbBr3 nanosheet as the light-absorbing material and MXene as electrodes, which
was fabricated by all-sprayed-processable methods [194]. The obtained device showed a
superior on/off ratio of 2.3 × 103 and a fast response speed of 18 ms, which was attributed
to the highly conductive MXene electrodes, and excellent crystallinity of CsPbBr3 nanosheet,
and well-matched energy level at the CsPbBr3/MXene interface. In addition, the device
retained 85% of its original photocurrent after applying 1500 times of cyclic bending,
demonstrating its excellent physical stability. The device performance of photodetectors
reviewed in Section 6.2 is summarized in Table 6.
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Table 6. Summarized device performance of photodetectors in Section 6.2.

Materials Response Range R (A/W) D* (Jones) τrise/τfall Ref.

Graphene/MAPbI3 UV–Visible 180 ~109 87 ms/540 ms [184]
Graphene/MAPbI3 - 1017.1 2.02 × 1013 50.9 ms/26 ms [185]

Graphene/MAPbBr3 QDs UV-IR ~3 × 109 8.7 × 1015 <50 μs/<50 μs [186]
Graphene/MAPbI3 650–900 nm 0.022 3.55 × 109 - [187]

WSe2/MAPbI3 - 110 2.2 × 1011 - [188]
MoS2/MAPbI3 UV–Visible 3096 7 × 1011 0.45 s/0.75 s [189]
WS2/MAPbI3 - 43.6 - [190]

MoS2/(BA)2(MA)2Pb3I10 - 104 4 × 1010 - [144]
MoS2/CsPbI3−xBrx UV–Visible 7.7 × 104 5.6 × 1011 0.59 s/0.32 s [191]
BP/CsPbBr3 QDs - - 1.3 × 1012 150 μs/240 μs [193]
MXene/CsPbBr3 - 0.0449 6.4 × 108 48 ms/18 ms [194]

7. Perspectives

To date, the 2D material/perovskite heterostructure has demonstrated great potential
for advanced optoelectronics and numerous efforts have been made to improve the per-
formance of devices. However, several challenges still remain which hinder the further
improvement of commercial applications.

An open challenge is that the heterostructure generally suffers from poor stability in
the ambient air because perovskite is very sensitive to humidity, heat, and light. In recent
years, novel perovskites have been developed and demonstrated to be more stable than 3D
perovskites. 2D RP perovskites have attracted much attention because their hydrophobic
organic ligands could protect perovskites from water invasion [195]. In addition, it was
reported that ion migration was suppressed in RP perovskites, which would alleviate the
degradation process of perovskite [196]. Similarly, 2D DJ perovskites have emerged as
a potential material with excellent environmental stability. Compared to RP perovskites,
the adjacent inorganic layers of DJ perovskites were bridged by diammonium ligands
which eliminate the vdWs gap and shorten the inter-slab distance, resulting in improved
stability [197]. In addition, researchers have proposed a series of encapsulation materials
for perovskite-based devices. For instance, Li et al. encapsulated CsPbBr3 nanocrystals into
dense SiO2 solid and the PL intensity of perovskite maintained 100% of its initial value for
1000 h under illumination [198].

Apart from the stability issue, the large-scale production of 2D material/perovskite
heterostructures has been limited by fabrication methods. On the one hand, the major-
ity of high-quality heterostructures are constructed using solid-state methods, such as
wet/dry transfer, mechanical exfoliation, CVD, and physical vapor deposition (PVD),
which require complicated procedures and high cost. On the other hand, although facile
solution-processed methods provide access to large yield, the heterostructures suffer from
low quality and reduced charge transport due to the poor contact at the interface [33]. In
this regard, epitaxial growth might be a promising strategy to solve this dilemma. It was
demonstrated that this approach enabled precise control over the crystal phases, exposed
interfaces, size, and morphology of the hybrid nanostructures with relatively low cost [199].

Lastly, the most widely researched perovskites in the heterostructures involve toxic
and hazardous heavy metals, particularly Pb, which is harmful to the environment as
well as human beings. Considerable efforts have been made toward replacing Pb with
environmentally friendly or less hazardous elements, such as Sn, Mn, and Zn, where Sn
is the most promising candidate among those substitutes [200–202]. However, Sn-based
devices showed inferior performance in comparison with their lead counterparts because
of the high density of defects in perovskite lattice, and severe oxidation of Sn from +2 to
+4 states restricted their long-term stability. Therefore, the development of perovskites
based on non-toxic substances is of high importance for future advanced optoelectronics.
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8. Conclusions

The review covered the synthesis methods of 2D materials and perovskites, as well
as their applications in solar cells and photodetectors. First, the basic properties and
common synthesis routes of 2D materials and perovskites were addressed to provide a
fundamental picture of these materials. Then, we summarized the recent research progress
of optoelectronic devices based on 2D materials or perovskites. Despite their great potential
in state-of-the-art optoelectronics, some issues regarding weak light absorption and poor
stability restricted their commercial applications, which led to the introduction of 2D
material/perovskite heterostructure. We analyzed the underlying benefits of this novel
concept and reviewed the recent development of optoelectronic devices applying this
heterostructure. Finally, we introduced the existing challenges and possible solutions for
developing stable and high-quality 2D material/perovskite heterostructures, and also the
need for environmentally friendly perovskites for green optoelectronics.
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Abstract: In this work, we designed and prepared a hierarchically assembled 3D plasmonic metal-
dielectric-metal (PMDM) hybrid nano-architecture for high-performance surface-enhanced Raman
scattering (SERS) sensing. The fabrication of the PMDM hybrid nanostructure was achieved by the
thermal evaporation of Au film followed by thermal dewetting and the atomic layer deposition
(ALD) of the Al2O3 dielectric layer, which is crucial for creating numerous nanogaps between the
core Au and the out-layered Au nanoparticles (NPs). The PMDM hybrid nanostructures exhibited
strong SERS signals originating from highly enhanced electromagnetic (EM) hot spots at the 3 nm
Al2O3 layer serving as the nanogap spacer, as confirmed by the finite-difference time-domain (FDTD)
simulation. The PMDM SERS substrate achieved an outstanding SERS performance, including a
high sensitivity (enhancement factor, EF of 1.3 × 108 and low detection limit 10−11 M) and excellent
reproducibility (relative standard deviation (RSD) < 7.5%) for rhodamine 6G (R6G). This study opens
a promising route for constructing multilayered plasmonic structures with abundant EM hotspots for
the highly sensitive, rapid, and reproducible detection of biomolecules.

Keywords: SERS; metal-dielectric-metal; Au nanoparticles; hot spots; FDTD simulation

1. Introduction

Owing to its extremely high sensitivity, ability to work in real time, and multiplexing
detection capability, surface-enhanced Raman scattering (SERS) has emerged as a power-
ful detection technique for sensing molecules through its unique fingerprint vibrational
spectrum [1–5]. It has tremendous potential for single-molecule level detection [6,7], the
investigation of live cells [8,9], the monitoring of catalytic reactions [10,11], and sensing
molecules, in both liquid and solid samples [12,13]. In SERS, the Raman signals of analytes
can be amplified by several orders of magnitude (108–1010) based on two mechanisms:
electromagnetic mechanism (enhancement of ~106–108) and chemical mechanism (enhance-
ment of ~102–104) [14–16]. The SERS enhancement mostly relies on the amplification of the
electromagnetic field—i.e., electromagnetic (EM) hot spots generated by the excitation of
the localized surface plasmon resonance (LSPR) of the metal nanostructures [17]. Therefore,
plasmonic metallic nanostructures including Au, Ag, and Cu have been fabricated to pre-
pare an excellent SERS substrate for sensing molecules [18–20]. Designing and optimizing
the geometry of a plasmonic nanostructure, such as its size [21], sharp corners [22], tips [23],
surface roughness [24], and interparticle gaps [25], is essential in order to provide a strong
EM hotspot and hence enhance SERS signal intensities. Among these, the interparticle
gap structure has attracted considerable attention thanks to its ability to provide extremely
strong EM hot spots within a sub-nanometer gap [26]. The precise control of nanogaps
between plasmonic nanoparticles (NPs) at a nanometer scale is crucial to produce a high
density of strong and stable EM hot spots. To maintain the specific sub-nanometer gap,
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a dielectric layer can be considered as a nanogap spacer between two layered plasmonic
metal nanostructures—namely, metal-dielectric-metal hybrid nano-architectures [27–30].
The dielectric spacer offers several benefits: protecting the plasmonic core from oxida-
tion, tunning the LSPR properties, and maintaining a sub-nanometer gap between metal
nanostructures to obtain a strong EM hotspot [31–34]. Therefore, it is of great significance
to construct a unique 3D nano-architecture SERS substrate that comprises a hierarchical
assembly of plasmonic NPs, separated by a dielectric spacer, for achieving an extremely
high SERS activity.

Inspired by the above discussion, we report a facile method for fabricating abun-
dant nanogaps containing hierarchically assembled 3D plasmonic metal-dielectric-metal
(PMDM) hybrid nano-architectures for superior SERS detection in this work. However, the
developed PMDM hybrid SERS sensor is considerably different from the above-mentioned
metal-dielectric-metal structure in terms of the preparation method and architecture of
the SERS platform. The PMDM hybrid nanostructures were prepared by the thermal
evaporation of Au film followed by the thermal annealing and atomic layer deposition
(ALD) of the Al2O3 dielectric layer. We achieved an enormous SERS enhancement of the
PMDM hybrid nanostructures, with a maximum enhancement factor (EF) of 1.3 × 108 and
a low detection limit of 10−11 M R6G molecules. We further observed the excellent repro-
ducibility of the SERS substrate with relative standard deviation (RSD) values of less than
7.5%. To support the experimental SERS performance, we conducted the finite-difference
time-domain (FDTD) simulation of hybrid nanostructures and showed that a high density
of strong EM hot spots was produced between the Au core and numerous out-layered Au
NPs at the Al2O3 nanogap regions.

2. Materials and Methods

2.1. Hybrid Nanostructures Fabrication

SiO2/Si substrates (purchased from Sehyoung wafertech, Seoul, Korea) were cleaned
by acetone, isopropyl alcohol (Sigma-Aldrich, Saint Louis, MO, USA), and deionized water
for 10 mins in sequence in an ultrasonic cleaner and dried at room temperature. Au
films (10 nm) were deposited on SiO2/Si substrates using thermal evaporation, where the
thickness of films was controlled by the deposition time. The 10 nm Au films was annealed
in a rapid thermal annealing (RTA) chamber at 800 ◦C for 120 s for the fabrication of core
Au NPs arrays based on the solid-state dewetting [35,36]. Subsequently, the ultrathin
dielectric layer—i.e., 3 nm Al2O3 film—was deposited on the as-prepared core Au NPs
via the ALD method. Then, the 5nm Au films were deposited on the surface of Au/Al2O3
nanostructures, followed by annealing at 450 ◦C for 120 s to produce highly dense small-
sized Au NPs on the surface of Au/Al2O3 NPs, which are referred to as a hierarchically
assembled PMDM (Au/Al2O3/Au) nanostructures. For comparison, double dewetting Au
nanostructures were prepared by a similar method without using an Al2O3 spacer.

2.2. Sample Characterization

The morphological characterization and elemental analysis of the as-synthesized hy-
brid nanostructures fabricated on SiO2/Si substrates was performed using a field emission
scanning electron microscope (FE-SEM, Hitachi S-7400, Tokyo, Japan), coupled with the
energy-dispersive x-ray spectroscopy (EDS) analysis. Moreover, the crystalline informa-
tion was examined by X-ray diffraction (XRD, Rigaku Ultima IV diffractometer, Tokyo,
Japan) with Cu-Kα radiation, whereas the chemical states were evaluated using X-ray
photoelectron spectroscopy (XPS, Veresprobe II, Ulvac-phi, Chigasaki, Japan).

2.3. SERS Analysis

Rhodamine 6G (R6G, Sigma-Aldrich, Saint Louis, MO, USA) was used as a probe
molecule to determine the SERS activity of the as-prepared PMDM hybrid nanostructures.
For the preparation of the samples for SERS measurements, the SERS substrates were
immersed in different concentrations of R6G solution ranging from 10−12 to 10−5 M for
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2 h to allow the sufficient adsorption of R6G molecules on plasmonic nanostructures.
SERS measurements were performed using confocal Raman spectroscopy (HEDA, NOST,
Seongnam, Korea) at room temperature. SERS signals were acquired using an incident laser
with a wavelength of 532 nm with a power of 0.1 mW (laser spot size ~1 μm), 100× objective
lens (numerical aperture = 0.80), and acquisition time of 10 s. To determine the EF, the
Raman spectrum of R6G (10−2 M) adsorbed on the SiO2/Si substrates was evaluated
as above.

2.4. FDTD Simulation

The EM field distribution was calculated with the FDTD method (Lumerical Solutions
Inc., Vancouver, BC, Canada). In our simplified unit of the simulation model, the core Au
NP was assumed to be a larger hemisphere coated with a dielectric spacer layer (3 nm
Al2O3) followed by the out-layered small Au NPs. The diameter of the core, top, and
surrounding Au NPs was supposed to be 180, 60, and 30 nm, respectively. Furthermore,
the incident light source of a plane wave, surrounding medium (air), perfectly matched
layer (PML) as an absorption boundary in z-boundary, periodic boundary condition for
x and y directions, and mesh size (1 nm) were selected for the simulation to compute the
EM field distribution. The near-field EM field intensity was calculated in the vicinity of
the nanostructures using two monitors in X-Y and Y-Z directions. The data of a refractive
index for Au were obtained from the Johnson and Christy model [37]. The data for SiO2
and Al2O3 were acquired from the model data provided by the software.

3. Results and Discussion

Figure 1a shows the fabrication procedures and surface morphology of the hierar-
chically assembled PMDM hybrid nanostructures fabricated on Si/SiO2 substrate. The
combination of double dewetting and the ALD approach was employed for the preparation
of the SERS substrates. The aim of using this approach with a dielectric layer between
Au NPs is to obtain hierarchical nano-architectures with a strong plasmonic response
and massive gap-introduced EM hot spots. First, high-density core Au NPs arrays were
prepared based on the thermal dewetting of 10 nm Au thin film at 800 ◦C for 120 s. The
average diameter Au NPs was found to be ~136 nm and the corresponding size distribution
is shown in the histogram of Figure S1. The surface morphology of the fabricated Au NPs
on the substrate with well-dispersed semispherical or somewhat faceted NPs is shown in
the SEM image of Figure 1b. Next, we deposited 5 nm Au films on as-prepared core Au
NPs arrays and then annealed them at 450 ◦C for 120 s. This repeated dewetting of Au
films resulted in the formation of a very high density of Au NPs, as shown in Figure 1c.
The larger core Au NPs were surrounded by comparatively small Au NPs. However, the
spacing between them was too large, meaning they cannot be considered a good candi-
date for SERS substrates. Therefore, we deposited a 3 nm Al2O3 thin film on core Au
NPs to fabricate a metal-dielectric core-shell nanostructure via the ALD approach. Subse-
quently, a 5 nm Au thin film was deposited on the Au/Al2O3 nanostructure followed by
annealing at 450 ◦C for 120 s, which gives rise to the formation of hierarchically assembled
PMDM hybrid nanostructures, as shown in Figure 1d. These hierarchical PMDM hybrid
nanostructures provide not only an increased surface coverage and roughness, but also
multiple out-layered small-sized Au NPs separated with a nanogap layer of dielectric
Al2O3 from the core Au NPs. The out-layered Au NPs can be distinctly observed along
the surface of core Au NPs in Figure 1d. Moreover, we confirmed the formation of PMDM
hybrid nanostructures by using EDS mapping based on elemental analysis, as shown in
Figure 1e–h.
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Figure 1. (a) Schematic illustration of the fabrication of hierarchically assembled plasmonic metal-
dielectric-metal (PMDM) nano-architectures. (b) SEM image of Au nanoparticles (NPs) fabricated
on Si/SiO2 substrate by the annealing of Au film (10 nm) at 800 ◦C for 120 s. (c) Fabrication of
double dewetting Au NPs arrays grown on Au NPs (Au/Au) by the deposition of 5 nm Au film and
subsequent annealing at 450 ◦C for 120 s. (d) SEM image of hierarchically assembled PMDM hybrid
nano-architectures. Scale bar: 400 nm. (e–h) EDS mapping of PMDM hybrid nanostructures grown
on Si/SiO2 substrate, where elemental maps are Si (blue), Au (red), and Al (green). Scale bar: 100 nm.

The crystalline structures of the Au and hybrid nanostructures were examined with
an XRD pattern, in which all samples possessed almost the same diffraction peaks as those
shown in Figure 2a. Four distinct diffraction peaks were observed at 38.3, 44.3, 64.7, and
77.7◦ corresponding to the (111), (200), (220), and (311) planes of the face-centered cubic
phase of Au (JCPDS no. 04-784), revealing the formation of Au NPs. Furthermore, the
XPS spectra of the Au and PMDM hybrid nanostructures were thoroughly analyzed to
confirm the elemental and chemical states. Figure 2b shows the XPS survey spectra of the
Au NPs, double dewetted Au/Au NPs, and PMDM hybrid nanostructures, discovering
all the elements as expected. In particular, the Au 4f, Al 2p, Au 4d, and O 1s elements are
all presented in the XPS survey spectra of PMDM hybrid nanostructures. As shown in
the high-resolution XPS spectrum of Au 4f (Figure 2c), two characteristic peaks located at
binding energies 84.2 and 87.9 eV are attributed to 4f7/2 and 4f5/2, respectively, indicating
the presence of a metallic state of Au [38]. In addition, the high-resolution XPS analysis
(Figure 2d) depicts the peak at 74.1 eV assigned to Al 2p, originating from the Al2O3
film [39]. The above evidence reveals the existence of dielectric spacer Al2O3 in the PMDM
hybrid nanostructures.
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Figure 2. (a) XRD patterns of three different plasmonic nanostructures: Au, Au/Au, and PMDM
hybrid nanostructures, as labeled. (b) XPS survey spectra of Au, Au/Au, and PMDM hybrid
nanostructures. (c,d) High-resolution XPS spectra of Au 4f and Al 2p of PMDM hybrid nanostructure.

Next, FDTD simulations were used to calculate the spatial distribution of the near-field
EM field of the plasmonic Au and PMDM hybrid nanostructures deposited on SiO2/Si
substrate. The FDTD simulation models were constructed by mimicking the real experi-
mental results of nanostructures obtained from SEM images, as shown in Figure 3a,d. The
FDTD simulation of EM field distribution modes for each nanostructure in the X-Y and X-Z
directions was analyzed with an incident laser source with a 532 nm wavelength. As shown
in Figure 3b,c, the Au NP provides a hot spot at the interface between the Au NPs and
SiO2 substrate with a maximal EM field strength (|E|/|E0|) of 5.8. Figure 3e,f show the
FDTD calculation of the localized EM field distribution in PMDM hybrid nanostructures
with a 3 nm Al2O3 nanogap. The high density of the strongest hot spots is induced at the
dielectric Al2O3 nanogap between the core Au NPs and the out-layered Au NPs due to the
plasmon coupling between the Au NPs. Compared with Au NPs, the EM field strength
was much higher for the PMDM hybrid nanostructures—i.e., |E|/|E0| ≈ 21.5. It is widely
known that the SERS EF can be theoretically predicted from the local EM field enhance-
ment (|E|/|E0|) of nanostructures—i.e., SERS EF is proportional to the fourth power of
|E|/|E0| [40–42]. Based on the above relation, the theoretical SERS EF is estimated to
be ~2.14 × 105 for hybrid nanostructures, which is two orders higher than Au NPs. These
results suggest that a high density of strong EM hotspots can be highly beneficial for SERS
enhancement. It should be noted that the theoretical calculation of SERS EF from the EM
enhancement is usually 2–3 orders lower than the experimental results due to the exclusion
of chemical enhancement.
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Figure 3. Finite-difference time-domain (FDTD) simulation of EM field distribution of plasmonic
nanostructures under the radiation of a 532 nm laser. (a) Simulation model and EM field distribution
of Au NP at (b) X-Y and (c) X-Z view. (d) Simulation model of PMDM hybrid nanostructure and
corresponding EM field distribution in (e) X-Y and (f) X-Z views. Scale bar: 100 nm.

Figure 4 shows the SERS performance of PMDM hybrid nanostructures using R6G
as a probe molecule and an excitation laser of wavelength 532 nm. The comparison of the
SERS performance of different SERS-active substrates with a 10−6 M R6G concentration
is demonstrated in Figure 4a, and the corresponding SERS enhancement is summarized
in terms of Raman peak intensity in Figure 4b. Several of the most prominent Raman
peaks of R6G are observed at the wavenumbers of 612, 776, 1185, 1310, 1363, 1506, 1574,
and 1650 cm−1, which are consistent with the characteristic peaks of R6G reported in the
literature [43,44]. The band assignment of all the Raman peaks of R6G is also summarized
in Table S1. In particular, the Raman peak intensity of the PMDM hybrid nanostructures
at the wavenumber of 1650 cm−1 is about 3.3 and 2.2 times higher compared to that of
the Au NPs and Au/Au NPs. As confirmed by the FDTD simulation results, it is obvious
that the PMDM hybrid nanostructures exhibit the best performance due to the strong
EM field enhancement. It is observed that the intensity of the R6G Raman signal on the
hybrid nanostructure is much enhanced, as compared to that of Au NPs. Therefore, the
PMDM hybrid nanostructures-based SERS substrates was further analyzed to identify the
detection limit, enhancement factor, and reproducibility. Figure 4c,d show the SERS spectra
of different concentrations of R6G molecules adsorbed on hybrid nanostructures in the
range of 10−5 to 10−12 M. The Raman intensity is gradually reduced with the decreased R6G
concentration. The lowest detectable concentration reaches 10−11 M, where certain Raman
peaks such as 1363 and 1650 cm−1 can be identified, indicating that the SERS substrate
possesses a high SERS sensitivity. To quantitatively study the SERS performance of hybrid
nanostructures, the SERS EF was calculated using the relation EF = (ISERS/CSERS)/(IR/CR),
where ISERS and IR correspond to the Raman peak intensities of R6G obtained from the SERS
substrate and reference (SiO2) substrate, whereas CSERS and CR represent the concentrations
of R6G molecules on SERS substrate and reference substrate, respectively. The minimum
detectable limit for the SERS substrate was 10−11 M, whereas the lowest detection for
reference substrate was 10−2 M. Therefore, the SERS EF of PMDM hybrid nanostructures
for Raman peak 1650 cm−1 was estimated as 1.3 × 108, which was much higher than that of
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the other SERS substrates reported in the literature (Table S2). Furthermore, we tested the
reproducibility of the as-prepared SERS substrate by conducting the SERS measurement in
several locations. The color contour plot of the SERS spectra of 10−6 M R6G measured at
random 30 different locations is presented in Figure 4e and the corresponding SERS spectra
are presented in Figure S2. The contour plot demonstrates the similar color of Raman
signals, signifying the comparable intensity of the Raman signals due to the homogeneous
distribution of EM hot spots. In addition, the SERS mapping was performed in an area
of 10 μm × 10 μm to further confirm the reproducibility. The RSD values corresponding
to Raman peaks 776 and 1363 cm−1 were calculated to be 6.8% and 7.4%, respectively,
indicating the good reproducibility of SERS substrates.

Figure 4. (a) Comparison of the SERS spectra of R6G molecules (10−6 M) on Au, Au/Au, and PMDM
hybrid nanostructure-based SERS substrates. (b) Corresponding plot of intensity at Raman peaks of
776, 1363, and 1650 cm−1. (c) SERS spectra of R6G molecules on PMDM hybrid nanostructure-based
SERS substrate with different concentrations ranging from 10−5 to 10−12 M. (d) Magnified SERS
spectra of R6G with low concentrations showing the distinct Raman peaks. SERS uniformity and
reproducibility of the PMDM hybrid nanostructure substrate. (e) SERS contour maps of 30 spots and
(f) plot of Raman intensities of 776 and 1363 cm−1 randomly selected from SERS mapping in an area
of 10 μm × 10 μm. (Insets) SERS intensity mapping of 776 and 1363 cm−1.

4. Conclusions

In summary, we developed a facile strategy for a highly sensitive and reproducible
SERS substrate based on a hybrid nanostructure. A simple repeated dewetting process
coupled with an ALD method was used to fabricate hierarchically assembled PMDM hybrid
nano-architectures, which consist of core Au NPs and small out-layered Au NPs isolated
by an Al2O3 layer. FDTD simulation data reveal that the use of the hybrid nanostructures
leads to a high density and more intense EM hot spots through the creation of nanogaps
by a dielectric spacer. Consequently, the SERS measurements of hybrids nanostructures
demonstrate a maximum EF of 1.3 × 108, a low detection limit of 10−11 M R6G molecules,
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and an excellent reproducibility (RSDs less than 7.5%). Thus, we believe that hybrid SERS
substrates have the potential to be used in practical applications for the highly sensitive,
rapid, and reproducible detection of biomolecules.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12030401/s1. Figure S1: Histogram of Au NPs arrays on
Si/SiO2 substrate by the annealing of 10 nm Au at 800 ◦C for 120 s; Figure S2: Raman spectra of R6G
molecules (10−6 M) measured at 30 different locations on PMDM hybrid nanostructures to test the
SERS reproducibility; Table S1: Raman band assignments of R6G molecules; Table S2: Comparison of
SERS performance of current work and previously reported plasmonic NP-based SERS substrates
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Author Contributions: Conceptualization, P.P. and J.I.S.; methodology, P.P., K.H.S. and M.-K.S.;
software, P.P.; validation, P.P. and J.I.S.; formal analysis, P.P., M.-K.S., K.H.S. and J.I.S.; investigation,
P.P., M.-K.S. and K.H.S.; resources, P.P. and J.I.S.; data curation, P.P., Y.-W.L. and J.I.S.; writing—
original draft preparation, P.P., Y.-W.L. and J.I.S.; writing—review and editing, P.P., Y.-W.L. and J.I.S.;
visualization, P.P.; supervision, J.I.S.; funding acquisition, P.P. and J.I.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (MSIT) (2019R1A2C1007883 and 2021R1F1A1060364). This
result was also supported by “Regional Innovation Strategy (RIS)” through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2021RIS-004).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sharma, B.; Frontiera, R.R.; Henry, A.I.; Ringe, E.; Van Duyne, R.P. SERS: Materials, applications, and the future. Mater. Today
2012, 15, 16–25. [CrossRef]

2. Li, Y.; Wang, Y.; Fu, C.; Wu, Y.; Cao, H.; Shi, W.; Jung, Y.M. A simple enzyme-free SERS sensor for the rapid and sensitive detection
of hydrogen peroxide in food. Analyst 2020, 145, 607–612. [CrossRef] [PubMed]

3. Plou, J.; García, I.; Charconnet, M.; Astobiza, I.; García-Astrain, C.; Matricardi, C.; Mihi, A.; Carracedo, A.; Liz-Marzán, L.M.
Multiplex SERS Detection of Metabolic Alterations in Tumor Extracellular Media. Adv. Funct. Mater. 2020, 30, 1910335. [CrossRef]

4. Pandey, P.; Shin, K.; Jang, A.R.; Seo, M.K.; Hong, W.K.; Sohn, J.I. Highly sensitive multiplex-detection of surface-enhanced Raman
scattering via self-assembly arrays of porous AuAg nanoparticles with built-in nanogaps. J. Alloys Compd. 2021, 888, 161504.
[CrossRef]

5. Yang, H.; Gun, X.; Pang, G.; Zheng, Z.; Li, C.; Yang, C.; Wang, M.; Xu, K. Femtosecond laser patterned superhydropho-
bic/hydrophobic SERS sensors for rapid positioning ultratrace detection. Opt. Express 2021, 29, 16904–16913. [CrossRef]

6. Mao, P.; Liu, C.; Favraud, G.; Chen, Q.; Han, M.; Fratalocchi, A.; Zhang, S. Broadband single molecule SERS detection designed
by warped optical spaces. Nat. Commun. 2018, 9, 5428. [CrossRef]

7. Blackie, E.J.; Ru, E.C.L.; Etchegoin, P.G. Single-molecule surface-enhanced Raman spectroscopy of nonresonant molecules. J. Am.
Chem. Soc. 2009, 131, 14466–14472. [CrossRef]

8. Zhang, Y.; Gu, Y.; He, J.; Thackray, B.D.; Ye, J. Ultrabright gap-enhanced Raman tags for high-speed bioimaging. Nat. Commun.
2019, 10, 3905. [CrossRef]

9. Kim, J.; Nam, S.H.; Lim, D.K.; Suh, Y.D. SERS-based particle tracking and molecular imaging in live cells: Toward the monitoring
of intracellular dynamics. Nanoscale 2019, 11, 21724–21727. [CrossRef]

10. Zhu, Y.; Tang, H.; Wang, H.; Li, Y. In Situ SERS Monitoring of the Plasmon-Driven Catalytic Reaction by Using Single Ag@Au
Nanowires as Substrates. Anal. Chem. 2021, 93, 11736–11744. [CrossRef]

11. He, J.; Song, G.; Wang, X.; Zhou, L.; Li, J. Multifunctional magnetic Fe3O4/GO/Ag composite microspheres for SERS detection
and catalytic degradation of methylene blue and ciprofloxacin. J. Alloys Compd. 2022, 893, 162226. [CrossRef]

12. Tian, L.; Su, M.; Yu, F.; Xu, Y.; Li, X.; Li, L.; Liu, H.; Tan, W. Liquid-state quantitative SERS analyzer on self-ordered metal
liquid-like plasmonic arrays. Nat. Commun. 2018, 9, 3642. [CrossRef]

13. Lee, H.K.; Lee, Y.H.; Koh, C.S.L.; Phan-Quang, G.C.; Han, X.; Lay, C.L.; Sim, H.Y.F.; Kao, Y.-C.; An, Q.; Ling, X.Y. Designing surface-
enhanced Raman scattering (SERS) platforms beyond hotspot engineering: Emerging opportunities in analyte manipulations and
hybrid materials. Chem. Soc. Rev. 2019, 48, 731–756. [CrossRef]

96



Nanomaterials 2022, 12, 401

14. Li, Z.; Jiang, S.; Huo, Y.; Ning, T.; Liu, A.; Zhang, C.; He, Y.; Wang, M.; Li, C.; Man, B. 3D silver nanoparticles with multilayer
graphene oxide as a spacer for surface enhanced Raman spectroscopy analysis. Nanoscale 2018, 10, 5897–5905. [CrossRef]

15. Dai, Z.; Xiao, X.; Wu, W.; Zhang, Y.; Liao, L.; Guo, S.; Ying, J.-J.; Shan, C.-X.; Sun, M.; Jiang, C.-Z. Plasmon-driven reaction
controlled by the number of graphene layers and localized surface plasmon distribution during optical excitation. Light Sci. Appl.
2015, 4, e342. [CrossRef]

16. Yin, Z.; Xu, K.; Jiang, S.; Luo, D.; Chen, R.; Xu, C.; Shum, P.; Liu, Y.J. Recent progress on two-dimensional layered materials for
surface enhanced Raman spectroscopy and their applications. Mater. Today Phys. 2021, 18, 100378. [CrossRef]

17. Zhang, C.; Li, C.; Yu, J.; Jiang, S.; Xu, S.; Yang, C.; Liu, Y.J.; Gao, X.; Liu, A.; Man, B. SERS activated platform with three-dimensional
hot spots and tunable nanometer gap. Sens. Actuators B Chem. 2018, 258, 163–171. [CrossRef]

18. Tian, F.; Bonnier, F.; Casey, A.; Shanahan, A.E.; Byrne, H.J. Surface enhanced Raman scattering with gold nanoparticles: Effect of
particle shape. Anal. Methods 2014, 6, 9116–9123. [CrossRef]

19. Chang, Y.C.; Dvoynenko, M.M.; Ke, H.; Hsiao, H.H.; Wang, Y.L.; Wang, J.K. Double Resonance SERS Substrates: Ag Nanoparticles
on Grating. J. Phys. Chem. C 2021, 125, 27267–27274. [CrossRef]

20. Markina, N.E.; Ustinov, S.N.; Zakharevich, A.M.; Markin, A.V. Copper nanoparticles for SERS-based determination of some
cephalosporin antibiotics in spiked human urine. Anal. Chim. Acta 2020, 1138, 9–17. [CrossRef]

21. Quan, J.; Zhang, J.; Qi, X.; Li, J.; Wang, N.; Zhu, Y. A study on the correlation between the dewetting temperature of Ag film and
SERS intensity. Sci. Rep. 2017, 7, 14771. [CrossRef]

22. Rycenga, M.; Xia, X.; Moran, C.H.; Zhou, F.; Qin, D.; Li, Z.Y.; Xia, Y. Generation of Hot Spots with Silver Nanocubes for
Single-Molecule Detection by Surface-Enhanced Raman Scattering. Angew. Chem. Int. Ed. 2011, 50, 5473–5477. [CrossRef]

23. Dai, H.; Fu, P.; Li, Z.; Zhao, J.; Yu, X.; Sun, J.; Fang, H. Electricity mediated plasmonic tip engineering on single Ag nanowire for
SERS. Opt. Express 2018, 26, 25031–25036. [CrossRef]

24. Li, S.; Pedano, M.L.; Chang, S.H.; Mirkin, C.A.; Schatz, G.C. Gap structure effects on surface-enhanced Raman scattering
intensities for gold gapped rods. Nano Lett. 2010, 10, 1722–1727. [CrossRef]

25. Cheng, Y.W.; Wu, C.H.; Chen, W.T.; Liu, T.Y.; Jeng, R.J. Manipulated interparticle gaps of silver nanoparticles by dendron-
exfoliated reduced graphene oxide nanohybrids for SERS detection. Appl. Surf. Sci. 2019, 469, 887–895. [CrossRef]

26. Wang, X.; Zhu, X.; Shi, H.; Chen, Y.; Chen, Z.; Zeng, Y.; Duan, H. Three-dimensional-stacked gold nanoparticles with sub-5 nm
gaps on vertically aligned TiO2 nanosheets for surface-enhanced Raman scattering detection down to 10 fM scale. ACS Appl.
Mater. Interfaces 2018, 10, 35607–35614. [CrossRef]

27. Xu, K.; Zhang, C.; Lu, T.H.; Wang, P.; Zhou, R.; Ji, R.; Hong, M. Hybrid metal-insulator-metal structures on Si nanowires array for
surface enhanced Raman scattering. Opto-Electron. Eng. 2017, 44, 185–191.

28. Hu, J.; Yu, H.; Su, G.; Song, B.; Wang, J.; Wu, Z.; Zhan, P.; Liu, F.; Wu, W.; Wang, Z. Dual-Electromagnetic Field Enhancements
through Suspended Metal/Dielectric/Metal Nanostructures and Plastic Phthalates Detection in Child Urine. Adv. Opt. Mater.
2020, 8, 1901305. [CrossRef]

29. Tatmyshevskiy, M.K.; Yakubovsky, D.I.; Kapitanova, O.O.; Solovey, V.R.; Vyshnevyy, A.A.; Ermolaev, G.A.; Klishin, Y.A.; Mironov,
M.S.; Voronov, A.A.; Arsenin, A.V.; et al. Hybrid Metal-Dielectric-Metal Sandwiches for SERS Applications. Nanomaterials 2021,
11, 3205. [CrossRef] [PubMed]

30. Ma, L.; Wang, J.; Huang, H.; Zhang, Z.; Li, X.; Fan, Y. Simultaneous thermal stability and ultrahigh sensitivity of heterojunction
SERS substrates. Nanomaterials 2019, 9, 830. [CrossRef] [PubMed]

31. Preston, A.S.; Hughes, R.A.; Dominique, N.L.; Camden, J.P.; Neretina, S. Stabilization of Plasmonic Silver Nanostructures with
Ultrathin Oxide Coatings Formed Using Atomic Layer Deposition. J. Phys. Chem. C 2021, 125, 17212–17220. [CrossRef]

32. Yang, C.; Chen, Y.; Liu, D.; Chen, C.; Wang, J.; Fan, Y.; Huang, S.; Lei, W. Nanocavity-in-multiple nanogap plasmonic coupling
effects from vertical sandwich-like Au@ Al2O3@ Au arrays for surface-enhanced Raman scattering. ACS Appl. Mater. Interfaces
2018, 10, 8317–8323. [CrossRef]

33. Pandey, P.; Kunwar, S.; Shin, K.H.; Seo, M.K.; Yoon, J.; Hong, W.K.; Sohn, J.I. Plasmonic Core–Shell–Satellites with Abundant
Electromagnetic Hotspots for Highly Sensitive and Reproducible SERS Detection. Int. J. Mol. Sci. 2021, 22, 12191. [CrossRef]

34. Dai, F.; Horrer, A.; Adam, P.M.; Fleischer, M. Accessing the hotspots of cavity plasmon modes in vertical metal–insulator–metal
structures for surface enhanced Raman scattering. Adv. Opt. Mater. 2020, 8, 1901734. [CrossRef]

35. Li, M.-Y.; Yu, M.; Jiang, S.; Liu, S.; Liu, H.; Xu, H.; Su, D.; Zhang, G.; Chen, Y.; Wu, J. Controllable 3D plasmonic nanostructures for
high-quantum-efficiency UV photodetectors based on 2D and 0D materials. Mater. Horiz. 2020, 7, 905–911. [CrossRef]

36. Liu, J.; Chu, L.; Yao, Z.; Mao, S.; Zhu, Z.; Lee, J.; Wang, J.; Belfiore, L.A.; Tang, J. Fabrication of Au network by low-degree solid
state dewetting: Continuous plasmon resonance over visible to infrared region. Acta Mater. 2020, 188, 599–608. [CrossRef]

37. Johnson, P.B.; Christy, R.W. Optical constants of the noble metals. Phys. Rev. B 1972, 6, 4370. [CrossRef]
38. Shi, Y.; Wang, J.; Wang, C.; Zhai, T.-T.; Bao, W.-J.; Xu, J.-J.; Xia, X.-H.; Chen, H.-Y. Hot electron of Au nanorods activates the

electrocatalysis of hydrogen evolution on MoS2 Nanosheets. J. Am. Chem. Soc. 2015, 137, 7365–7370. [CrossRef]
39. Alshehri, A.H.; Mistry, K.; Nguyen, V.H.; Ibrahim, K.H.; Muñoz-Rojas, D.; Yavuz, M.; Musselman, K.P. Quantum-Tunneling

Metal-Insulator-Metal Diodes Made by Rapid Atmospheric Pressure Chemical Vapor Deposition. Adv. Funct. Mater. 2019, 29,
1805533. [CrossRef]

40. Shao, F.; Lu, Z.; Liu, C.; Han, H.-Y.; Chen, K.; Li, W.; He, Q.; Peng, H.; Chen, J. Hierarchical nanogaps within bioscaffold arrays as
a high-performance SERS substrate for animal virus biosensing. ACS Appl. Mater. Interfaces 2014, 6, 6281–6289. [CrossRef]

97



Nanomaterials 2022, 12, 401
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Abstract: To effectively improve the energy density and reduce the self-discharging rate of micro-
supercapacitors, an advanced strategy is required. In this study, we developed a hydroquinone
(HQ)-based polymer-gel electrolyte (HQ-gel) for micro-supercapacitors. The introduced HQ redox
mediators (HQ-RMs) in the gel electrolyte composites underwent additional Faradaic redox reactions
and synergistically increased the overall energy density of the micro-supercapacitors. Moreover,
the HQ-RMs in the gel electrolyte weakened the self-discharging behavior by providing a strong
binding attachment of charged ions on the porous graphitized carbon electrodes after the redox
reactions. The micro-supercapacitors with HQ gel (HQ-MSCs) showed excellent energy storage
performance, including a high energy volumetric capacitance of 255 mF cm−3 at a current of 1 μA,
which is 2.7 times higher than the micro-supercapacitors based on bare-gel electrolyte composites
without HQ-RMs (b-MSCs). The HQ-MSCs showed comparatively low self-discharging behavior
with an open circuit potential drop of 37% compared to the b-MSCs with an open circuit potential
drop of 60% after 2000 s. The assembled HQ-MSCs exhibited high mechanical flexibility over the
applied external tensile and compressive strains. Additionally, the HQ-MSCs show the adequate
circuit compatibility within series and parallel connections and the good cycling performance of
capacitance retention of 95% after 3000 cycles.

Keywords: hydroquinone-based polymer-gel electrolyte; micro-supercapacitors; Faradaic redox
reactions; energy storage

1. Introduction

Recent studies have demonstrated the potential of flexible micro-supercapacitors
for supplying energy and electricity to future flexible and wearable electronics such as
rollable displays, human-implanted devices, and high-end robotics [1–3]. The micro-
supercapacitors are highly significant as future energy storage devices because they can
be integrated with small-sized applications, operate under fast charge/discharge condi-
tions, and have a long lifetime [4]. Moreover, developing an effective method to fabricate
electrode structures on flexible substrates and depositing electrode materials on small
areas is crucial for the successful utilization of micro-supercapacitors. As a result, tremen-
dous efforts have been directed to develop carbon-based micro-supercapacitor electrode
materials [5].
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Carbon materials can be easily handled on flexible substrates, and their electrical and
chemical properties are well tailored by a simple post-treatment process, inducing high
electrochemical energy storage performance [6,7]. For example, the gold and nitrogen
doping on the carbon electrode sample can increase the conductivity and wettability of
the carbon electrode, inducing the improved electrochemical performance [8]. Moreover,
Peng et al. reported that the boron doped laser-induced graphene has highly improved
electrochemical performance, greater than the pure laser-induced graphene [9]. However,
carbon-based micro-supercapacitors inevitably have a lower energy density than other
energy storage systems because of their electrostatic/physical-only charge-storing kinet-
ics [10,11]. In general, the energy density of carbon-based electrodes based on electric
double layer capacitor (EDLC) lies in the range of 0.1~3 Wh kg−1 [12], but in a range of
over 100 Wh kg−1 for Li ion batteries. There is also another type of supercapacitor (pseu-
docapacitors, with an energy density of about 10 Wh kg−1), but they store charges through
Faradaic redox reactions on the surface of electrodes [13]. Moreover, carbon materials for
flexible micro-supercapacitors based on EDLC suffer from a high self-discharging rate
owing to the weak attachment of electrolyte ions on the carbon electrodes. Additionally,
the polymer-gel electrolyte is another essential component to develop flexible and wearable
micro-supercapacitors [14,15]. In general, the classic liquid-type electrolyte has critical
issues to apply the flexible and wearable supercapacitors due not only to their electrolyte
leakage but also to their high manufacturing costs, such as difficult packaging to fabricate
flexible supercapacitors [16,17]. However, the pure polymer-gel electrolyte has the low
ionic conductivity of the polymer medium [18,19]. Therefore, enhancing the energy storage
performance and minimizing the self-discharging behavior are critical issues that must be
resolved for carbon-based flexible micro-supercapacitors.

The prevalent carbon materials used in micro-supercapacitors are graphite-based
2D planar materials because of their outstanding electrical conductivity, highly tunable
surface area, chemical stability, and mechanical behavior [20,21]. Therefore, many scientists
have studied tailoring the three-dimensional morphology and surface functionalization of
graphite materials to enhance their electrochemical properties [22,23]. Another strategy
being investigated is the use of redox mediators (RMs) in gel electrolytes [24–26]. Especially,
RMs can show high flexibility and mechanical/chemical stability when they are mixed
with a gel electrolyte, as well as provide easy diffusion in the gel electrolyte. The addition
of RMs plays pivotal roles in enhancing the performance of supercapacitors due to the
induced electrochemical Faradaic redox reactions on the surface of electrodes, which can
store more electron charges compared to double-layer capacitance [27,28]. Thus, the total
capacitance of supercapacitors with redox mediators can store energy by both electric
double layer capacitance and the pseudocapacitance working in parallel. Additionally,
interestingly, RMs play key roles in minimizing the self-discharging behavior. In particular,
Faradaic redox reactions of RMs result in a high binding attachment level of charged ions
on carbon-based electrodes, and RMs increase the ionic conductivity of the gel electrolyte,
inducing a low self-discharging rate. Therefore, introducing gel electrolyte composites with
proper redox mediators might be crucial to further maximize the performance of carbon-
based micro-supercapacitors. Especially, among various RMs, hydroquinone compounds
can be regarded as one of the most promising redox-active mediators due to its small size
and high electrochemical reversibility.

In this study, inspired by the highly interactive hydroquinone redox mediators (HQ-
RMs), we systematically engineered composite mixtures with hydroquinone (HQ) as a
redox mediator, polyvinyl alcohol (PVA) as a polymer-gel medium, and phosphoric acid as
an acidic electrolyte (HQ-gel). The interdigitated graphite electrodes were fabricated by
carbonization of polyimide (PI) sheets using a laser scribing method. The laser scribing
method can be operated with a simple step process on polymer films (fast processing
time) with good reproducibility by the systematic control of laser beams. Additionally,
continuous fabrication on the polymer sheets is available. Finally, the carbon electrode ma-
terials can be simply deposited on the interdigitated structure by the induced carbonization
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from the polymer films. The assembled micro-supercapacitors with HQ-gel (HQ-MSCs)
exhibit superior electrochemical performance, including a high volumetric capacitance of
255 mF cm−3, low self-discharge rate of an open circuit potential drop of 37% after 2000 s,
and over 95% capacitance retention over 3000 charge/discharge cycles compared to the
MSCs without the HQ-RMs (a volumetric capacitance of 94 mF cm−3

, self-discharging rate
of an open circuit potential drop of 50% after 2000 s, and 90% capacitance retention over
3000 charge/discharge cycles). This enhancement might be attributed to the Faradaic redox
reactions by the HQ-RMs and the strengthened adsorption of charged electrolyte ions on
the carbon-based electrode. These findings demonstrate that the novel HQ-based gel elec-
trolyte composites can be used to guarantee flexible carbon-based micro-supercapacitors
with promising electrochemical energy storage performance for future wearable energy
storage applications.

2. Materials and Methods

2.1. Fabrications of HQ-MSCs

For the HQ-MSCs, interdigitated carbon-based electrodes were directly fabricated by
carbonization on PI films using a laser scribing method. The interdigitated carbon-based
electrodes have seven fingers, and each electrode serves as both a working electrode and a
current collector. This system does not require any separator because the interdigitated
carbon-based electrodes are already separated on the PI film substrate with a length
of 0.5 mm. For the electrolyte coating method, we prepared HQ-based polymer–gel
electrolyte composites consisting of HQ (0.6 g, Sigma-Aldrich, Saint Louis, MO, USA)
as a redox mediator, poly(vinyl alcohol) (PVA, Mw: 89,000–98,000, Sigma-Aldrich, Saint
Louis, MO, USA), phosphoric acid (H3PO4, Sigma-Aldrich, Saint Louis, MO, USA), and
deionized water (20 mL). The prepared HQ-based polymer–gel electrolyte was coated onto
the interdigitated carbon-based electrodes and then dried overnight for stabilization.

2.2. Characterization and Electrochemical Tests of HQ-MSCs

We carried out powder XRD (Miniflex 600, Rigaku), Raman spectroscopy (iXR ra-
man in Nexsa XPS system, Thermo Scientific, Korea Basic Science Institute-Jeonju Center),
XPS (Nexsa XPS system, Thermo Scientific, Korea Basic Science Institute-Jeonju Center),
and field-emission scanning electron microscopy (FE-SEM, Gemini SEM 300, ZEISS, Jena,
Germany) analyses. In addition, the BET surface area of the samples was measured using ni-
trogen adsorption/desorption measurements (Belsorp mini X, MicrotracBEL Corp., Osaka,
Japan). To confirm the deposition of the HQ-RMs, we performed Fourier transform in-
frared spectroscopy (FT-IR, TENSOR27, Bruker, NCIRF, Seoul National University-National
Center for Inter-University Research Facilities, Billerica, MA, USA) analysis. The electro-
chemical capacitive behavior of the as-prepared MSCs was estimated using a potentiostat
(PGSTAT302N, Metrohm, Autolab). The specific capacitance of the carbon electrodes was
calculated by the GCD discharge curves. The specific areal capacitance was calculated by
the discharge time and current density (mA/unit area), and the calculated specific areal
capacitance was divided by the electrode thickness to evaluate the specific volumetric
capacitance of the samples.

3. Results and Discussion

As shown in Figure 1a, the interdigitated carbon-based electrodes were fabricated
using a stepwise direct laser scribing method on polyimide (PI) sheets. With direct laser
irradiation, carbonization of the PI sheets immediately occurs using a pulsed laser and
forms carbon-based electrodes. The interdigitated carbon-based electrodes were scribed
on the PI sheets. After the laser-carbonization process, the HQ-gel composites were
drop-coated onto the interdigitated carbon-based electrodes. Finally, the interdigitated
carbon-based micro-supercapacitors with HQ-gel (HQ-MSCs) were dried overnight to
stabilize the gel electrolyte. The interdigitated electrode structure used in the micro-
supercapacitors is shown schematically in Figure 1b,c. Each finger has been designed by
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the fixed two-dimensional interdigitated structure (length of 7.5 mm and finger width of
1 mm). The gap distance between neighboring finger electrodes is ~0.5 mm. According
to the cross-sectional SEM images (Figure S1), the electrodes show a thickness of 12 μm
and the electrolyte layers have a thickness of 14 μm. Figure 1d shows the optical images
of the fabricated HQ-MSCs on the PI sheets. Owing to the high flexibility of the PI sheets,
the HQ-MSCs can sustain their original interdigitated MSC structure even when the PI
substrates are strongly subjected to external bending forces. A cross-sectional schematic of
the HQ-MSCs is shown in Figure 1e. On the PI substrates, two unconnected carbon-based
electrodes were assigned to the symmetric anode and cathode electrodes. Both electrodes
were covered by the HQ-gel composites. During the charge and discharge processes, the
existence of the HQ-RMs in the polymer–gel electrolyte induces additional Faradaic redox
reactions and delivers a high energy density compared to the micro-supercapacitors with
the bare-gel electrolyte.

Figure 1. (a) Illustration of fabrication process for the interdigitated carbon-based micro-supercapacitors with HQ-gel
(HQ-MSCs) based on a laser scribing method and HQ-based gel electrolyte. (b,c) Schematic image for pattern structure of
MSCs. (d) Photograph of MSCs prepared by a laser scribing process. (e) Schematic illustration of electrochemical Faradaic
redox behaviors of HQ in HQ-MSCs.

To evaluate the carbonization process by the crystallographic phase, X-ray diffraction
(XRD) spectra of the pure PI films and carbon-based electrodes from the PI films were
analyzed (Figure 2a). The clear XRD peaks at 15◦ and 27◦, as well as broad intensity areas
near 22.5◦, were well matched with the crystal phase of PI [29]. After laser irradiation,
new peaks at 23◦ were ascribed to the graphite-like carbon crystals after the carbonization
process. The XRD spectrum of the graphite-like carbon-based electrodes (GCEs) exhibited
a slight negative shift compared to that of the intrinsic graphite index. The peak shift
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can be attributed to the expanded d-spacing value of the GCEs resulting from the partial
formation of the oxygen-containing functional group on the graphite layers during the
laser carbonization process [30,31]. Figure 2b shows the Raman spectrum of the GCEs
with three strong peaks at 1346 cm−1 (D-band), 1584 cm−1 (G-band), and 2689 cm−1 (2D-
band) [32,33]. In general, the high ratio of I2D/IG indicates the typical features of graphene.
As the number of graphene layers increases, the ratio of I2D/IG decreases. Thus, the I2D/IG
of graphite is commonly lower than that of graphene, which is less than 1 [34–36]. In
this work, the I2D/IG of GCEs is approximately 0.746, which demonstrates that the PI
films were converted to graphite composites with two-dimensional layered structures.
The existence of strong 2D-band peaks demonstrates that the PI films were converted to
graphite composites with two-dimensional layered structures.

Figure 2. (a) X-ray diffraction (XRD) patterns of graphite-like carbon-based electrodes (GCEs) and pure polyimide (PI)
film. (b) Raman spectrum and (c) X-rya photoelectron spectroscopy (XPS) C1s spectrum of GCEs. (d) Scanning electron
microscopy (SEM) image of GCEs. (e) Nitrogen adsorption/desorption isotherm curves of GCEs and pure PI film. (f)
Fourier transform infrared spectroscopy (FT-IR) spectra of HQ-MSCs and b-MSCs.

We also carried out X-ray photoelectron spectroscopy (XPS) measurements to de-
termine the surface properties of the GCEs (Figure 2c). The GCEs exhibited a common
graphite characteristic with a strong C-C peak clearly observed at 284.6 eV, which indi-
cates a high degree of formation of layered graphite structures [37–39]. In addition, as
shown in Figure 2d, the as-prepared GCEs showed a highly porous structure based on a
three-dimensional network, owing to the rapid formation of gaseous species produced
during laser irradiation. To further evaluate the specific surface area of the GCEs, Brunauer–
Emmett–Teller (BET) measurements were carried out. As shown in Figure 2e, the GCEs
exhibited typical adsorption/desorption curves of type II [40], and the calculated BET
surface areas of the GCEs were observed to be 74.15 m2 g−1, which is higher than that of
pure PI (0.08 m2 g−1). After the laser patterning process, the PI substrates were successfully
converted to layered GCEs with large surface sites and good electrical conductivity, which
are favorable for electrochemical energy storage. The measured electrical resistance of the
GCEs by using the 2-probe method is approximately 55.6 Ω, whereas the resistance of the
pure PI films was not measured due to the insulating properties (Figure S2).

In addition, the existence of the HQ-RMs in the polymer-gel electrolyte was investi-
gated by Fourier transform infrared spectroscopy (FT-IR) spectra (Figure 2f). The HQ-MSCs
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showed two dominant peaks in the FT-IR spectrum, which corresponded to the phenyl ring
stretching (1512 cm−1) and -C-OH in-plane bending (1465 cm−1) of HQ compared to MSCs
without HQ-RMs (b-MSCs) [41]. These two clear peaks are the main signs that the HQ-RMs
are well mixed in the gel electrolyte composites and are deposited on the GCEs. Thus, it is
expected that the HQ-MSCs will exhibit improved energy-storing properties owing to their
unique structural/electrochemical features as follows: (1) the well-designed graphite-like
carbon-based interdigitated electrodes with good electrical conductivity, which supports
the fast electron pathway; (2) the large surface area by porous structures, which provide
large electrolyte contact areas; and (3) the induction of additional Faradaic redox reac-
tions using HQ-RMs, which induce improved energy storage properties, as shown in
Figure 1e. There is synergistic electrochemical contribution on the surface of the carbon
electrodes (both electrical double-layer capacitance and Faradaic redox reactions by the
HQ-RMs) [42–44].

The electrochemical properties of the HQ-MSCs were evaluated using a two-electrode
system. Figure 3a shows the cyclic voltammetry (CV) curves of the HQ-MSCs and b-MSCs
at a scan rate of 100 mV s−1. The area surrounded by the CV curve of the HQ-MSCs was
larger than that of the B-MSCs, demonstrating a higher energy storage performance of
the HQ-RMs. The CV of the HQ-MSCs exhibited a pair of peaks at 0.15 V, which is a
significant characteristic of the electrochemical multiple Faradaic redox reaction of the
HQ-RMs during the charge/discharge cycles. The expected redox reactions of the HQ-RMs
during the charge/discharge cycles are as follows (Figure 3b) [23,41,43,45]:

hydroquinone (HQ) → benzoquinone (BQ) 2H+ + 2e− (charge process)
benzoquinone (BQ) 2H+ + 2e− → hydroquinone (HQ) (discharge process)

Figure 3. (a) Cyclic voltammetry (CV) curves of HQ-MSCs and b-MSCs at a scan rate of 0.1 V s−1. (b) Electrochemical
Faradaic redox behavior mechanism between HQ and BQ. (c) CV curves of HQ-MSCs at different scan rates from 0.01
to 1.0 V s−1. (d) Galvanic charge/discharge graph (GCD) curves of HQ-MSCs and b-MSCs at a current 1 μA. (e) GCD
curves of HQ-MSCs at different current ranges from 1 to 10 μA. (f) Self-discharging test of HQ-MSCs and b-MSCs after fully
charged state.

Furthermore, the CV curves of the HQ-MSCs showed similar shapes with increasing
scan rates from 10 to 100 mV s−1, indicating that the HQ-MSCs have good energy-storing
kinetics and reversible capacitive behavior (Figure 3c). Especially, as indicated in Figure S3,
at slow scan rates, all the possible ion adsorption and electrochemical reactions are maxi-

104



Nanomaterials 2021, 11, 3027

mized on the surface within the given sweeping window (the clear redox pairs are detected).
However, at the fast scan rates, the relatively broad redox peaks can be observed as shown
in Figures 3c and S3, which are the normally recognized CV response of Faradaic redox
materials. Furthermore, we carried out the CV tests to confirm the effects of the concentra-
tion of HQ in the MSCs. As shown in Figure S4, the HQ-MSCs with a HQ concentration of
0.135 M showed the low energy storing performance, which is 8.1 times lower than that of
HQ-MSCs with the HQ concentration of 0.27 M. Furthermore, the enclosed CV areas of
HQ-MSCs with an HQ concentration of 0.54 M (the maximum aqueous solubility) is also
smaller than that of HQ-MSCs with an HQ concentration of 0.27 M. The excess amount of
HQ-RMs in the electrolyte can decrease the overall electrochemical performance due to the
low ionic conductivity and ion permeability through the gel electrolyte [44].

The galvanic charge/discharge graph (GCD) of the HQ-MSCs presented a longer
discharge time than that of the b-MSCs (Figure 3d,e). The calculated area capacitance of
the HQ-MSCs (2.58 mF cm−2) was approximately 2.7 times higher than that of the B-MSCs
(0.95 mF cm−2) and other previously reported studies (summarized in Figure S5a). In
addition, the volumetric capacitance of HQ-MSCs is 255 mF cm−3. The improved energy
storage properties of HQ-MSCs were attributed to the additional Faradaic redox reactions
of the HQ-RMs compared to those of the bare-gel electrolyte composites. In addition,
as mentioned in the introduction, self-discharge in carbon-based micro-supercapacitors
is another important issue that must be addressed to develop high-performance MSCs.
To compare the self-discharging rate between HQ-MSCs and b-MSCs, we measured the
voltage drop based on the rest time from the fully charged state of MSCs. As shown in
Figure 3f, the HQ-MSCs exhibited a low self-discharge rate. The open circuit voltage
drop rate of the HQ-MSCs was 37% after 2000s, which was lower than that of b-MSCs
(50%) and other previously reported studies (summarized in Figure S5b). The charged
ions formed by the electrochemical Faradaic redox reaction of the HQ-RMs were strongly
adsorbed on the electrodes and had a low free diffusion rate into the bulk electrolyte under
the polymer-gel electrolyte; therefore, the HQ-MSCs can exhibit low self-discharge rate
behavior. Previous studies reported that a polymer–gel electrolyte with limited moisture
exhibited a superiorly suppressed self-discharge rate compared to aqueous electrolytes
because the limited moisture condition decreased the level of ion mobility from the surface
of the electrode to the bulk electrolyte solution [46–50]. In addition, the charged species
of the HQ-RMs formed during electrochemical capacitive behavior were adsorbed on
the electrode surface, thereby suppressing the self-discharge process [49]. When the self-
discharge rate of the MCSs was tested under the aqueous electrolyte solution with HQ, the
open circuit voltage drop rate of the HQ-MSCs exhibited a rapid voltage drop within 200 s,
as shown in Figure S6.

Furthermore, the mechanical flexibility and stability of the HQ-MSCs were estimated
under different external strain levels (measured radius of curvature). The levels of external
strains were normalized by the radius of curvature from 5 to 10 mm (Figure 4a,b). Figure 4c
presents the CV curves of the HQ-MSCs when different levels of external strains were
applied at a scan rate of 500 mV s−1. The CV curves did not show any significant changes
during the strain tests, indicating its superior mechanical flexibility and stability against
external strains. Furthermore, the HQ-MSCs exhibited a superior mechanical stability with
a capacitance retention of 99.1% during the 1000 bending cycles (Figure S7). In addition,
the mechanical stability of the HQ-MSCs against the tensile and compressive strains (at a
radius of curvature of 5 mm) was analyzed (Figure 4d). Optical images of the HQ-MSCs
under tensile and compressive strains are shown in Figure 4e. The CV curves at a scan
rate of 500 mV s−1 under the tensile and compressive strains also have a similar shape to
the CV curves without any significant curve distortion. After the diverse external strain
tests, it can be clearly confirmed that the HQ-MSCs can be successfully applied to wearable
devices owing to their high flexibility and performance stability against external forces.
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Figure 4. (a) Schematic illustration of bending states for HQ-MSCs. (b) Photographs and (c) CV curves of various bending
states with bending radii of 5, 6, 8, and 10 mm for HQ-MSCs. (d) Schematic illustration and (e) photographs of HQ-MSCs
under tensile and compressive strains. (f) CV curves of HQ-MSCs under tensile and compressive strains.

To evaluate the circuit applicability of the HQ-MSCs, four different HQ-MSCs were
assembled in series and parallel (Figure 5a). With the series or parallel connection, the
operating cell voltage or capacitance is expected to increase proportionally according to the
number of connected HQ-MSCs. Figure 5b shows the CV curves when the HQ-MSCs were
connected in a series circuit. The voltage windows of 1 cell to 4 cells in series increased
from 1 to 4 V, respectively. In addition, the CV currents increased proportionally based
on the currents from 0.17 to 0.63 mA at 0.4 V when the HQ-MSCs were connected in
parallel (Figure 5c). These CV results in the series and parallel circuits demonstrated great
circuit operation of the HQ-MSCs when they were utilized as potential future energy-
storing devices. Moreover, as shown in Figure 5d, HQ-MSCs show great reproducibility in
energy-storing performance owing to their programmed fabrication process based on the
laser scribing method of MSCs. The HQ-MSCs exhibited a promising capacitive retention
behavior of 95% after 3000 cycles (Figure 5e).
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Figure 5. (a) Schematic illustration of series and parallel circuits for HQ-MSCs. CV curves of HQ-MSCs connected in (b)
series and (c) parallel circuits. (d) Reproducibility and (e) cyclability tests of HQ-MSCs (the inset of (d) indicates CV curves
obtained for seven HQ-MSCs devices).

4. Conclusions

In this study, we fabricated carbon-based micro-supercapacitors with an HQ-RM gel
electrolyte using the laser scribing method for electrode patterning and drop-coating for
MSC assembly. The carbon-based interdigitated electrodes formed using the laser scribing
method show graphitic carbon crystalline features with high electrical conductivity and a
porous structure. In terms of electrochemical features, HQ-MSCs have a high volumetric
capacitance of 255 mF cm−3 at a current of 1 μA, which is 2.7 times higher than that of
the b-MSCs, as well as a low self-discharge rate with an open circuit potential drop of
37% after 2000 s. The corresponding results are highly relevant for performing additional
Faradaic redox reactions of the HQ-RMs and synergistically improve the overall energy
storage performance. Moreover, the HQ-RMs in the gel electrolyte decrease the self-
charging rate by providing a strong binding attachment of electrolyte ions on the surface
of the electrodes. Furthermore, the HQ-MSCs displayed remarkably excellent mechanical
features under various external mechanical stresses. Additionally, the HQ-MSCs exhibited
a high reproducibility and a long-term cyclability with a high cycling capacitance retention
of 95% after 3000 cycles. Therefore, the introduction of HQ redox mediators in micro-
supercapacitor systems is a promising gel electrolyte additive for flexible high-performance
energy storage applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11113027/s1, Figure S1: Cross-section SEM images of the fabricated MSCs, Figure S2:
Photograph images of the measured two-probe electrical resistance: (left) the GCEs region and (right)
the pure PI film for the patterned MSCs, Figure S3: CV curves of HQ-MSCs with different scan rates
from 0.1 V s−1 and to 1.0 V s−1, Figure S4: CV curves of HQ-MSCs with different HQ concentrations
of (a) 0.27 M and (b) 0.54 M at a scan rate of 1.0 V s−1, respectively, Figure S5: Comparison of the areal
capacitance and self-discharge rate of the fabricated MSCs compared to other previously reported
literatures, Figure S6: Comparison of self-discharging test of MSCs under gel electrolyte and aqueous
electrolyte with HQ after fully charged state, Figure S7. Capacitance retention of HQ-MSCs for
1000 bending cycles (inset indicates the CV curves of HQ-MSCs).
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Abstract: Aqueous zinc-ion batteries (ZIBs) with the characteristics of low production costs and good
safety have been regarded as ideal candidates for large-scale energy storage applications. However,
the nonconductive and non-redox active polymer used as the binder in the traditional preparation
of electrodes hinders the exposure of active sites and limits the diffusion of ions, compromising the
energy density of the electrode in ZIBs. Herein, we fabricated vanadium pentoxide nanofibers/carbon
nanotubes (V2O5/CNTs) hybrid films as binder-free cathodes for ZIBs. High ionic conductivity and
electronic conductivity were enabled in the V2O5/CNTs film due to the porous structure of the film
and the introduction of carbon nanotubes with high electronic conductivity. As a result, the batteries
based on the V2O5/CNTs film exhibited a higher capacity of 390 mAh g−1 at 1 A g−1, as compared
to batteries based on V2O5 (263 mAh g−1). Even at 5 A g−1, the battery based on the V2O5/CNTs
film maintained a capacity of 250 mAh g−1 after 2000 cycles with a capacity retention of 94%. In
addition, the V2O5/CNTs film electrode also showed a high energy/power density (e.g., 67 kW kg−1/
267 Wh kg−1). The capacitance response and rapid diffusion coefficient of Zn2+ (~10−8 cm−2 s−1)
can explain the excellent rate capability of V2O5/CNTs. The vanadium pentoxide nanofibers/carbon
nanotubes hybrid film as binder-free cathodes showed a high capability and a stable cyclability,
demonstrating that it is highly promising for large-scale energy storage applications.

Keywords: aqueous zinc-ion battery; vanadium pentoxide; carbon nanotubes; hybrid film

1. Introduction

The lithium-ion battery is widely used in daily life owing to its many advantages
including a high operating voltage, high specific capacity, and long cycle life [1,2]. However,
lithium resources on the earth are limited, and the contradiction between its high price and
increasing demand is becoming increasingly prominent. In addition, lithium-ion batteries
suffer other issues such as high internal resistance, harmful organic electrolytes, and safety
hazards [3,4]. These problems restrict their large-scale applications. Rechargeable aqueous
batteries have the merits of low production costs, and the electrolyte used is an aqueous
electrolyte with high safety. Therefore, it is expected to supplement lithium-ion batteries
for new-generation electrochemical energy storage systems [5–8].

Among rechargeable aqueous batteries, aqueous zinc-ion batteries (ZIBs) have at-
tracted more attention due to the high abundance of metal zinc in the earth’s resources,
low cost, and nontoxicity [9,10]. As zinc metal foil can be directly used as the anode, the
development of cathodes of ZIBs have become a research hotspot. The reported cathode
materials for ZIBs mainly include manganese compounds, vanadium oxides, Prussian blue,
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and organic compounds [11–14]. Among these cathode materials, vanadium pentoxide
(V2O5) has a unique layered structure with a wide range of valence states (from V3+ to V5+),
which is conducive to the multielectron transfer providing a high specific capacity [15,16].
However, its ion conductivity is low and its diffusion kinetics is slow, resulting in a poor
rate performance and unsatisfied cycle performance. Furthermore, the nonconductive
and non-redox active polymer was used as the binder in the traditional preparation of
electrodes, which hinders the diffusion of zinc ions and compromises the energy density of
the electrode [17]. Therefore, in order to avoid using binders, it is important to design a
binder-free V2O5 electrode.

In this work, V2O5 nanofibers/carbon nanotubes (V2O5/CNTs) hybrid films were
fabricated and employed as the cathode of ZIBs, and the usage of nonconductive and non-
redox active binders was avoided. The network structure of V2O5/CNTs film is helpful for
improving the electronic and ionic conductivity of the electrode. Compared with batteries
with binders, the batteries based on the V2O5/CNTs film showed a higher specific capacity
and a better cycle stability. This work proved that the electrochemical performance of ZIBs
can be improved by the application of binder-free electrodes.

2. Materials and Methods

2.1. Preparation of V2O5 Nanofibers

First, 0.75 g of NH4VO3 (99%, Aladdin) and 1.25 g of P123 (Sigma-Aldrich, St. Louis,
MO, USA) were dissolved in 75 mL of water containing 3.75 mL of 2 M of HCl. The mixture
was stirred at room temperature for 7 h and then transferred into a Teflon autoclave.
After the autoclave was sealed, it was held at 120 ◦C for 24 h and then cooled to room
temperature. The product was washed with deionized water several times and then
freeze-dried to obtain V2O5 nanofibers.

2.2. Preparation of V2O5/CNTs Hybrid Film Electrodes

Here, 20 mg of V2O5 and 15 mg of CNTs (length: 0.5–1.5 μm; diameter ~5 nm; Carbon
Solutions Inc., Riverside, CA, USA) were dissolved in 40 mL of DMF; then, the mixture was
sonicated to form a mixed suspension. The V2O5/CNTs film was fabricated by filtration
and then dried in an oven at 80 ◦C.

2.3. Material Characterizations

Scanning electron microscopy (SEM, Supra-55, Zeiss, Oberkochen, Germany) and
transmission electron microscopy (TEM, JEOL2100F, JEOL, Tokyo, Japan) were used to in-
vestigate the morphology of the samples. The chemical components of the V2O5/CNTs film
were confirmed with X-ray photoelectron spectroscopy (XPS, PHI 1600 ESCA, PerkinElmer,
Waltham, MA, USA). The structure of the V2O5 nanowires and V2O5/CNTs film was char-
acterized using X-ray diffraction (XRD, Rigaku D/Max-3A, Rigaku Corporation, Tokyo,
Japan). Raman spectra were recorded by a spectrophotometer (Thermo-Fisher Scientific,
Waltham, MA, USA).

2.4. Electrochemical Measurements

Stainless-steel CR2032 coin cells were assembled and tested to evaluate the electro-
chemical performance of the samples. The cells were assembled using a V2O5/CNTs
composite film as the cathode, filter paper as the separator, Zn foil as the anode, and 3 M of
aqueous Zn(CF3SO3)2 solution as the electrolyte. Electrochemical impedance spectroscopy
(EIS) was performed using a frequency range between 10 mHz and 100 kHz with an AC
perturbation signal of 10 mV. Cyclic voltammetry (CV) of the as-assembled battery was
conducted at various scan rates (0.2–1.0 mV·s−1). A CHI 660E electrochemical workstation
(Shanghai Chenhua, Shanghai, China) was employed to record the CV and EIS results.
A CT2001A LAND electrochemical workstation was used to perform the galvanostatic
intermittent titration technique (GITT), galvanostatic charge/discharge (GCD), and cyclic
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performance, within a voltage window of 0.3–1.5 V. All specific capacities reported in this
work are based on the cathode mass.

3. Results

The morphology of the as-prepared V2O5 was investigated with a transmission elec-
tron microscope (TEM) and scanning electron microscope (SEM). The TEM and SEM images
reveal that the V2O5 had a nanofiber morphology with a diameter of ~18 nm and lengths of
several micrometers (Figure 1a,b). After being mixed with CNTs, the V2O5 nanofibers were
embedded into the network of CNTs (Figure 1c). Furthermore, the V2O5/CNTs electrode
showed a freestanding structure (inset of Figure 1c). Elemental mappings confirmed that C,
O, and V elements were evenly distributed in the V2O5/CNTs nanobelts (Figure 1d). XRD
and Raman spectroscopy tests were further performed to investigate the V2O5 nanofibers
and V2O5/CNTs film. XRD patterns of the V2O5 nanofibers and V2O5/CNTs film presented
typical (001) and (003) peaks (Figure 2a), which fitted well with the layered V2O5 (JCPDS
no. 40–1296). Peaks of V4O7 were also detected, which may be ascribed to the reduction
of V2O5 by P123 [18]. The Raman spectrum of V2O5/CNTs showed the presence of D
and G peaks as compared to that of V2O5, indicating the presence of CNTs in composite
films [19]. The three peaks located at 139, 280, and 983 cm−1 are assigned to the V-O
vibration in both the V2O5/CNTs and V2O5 samples (Figure 2b) [20]. In addition, in the
XPS survey spectrum, solely C, V, and O elements were detected, confirming the purity
of the as-prepared V2O5/CNTs sample (Figure 2c). The peak located at 517.5 eV in the V
2p1/2 spectrum and the peak at 525.2 eV in the V 2p3/2 spectrum correspond to V5+, and
the peak located at 516.8 eV in the V 2p1/2 spectrum and the peak at 523.7 eV is related
to V4+ (Figure 2d) [18]. The surface area of V2O5/CNTs hybrid films was measured to be
107 m2 g−1, as shown in Figure 2e.

 
Figure 1. (a) TEM image of the V2O5 nanofibers. (b) SEM image of V2O5 nanofibers. (c) SEM image and optical image
(inset) of V2O5/CNTs films. (d) Element mappings of V2O5/CNTs.
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Figure 2. (a) XRD patterns of V2O5 and V2O5/CNTs. (b) Raman spectra of the V2O5 and V2O5/CNTs. (c) XPS spectra of
V2O5/CNTs and (d) V 2p spectrum. (e) Nitrogen adsorption/desorption isotherms.

The electrochemical properties of V2O5 and V2O5/CNTs films were further evaluated
in ZIBs. The specific capacity at different current densities of V2O5 and V2O5/CNTs sam-
ples are shown in Figure 3a. The V2O5/CNTs film showed a high capacity of 399 mAh g−1

at 0.1 A g−1, which is higher than that of the V2O5 nanofiber (312 mAh g−1). The reason
for the capacity decreasing at low current densities is ascribed to the continuous V2O5
dissolution [5]. Even at a high current density of 5 A g−1, the V2O5/CNTs film still ex-
hibited a high discharge capacity of 239 mAh g−1, while the V2O5 nanofiber showed a
capacity of 187 mAh g−1. The result demonstrates that the V2O5/CNTs film showed a
higher rate capability than that of V2O5 nanofibers electrode due to the introduction of
CNTs. Figure 3b displays the charge/discharge curves of the V2O5/CNTs film under vari-
ous current densities. The charge/discharge curves at different current densities showed
similar shapes, indicating the fast charge transfer kinetics of the V2O5/CNTs film.

Figure 3. (a) The rate performance of the V2O5/CNTs film and V2O5 electrodes. (b) Charge/discharge curves of the
V2O5/CNTs film and V2O5 electrodes at different current densities. (c) Cycle performance of V2O5/CNTs film and V2O5

electrodes. (d) Long-term cycling performance of V2O5/CNTs film and V2O5 electrodes at 5 A g−1. (e) Nyquist plots of
V2O5/CNTs film and V2O5 electrodes.
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In addition, V2O5/CNTs films maintain a high discharge capacity of 273 mAh g−1

after 100 cycles at 1 A g−1 (Figure 3c). Apart from the good rate capability, the V2O5/CNTs
film also displayed an excellent long-term cyclic stability. Even at 5 A g−1 over 2000 cycles,
the batteries based on the V2O5/CNTs film maintained a capacity of 251 mAh g−1 with
a high-capacity retention of 94% (Figure 3d), which is much higher than those of pris-
tine V2O5 (168 mAh g−1 and 81%). The long cycle capability of the V2O5/CNTs film
was comparable or higher than most of the previously reported V-based materials with-
out CNTs (Table 1) [21–31]. Furthermore, compared with other works using CNTs in an
V2O5 electrode, the batteries based on the V2O5/CNTs film still displayed a comparable
capacity and cycle performance (Table 2) [32–34]. These superior electrochemical perfor-
mances could be ascribed to the nanowire V2O5 knitted with CNTs being helpful for the
electrode to keep the close contact and provide an effective electron transmission. The
electrochemical impedance spectra (EIS) measurements were performed to study the ki-
netics. As shown in Figure 3e, both the Nyquist plots of the V2O5 and V2O5/CNTs film
consisted of a hemicycle at the high-frequency region (charge transfer-limited process)
and a straight line in the low-frequency region (ion diffusion-limited process). As for
the V2O5/CNTs sample, the line in the low-frequency region was substantially steeper
and the inner diameter of the hemicycle in the high-frequency region was small com-
pared with V2O5, manifesting that it had a fast ion diffusion rate and a small resistance.
The charge transfer resistance (Rct) of the V2O5/CNTs film electrode was about 462 Ω
after fitting, which is smaller than that of V2O5 (741 Ω), revealing that the introduction
of CNTs is beneficial for the high electronic conductivity and efficient Zn2+ transport
in the V2O5/CNTs cathode. Furthermore, the energy/power densities were calculated
and compared with other cathode materials (Figure 4). Impressively, the batteries based
on the V2O5/CNTs film display a remarkable energy density and an impressive power
density (e.g., 267 Wh kg−1 and 3.2 kW kg−1), which is comparable with the cathodes
of K2V6O16·2.7H2O, VS2, Zn0.25V2O5·nH2O, LiV3O8, Na0.33V2O5, Zn3[Fe(CN)6]2, and
Na3V2(PO4)3 [27,30,35–39].

Table 1. The comparison of long-term cycle performances of the V2O5/CNTs cathode.

Cathodes
Rate

(A g−1)
Capacity Retention

Final Capacity
(mAh g−1)

Reference

V2O5/CNTs 5 94% (2000 cycles) 251 This work
V2O5·nH2O 6 71.0% (900 cycles) 213 [21]
Cu2+-V2O5 10 88.0% (5000 cycles) 180 [22]
K+-V2O5 8 96.0% (1500 cycles) 172 [23]

Graphene/H2V3O8 6 87.0% (2000 cycles) 240 [24]
V2O5@PANI 5 93.8% (1000 cycles) 201 [25]

2D V2O5 20 68.2% (500 cycles) 117 [26]
Zn0.25V2O5·nH2O 2.4 80.0% (1000 cycles) 208 [27]
NaV3O8·1.5H2O 4 82.0% (1000 cycles) 120 [28]
Na2V6O16·3H2O 14 85% (1000 cycles) 129 [29]
K2V6O16·2.7H2O 5 88% (229 cycles) 139 [30]
Na1.1V3O7.9/rGO 1 93% (500 cycles) 85 [31]

Table 2. The comparison of the V2O5/CNTs cathode with other CNT-based V2O5 electrodes.

Cathodes Specific Capacity Capacity Retention Reference

V2O5/CNTs 399 mAh g−1 (0.1 A g−1)
327 mAh g−1 (1 A g−1)

5A g−1:
94% (2000 cycles)

This work

V2O5/CNTs nanopaper 375 mAh g−1 (0.5 A g−1) 10A g−1:
80.0% (500 cycles)

[32]

V2O5/CNTs (VCP) 312 mAh g−1 (1 A g−1) 1 A g−1:
81% (2000 cycles)

[33]

V2O5@CNTs 293 mAh g−1 (0.3 A g−1) 5 A g−1:
72.0% (6000 cycles)

[34]
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Figure 4. Ragone plot of the batteries based on V2O5/CNTs compared with oher reported data
for ZIBs.

The electrochemical kinetics was further investigated to explain the electrochemical
performance. The CV curves of the V2O5/CNTs film was measured at different scan rates.
As shown in Figure 5a, the CV curves showed similar shapes with the growth of the
scan rates, which indicates its good electrochemical reversibility. The characteristic peaks
appeared at 0.5/0.7 V, as well as 0.8/1.0 V, reflecting the redox reaction in V2O5/CNTs
(Figure 5a) [15,18]. According to the previous literature, the peak current (i) and scan rates
(v) have a linear relationship, which can be written as [40]:

i = avb (1)

where a and b are adjustable parameters. When b is close to 1, the reaction is a mainly
surface-controlled process; when b is near to 0.5, the reaction is dominated by diffusion-
controlled behavior. The slope of the peaks of the V2O5/CNTs film is close to 1, which
is higher than that of the V2O5 electrode [15,18,22], indicating that the electrochemical
process of the V2O5/CNTs is dominated by the pseudocapacitive behavior (Figure 5b).
Furthermore, the contribution of pseudocapacitance at different scan rates can be calculated
by the following equation: [41]

i = k1v + k2v1/2 (2)

The current density (i) should be divided into two parts, the pseudocapacity influence
(k1v) and the diffusion-dominant reaction (k2v1/2). Based on the integration of the CV
curve, 66.3% of the total charge storage of the V2O5/CNTs cathode is from the capacitive
contribution at 0.5 mV s−1 (Figure 5c). The proportions of the capacitive contribution for
the V2O5/CNTs cathode are listed in Table 3 (Figure 5d).
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Figure 5. (a) CV curves of the V2O5/CNTs electrode at different scan rates. (b) Log(current) vs. log
(scan rate) plots of four peaks in the CV curves. (c) Capacity separation curves at 0.5 mV·s−1. (d)
Capacity contribution ratios at multiple scan rates.

Table 3. The proportions of the capacitive contribution for the V2O5/CNTs cathode.

Scan rate (mV s−1) 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0

Capacitive
contribution (%) 52.8 59.6 64.0 66.3 68.3 70.0 71.6 73.7

In order to study the kinetics of Zn2+ diffusion in these batteries, a constant-current
intermittent titration technique (GITT) test was performed (Figure 6a). The diffusion
coefficients (D) of Zn2+ ions at the discharge process and charge process can be estimated
according to the following equation [42]:

D =
4

πτ
(

mBVM
MBS

)
2
(

ΔEs

ΔEτ
)

2 (
τ � L2/D

)
(3)

where τ is the time for an applied galvanostatic current; mB, MB, and VM are the mass,
molecular weight, and molar volume, respectively; S is the active surface of the electrode
(taken as the geometric area of the electrode); ΔEs and ΔEτ are the quasi-equilibrium
potential and the change in cell voltage E during the current pulse, respectively; L is the
average radius of the material particles. In our case, the DZn value of the battery with
the V2O5/CNTs film electrode is ~10−8 cm−2 s−1, which is higher than the value of the
V2O5 cathode (Figure 6b), which is consistent with the CV results. Due to the network
structure of the V2O5/CNTs films, high values of the capacitive contribution and diffusion
coefficients of Zn2+ are enabled, leading to a high rate capability of V2O5/CNTs films. All
the above results conclusively substantiate that V2O5/CNTs possesses a bright future for
the practical application of ZIBs.
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Figure 6. (a) GITT measurements and (b) the corresponding Zn2+ diffusion coefficients of
V2O5/CNTs and V2O5 in the discharge process.

4. Conclusions

In summary, V2O5/CNTs films were fabricated and employed as binder-free cathodes
for ZIBs. The V2O5/CNTs film electrodes without nonconductive and non-redox active
binders are beneficial for the exposure of active sites and the transfer of electrons and
zinc ions, enhancing the electrochemical performance. As a result, the ZIBs based on
V2O5/CNTs film electrodes possess an excellent rate performance and stable cycle life.
This work provides a viable method for fabricating freestanding and binder-free electrodes
for energy storage devices and other electronics into highly flexible devices.

Author Contributions: Conceptualization, X.L. and X.W.; methodology, L.M. and X.L.; software,
Y.D.; validation, X.L., Q.L. and X.W.; formal analysis, A.Y.; investigation, L.M.; resources, X.W.;
data curation, Y.D.; writing—original draft preparation, X.W.; writing—review and editing, Y.D.;
visualization, A.Y.; supervision, Q.L.; project administration, X.L.; funding acquisition, X.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Doctoral Research Fund of Lanzhou City University
(LZCU-BS2020-03), the Doctoral research startup fund of Liaoning Province (No.2020-BS-066), and
the Fundamental Research Funds for the Central Universities (3132019328).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, J.; Bao, Z.N.; Cui, Y.; Dufek, E.J.; Goodenough, J.B.; Khalifah, P.; Li, Q.; Liaw, B.Y.; Liu, P.; Manthiram, A.; et al. Pathways for
practical high-energy long-cycling lithium metal batteries. Nat. Energy 2019, 4, 180–186. [CrossRef]

2. Liu, J.Y.; Long, J.W.; Du, S.; Sun, B.; Zhu, S.G.; Li, J.J. Three-Dimensionally porous Li-ion and Li-S battery cathodes: A mini review
for preparation methods and energy-storage performance. Nanomaterials 2019, 9, 441. [CrossRef] [PubMed]

3. Kim, T.; Song, W.T.; Son, D.-Y.; Ono, L.K.; Qi, Y. Lithium-ion batteries: Outlook on present, future, and hybridized technologies. J.
Mater. Chem. A 2019, 7, 2942–2964. [CrossRef]

4. Liu, C.C.; Lu, Q.Q.; Omar, A.; Mikhailova, D. A Facile Chemical Method Enabling Uniform Zn Deposition for Improved Aqueous
Zn-Ion Batteries. Nanomaterials 2021, 11, 764. [CrossRef] [PubMed]

5. Zhang, N.; Chen, X.Y.; Yu, M.; Niu, Z.Q.; Cheng, F.Y.; Chen, J. Materials chemistry for rechargeable zinc-ion batteries. Chem. Soc.
Rev. 2020, 49, 4203–4219. [CrossRef] [PubMed]

6. Ming, J.; Guo, J.; Xia, C.; Wang, W.X.; Alshareef, H.N. Zinc-ion batteries: Materials, mechanisms, and applications. Mater. Sci. Eng.
R 2019, 135, 58–84. [CrossRef]

7. Zhang, N.; Dong, Y.; Wang, Y.Y.; Wang, Y.X.; Li, J.J.; Xu, J.Z.; Liu, Y.C.; Jiao, L.F.; Cheng, F.Y. Ultrafast rechargeable zinc battery
based on high-voltage graphite cathode and stable nonaqueous electrolyte. ACS Appl. Mater. Interfaces 2019, 11, 32978–32986.
[CrossRef]

8. Dong, Y.; Jia, M.; Wang, Y.Y.; Xu, J.Z.; Liu, Y.C.; Jiao, L.F.; Zhang, N. Long-life zinc/vanadium pentoxide battery enabled by a
concentrated aqueous ZnSO4 electrolyte with proton and zinc ion co-intercalation. ACS Appl. Energy Mater. 2020, 3, 11183–11192.
[CrossRef]

118



Nanomaterials 2021, 11, 1054

9. Lu, Q.Q.; Liu, C.C.; Du, Y.H.; Wang, X.Y.; Ding, L.; Omar, A.; Mikhailova, D. Uniform Zn Deposition Achieved by Ag Coating for
Improved Aqueous Zinc-Ion Batteries. ACS Appl. Mater. Interfaces 2021. [CrossRef]

10. Zhu, M.S.; Hu, J.P.; Lu, Q.Q.; Dong, H.Y.; Karnaushenko, D.D.; Becker, C.; Karnaushenko, D.D.; Li, Y.; Tang, H.M.; Qu, Z.; et al. A
patternable and in situ formed polymeric zinc blanket for a reversible zinc anode in a skin-mountable microbattery. Adv. Mater.
2021, 33, 2007497. [CrossRef]

11. Wang, X.Y.; Qin, X.H.; Lu, Q.Q.; Han, M.M.; Omar, A.; Mikhailova, D. Mixed phase sodium manganese oxide as cathode for
enhanced aqueous zinc-ion storage. Chin. J. Chem. Eng. 2020, 28, 2214–2220. [CrossRef]

12. Wang, X.Y.; Ma, L.W.; Zhang, P.C.; Wang, H.Y.; Li, S.; Ji, S.J.; Wen, Z.S.; Sun, J.C. Vanadium pentoxide nanosheets as cathodes for
aqueous zinc-ion batteries with high rate capability and long durability. Appl. Surf. Sci. 2020, 502, 144207. [CrossRef]

13. Zampardi, G.; La, M.F. Prussian blue analogues as aqueous Zn-ion batteries electrodes: Current challenges and future perspectives.
Curr. Opin. Electrochem. 2020, 21, 84–92. [CrossRef]

14. Glatz, H.; Lizundia, E.; Pacifico, F.; Kundu, D. An organic cathode based dual-ion aqueous zinc battery enabled by a cellulose
membrane. ACS Appl. Energy Mater. 2019, 2, 1288–1294. [CrossRef]

15. Zhang, N.; Dong, Y.; Jia, M.; Bian, X.; Wang, Y.Y.; Qiu, M.D.; Xu, J.Z.; Liu, Y.C.; Jiao, L.F.; Cheng, F.Y. Rechargeable aqueous
Zn-V2O5 battery with high energy density and long cycle life. ACS Energy Lett. 2018, 3, 1366–1372. [CrossRef]

16. Wang, X.Y.; Ma, L.W.; Sun, J.C. Vanadium pentoxide nanosheets in-situ spaced with acetylene black as cathodes for high-
performance zinc-ion batteries. ACS Appl. Mater. Interfaces 2019, 11, 41297–41303. [CrossRef]

17. Wan, F.; Zhang, Y.; Zhang, L.L.; Liu, D.B.; Wang, C.D.; Song, L.; Niu, Z.Q.; Chen, J. Reversible oxygen redox chemistry in aqueous
zinc-ion batteries. Angew. Chem. Int. Ed. 2019, 58, 7062–7067. [CrossRef] [PubMed]

18. Qin, X.H.; Wang, X.Y.; Sun, J.C.; Lu, Q.Q.; Omar, A.; Mikhailova, D. Polypyrrole wrapped V2O5 nanowires composite for
advanced aqueous zinc-ion batteries. Front. Energy Res. 2020, 8, 199. [CrossRef]

19. Wu, J.B.; Gao, X.; Yu, H.M.; Ding, T.P.; Yan, Y.X.; Yao, B.; Yao, X.; Chen, D.C.; Liu, M.L.; Huang, L. A scalable free-standing
V2O5/CNT film electrode for supercapacitors with a wide operation voltage (1.6 V) in an aqueous electrolyte. Adv. Funct. Mater.
2016, 26, 6114–6120. [CrossRef]

20. Jiang, H.F.; Cai, X.Y.; Qian, Y.; Zhang, C.Y.; Zhou, L.J.; Liu, W.L.; Li, B.S.; Lai, L.F.; Huang, W. V2O5 embedded in vertically aligned
carbon nanotube arrays as free-standing electrodes for flexible supercapacitors. J. Mater. Chem. A 2017, 5, 23727–23736. [CrossRef]

21. Yan, M.Y.; He, P.; Chen, Y.; Wang, S.Y.; Wei, Q.L.; Zhao, K.N.; Xu, X.; An, Q.Y.; Shuang, Y.; Shao, Y.; et al. Water-lubricated
intercalation in V2O5·nH2O for high-capacity and high-rate aqueous rechargeable zinc batteries. Adv. Mater. 2018, 30, 1703725.
[CrossRef]

22. Yang, Y.Q.; Tang, Y.; Liang, S.Q.; Wu, Z.X.; Fang, G.Z.; Cao, X.X.; Wang, C.; Lin, T.Q.; Pan, A.Q.; Zhou, J. Transition metal
ion-preintercalated V2O5 as high-performance aqueous zinc-ion battery cathode with broad temperature adaptability. Nano
Energy 2019, 61, 617–625. [CrossRef]

23. Islam, S.; Alfaruqi, M.H.; Putro, D.Y.; Soundharrajan, V.; Sambandam, B.; Jo, J.; Park, S.; Lee, S.; Mathew, V.; Kim, J. K+ intercalated
V2O5 nanorods with exposed facets as advanced cathodes for high energy and high rate zinc-ion batteries. J. Mater. Chem. A 2019,
7, 20335–20347. [CrossRef]

24. Pang, Q.; Sun, C.L.; Yu, Y.H.; Zhao, K.N.; Zhang, Z.Y.; Voyles, P.M.; Chen, G.; Wei, Y.J.; Wang, X.D. H2V3O8 Nanowire/Graphene
electrodes for aqueous rechargeable zinc ion batteries with high rate capability and large capacity. Adv. Energy Mater. 2018,
8, 1800144. [CrossRef]

25. Du, Y.H.; Wang, X.Y.; Man, J.Z.; Sun, J.C. A novel organic-inorganic hybrid V2O5@polyaniline as high-performance cathode for
aqueous zinc-ion batteries. Mater. Lett. 2020, 272, 127813. [CrossRef]

26. Javed, M.S.; Lei, H.; Wang, Z.L.; Liu, B.T.; Cai, X.; Mai, W.J. 2D V2O5 nanosheets as a binder-free high-energy cathode for ultrafast
aqueous and flexible Zn-ion batteries. Nano Energy 2020, 70, 104573. [CrossRef]

27. Kundu, D.; Adams, B.D.; Duffort, V.; Vajargah, S.H.; Nazar, L.F. A high-capacity and long-life aqueous rechargeable zinc battery
using a metal oxide intercalation cathode. Nat. Energy 2016, 1, 16119. [CrossRef]

28. Wan, F.; Zhang, L.L.; Dai, X.; Wang, X.Y.; Niu, Z.Q.; Chen, J. Aqueous rechargeable zinc/sodium vanadate batteries with enhanced
performance from simultaneous insertion of dual carriers. Nat. Commun. 2018, 9, 1656. [CrossRef]

29. Soundharrajan, V.; Sambandam, B.; Kim, S.; Alfaruqi, M.H.; Putro, D.Y.; Jo, J.; Kim, S.; Mathew, V.; Sun, Y.K.; Kim, J.
Na2V6O16·3H2O barnesite nanorod: An open door to display a stable and high energy for aqueous rechargeable Zn-ion
batteries as cathodes. Nano Lett. 2018, 18, 2402–2410. [CrossRef]

30. Sambandam, B.; Soundharrajan, V.; Kim, S.; Alfaruqi, M.H.; Jo, J.; Kim, S.; Mathew, V.; Sun, Y.K.; Kim, J. K2V6O16·2.7H2O nanorod
cathode: An advanced intercalation system for high energy aqueous rechargeable Zn-ion batteries. J. Mater. Chem. A 2018, 6,
15530–15539. [CrossRef]

31. Cai, Y.S.; Liu, F.; Luo, Z.G.; Fang, G.Z.; Zhou, J.; Pan, A.Q.; Liang, S.Q. Pilotaxitic Na1.1V3O7.9 nanoribbons/graphene as
high-performance sodium ion battery and aqueous zinc ion battery cathode. Energy Storage Mater. 2018, 13, 168–174. [CrossRef]

32. Li, Y.K.; Huang, Z.; Kalambate, P.K.; Zhong, Y.; Huang, Z.; Xie, M.; Shen, Y.; Huang, Y.H. V2O5 nanopaper as a cathode material
with high capacity and long cycle life for rechargeable aqueous zinc-ion battery. Nano Energy 2019, 60, 752–759. [CrossRef]

33. Yin, B.; Zhang, S.; Ke, K.; Xiong, T.; Wang, Y.; Lim, B.K.D.; Lee, W.S.V.; Wang, Z.; Xue, J. Binder-free V2O5/CNT paper electrode
for high rate performance zinc ion battery. Nanoscale 2019, 11, 19723–19728. [CrossRef] [PubMed]

119



Nanomaterials 2021, 11, 1054

34. Chen, H.Z.; Qin, H.G.; Chen, L.L.; Wu, J.; Yang, Z.H. V2O5@CNTs as cathode of aqueous zinc ion battery with high rate and high
stability. J. Alloys Compd. 2020, 842, 155912. [CrossRef]

35. He, P.; Yan, M.Y.; Zhang, G.B.; Sun, R.M.; Chen, L.N.; An, Q.Y.; Mai, L.Q. Layered VS2 nanosheet-based aqueous Zn ion battery
cathode. Adv. Energy Mater. 2017, 7, 1601920. [CrossRef]

36. Alfaruqi, M.H.; Mathew, V.; Song, J.; Kim, S.; Islam, S.; Pham, D.T.; Jo, J.; Kim, S.; Baboo, J.P.; Xiu, Z.; et al. Electrochemical zinc
intercalation in lithium vanadium oxide: A high-capacity zinc-ion battery cathode. Chem. Mater. 2017, 29, 1684–1694. [CrossRef]

37. He, P.; Zhang, G.B.; Liao, X.B.; Yan, M.Y.; Xu, X.; An, Q.Y.; Liu, J.; Mai, L.Q. Sodium ion stabilized vanadium oxide nanowire
cathode for high-performance zinc-ion batteries. Adv. Energy Mater. 2018, 8, 1702463. [CrossRef]

38. Zhang, L.Y.; Chen, L.; Zhou, X.F.; Liu, Z.P. Morphology-dependent electrochemical performance of zinc hexacyanoferrate cathode
for zinc-ion battery. Sci. Rep. 2015, 5, 18263. [CrossRef]

39. Li, G.L.; Yang, Z.; Jiang, Y.; Jin, C.H.; Huang, W.; Ding, X.L.; Huang, Y.H. Towards polyvalent ion batteries: A zinc-ion battery
based on NASICON structured Na3V2(PO4)3. Nano Energy 2016, 25, 211–217. [CrossRef]

40. Bin, D.; Huo, W.C.; Yuan, Y.B.; Huang, J.H.; Liu, Y.; Zhang, Y.X.; Dong, F.; Wang, Y.G.; Xia, Y.Y. Organic-inorganic-induced
polymer intercalation into layered composites for aqueous zinc-ion battery. Chem 2020, 6, 968–984. [CrossRef]

41. Du, Y.H.; Wang, X.Y.; Sun, J.C. Tunable oxygen vacancy concentration in vanadium oxide as mass-produced cathode for aqueous
zinc-ion batteries. Nano Res. 2021, 14, 754–761. [CrossRef]

42. Zhang, N.; Jia, M.; Dong, Y.; Wang, Y.Y.; Xu, J.Z.; Liu, Y.C.; Jiao, L.F.; Cheng, F.Y. Hydrated layered vanadium oxide as a highly
teversible cathode for rechargeable aqueous zinc batteries. Adv. Funct. Mater. 2019, 29, 1807331. [CrossRef]

120



Citation: Chao, L.; Sun, C.; Li, J.; Sun,

M.; Liu, J.; Ma, Y. Transparent Heat

Shielding Properties of Core-Shell

Structured Nanocrystalline

CsxWO3@TiO2. Nanomaterials 2022,

12, 2806. https://doi.org/10.3390/

nano12162806

Academic Editors: Jung-Inn Sohn

and Sangyeon Pak

Received: 13 July 2022

Accepted: 9 August 2022

Published: 16 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Transparent Heat Shielding Properties of Core-Shell Structured
Nanocrystalline CsxWO3@TiO2

Luomeng Chao, Changwei Sun, Jiaxin Li, Miao Sun, Jia Liu * and Yonghong Ma *

College of Science, Inner Mongolia University of Science and Technology, Baotou 014010, China
* Correspondence: jialiu@imust.edu.cn (J.L.); myh_dlut@126.com (Y.M.)

Abstract: Nanocrystalline tungsten bronze is an excellent near-infrared absorbing material, which
has a good potential application in the field of transparent heat shielding materials on windows of
automobiles or buildings, but it exhibits serious instability in the actual environment, which hinders
its further application. In this paper, we coated the CsxWO3 nanoparticles with TiO2 to prepare
core-shell structured CsxWO3@TiO2, and its crystal structure and optical properties were studied.
The results show that the surface of CsxWO3 nanoparticles is coated with a layer of TiO2 particles
with the size of several nanometers, and the shell thickness can be adjusted by the amount of Ti
source. The measurement of optical properties illustrates that TiO2-coated CsxWO3 exhibits good
stability in actual environment, and its transparent heat shielding performance will decrease with
the increase in TiO2 shell thickness. This work provides a new route to promote the applications of
tungsten bronze as heat shielding materials.

Keywords: tungsten bronzes; nanocrystals; core-shell structure; heat-shielding materials

1. Introduction

Nearly half of the solar radiation energy comes from near infrared light (NIR) in the
range of about 760–2500 nm. Therefore, if the glass of buildings or automobiles can block
NIR light while maintaining high transmittance of visible light, it can effectively reduce
the room temperature, thus reducing the utilization of air conditioning and achieving the
purpose of energy saving and emission reduction. At present, the most common commercial
transparent heat shielding glass is Low-E glass or ITO glass [1,2], but the popularity of
these materials is not very high because of its complex preparation process and high cost.
Therefore, the current research has focused on new transparent heat shielding materials
such as rare-earth hexaborides, VO2 or tungsten bronzes [3–11]. All of these materials have
good application prospects in the field of transparent heat shielding materials, but there
are also some problems. It is difficult to prepare nanocrystalline rare-earth hexaborides and
the cost is high; high phase transition temperature of 68 ◦C and low visible transmittance
hinders the further development of VO2; although tungsten bronze has excellent properties,
its stability in the practical environment is insufficient.

The chemical formula of tungsten bronzes can be written as MxWO3, where the M
represents alkaline earth metal, alkali metal, ammonium or rare earth metal ion. When the
M cations are inserted into the whole gap of MxWO3, then x = 1. In the actual environment,
MxWO3 is easily oxidized, and M+ escapes from the particle and forms WO3 on the surface,
which leads to serious instability of NIR absorption of MxWO3 [12]. A good way to solve
this problem is coating MxWO3 nanoparticles with suitable materials. Jin et al. prepared
core-shell structured CsxWO3@SiO2 and CsxWO3@ZnO nanoparticles and achieved high
stability of NIR absorption [13,14]. In the previous theoretical calculation, we found that
TiO2-coated CsxWO3 (CWO) also has good transparent heat shielding properties [15].
Considering the better stability of TiO2, we synthesized core-shell structured nanocrys-
talline CWO@TiO2 in this work, and the stability and optical behavior of nanoparticles was
investigated in detail.
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2. Materials and methods

2.1. Preparation of CWO Nanoparticles

A total of 0.7554 g of cesium hydroxide monohydrate (CsOH·H2O) was added to
300 mL benzyl alcohol (C7H8O) solution and stirred for half an hour. Then, an appropriate
amount of tungsten hexachloride (WCl6) was added and the WCl6 concentration of precur-
sor solution was kept at 0.015 M. After that, the orange precursor solution was heated in an
autoclave at 200 ◦C for 4 h. Finally, the obtained blue powder was washed with alcohol
and deionized water several times, and dried in a vacuum at 60 ◦C for 2 h.

2.2. Preparation of CWO@TiO2 Nanoparticles

An amount of 3 g CWO powder was added to 400 mL ethanol and dispersed by soni-
cation for 30 min. Then, a different amount (0.2, 0.4 and 0.6 mL) of titanium isopropoxide
(TTIP) was added to the solution for forming TiO2 shell on the surface of CWO particles.
After that, deionized water was added to the solution with strong stirring. Then, the
mixture was heated in the autoclave at 200 ◦C for 18 h. Finally, the product was washed
several times with deionized water, and dried at 50 ◦C in vacuum overnight. According to
the different amount of TTIP used in the reaction process, the obtained three samples are
expressed as CWO@0.2TiO2, CWO@0.4TiO2 and CWO@0.6TiO2, respectively.

2.3. Fabrication Process for CWO@TiO2 Coated Glass

The heat-shielding glass was prepared by the spin coating method. First, 0.2 g
CWO@TiO2 was dispersed in 20 mL ethanol solution by ultrasonic for 30 min, then 5 g
polyvinyl butyral (PVB) resin was added under strong stirring for 20 min to obtain coating
slurry. After spin-coating with a centrifugal speed of 2000 rad/min for 40 s, the coated
glass was kept at 40 ◦C for 1 h to remove residual liquid.

2.4. Discrete Dipole Approximation Method

Discrete dipole approximation method (DDA) is an effective way to calculate the far-
field and near-field optical responses of nanoparticles with complex refractive indexes and
arbitrary geometries [16–19]. In this work, an open-source Fortran-90 code DDSCAT 7.3 ap-
plying the DDA method [20] was used to simulate the extinction efficiencies of CWO@TiO2.
The program has given ellipsoid, regular tetrahedron, cuboid, cylinder, hexagonal prism,
regular tetrahedron and other structural models. These models can be combined with the
dielectric function of the corresponding material to calculate the extinction, absorption and
scattering efficiency. Specific parameters such as the effective radius of particles, the num-
ber of dipoles and the wavelength range should be set in the program during calculation.
In our calculation, a complex dielectric constant of CWO measured by Sato et al. was used
to simulate the optical response [21] and the dielectric constants of TiO2 were obtained
from the diel files of DDSCAT 7.3. The calculated wavelength range was 300 nm–2500 nm
with 100 steps; The effective radius of the CWO@TiO2 with different TiO2 shell thicknesses
are set as 55 nm, 60 nm, 65 nm, 70 nm and 80 nm; The dipole ratios are 11:10, 6:5, 13:10, 7:5,
8:5; The refractive index is set to 1.

3. Results and Discussions

The phase composition and crystallographic structure of the samples were confirmed
by XRD measurement and results are given in Figure 1. The pure CWO presented hexagonal
structure of Cs0.32WO3 (JCPDS 83-1334), and no impurity peaks were observed in the
pattern. For TiO2-coated CWO nanoparticles, the extra peaks appeared in the pattern which
belongs to TiO2 (JCPDS 21-1272). With the increase in the amount of Ti source, the peak
intensity at 25◦ is obviously increasing, indicating that the content of TiO2 is increasing.
These XRD results indicate that there are both CWO and TiO2 crystals in the sample. The
two structures exist independently and the formation of TiO2 did not affect the structure
of CWO.
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Figure 1. XRD patterns of the uncoated CsxWO3 and TiO2 coated CsxWO3 nanoparticles.

Figure 2 shows the SEM images of uncoated CWO and TiO2-coated CWO nanopar-
ticles. The element mapping and corresponding element spectrum for CWO@0.2TiO2
are also given in Figure 2. The uncoated CWO is composed of irregular particles with
good dispersion, and the size is about tens of nanometers. Unlike pure CWO samples,
it is clearly seen that a layer of several nanometer-sized small particles appeared on the
surface of the CWO particles for the TiO2 coated samples. With the increase in TiO2 content,
CWO@0.6TiO2 exhibits obvious spherical shape with largest size. Combined with the XRD
results, it can be concluded that CWO is coated with a layer of TiO2. The element mapping
of all samples and corresponding element spectrum for CWO@0.2TiO2 are also given in
Figure 3, which illustrate that Cs, W, O and Ti elements are uniformly distributed in the
selected area on coated samples, and no other elements are found.

Figure 4 shows the TEM images of coated CWO samples. It can be clearly seen in
Figure 4a–c that tens of nanometers of particles are coated by several nanometers of small
particles, and the small particles in the outer layer are increasing with the increase in Ti
source. Figure 4d clearly exhibits the single-crystalline nature of the two kinds of particles.
The lattice fringes of d = 0.38 nm have good agreement with the (002) crystal planes of
CWO structure shown in Figure 1, while the lattice fringe of d = 0.35 nm corresponds with
the (101) crystal plane of tetragonal TiO2 phase. In Figure 4e,f, the diffraction rings of
TiO2 such as (101), (004) and (220) are obtained, which is consistent with the XRD analysis
(JCPDS 21-1272). The TEM results confirm that the surface of CWO is coated with a layer
of crystalline TiO2.
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Figure 2. SEM image of the (a) CWO, (b) CWO@0.2TiO2, (c) CWO@0.4TiO2, (d) CWO@0.6TiO2 (inset
shows a magnification of one segment).

Figure 3. Element mapping of (a) CWO, (b) CWO@0.2TiO2, (c) CWO@0.4TiO2, (d) CWO@0.6TiO2;
(e) Element spectrum of CWO@0.2TiO2.
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Figure 4. TEM images of the (a) CWO@0.2TiO2, (b) CWO@0.4TiO2, (c) CWO@0.6TiO2; HRTEM
image of the (d) CWO@0.2TiO2; SAED of the CWO@0.2TiO2 (e) selected area, (f) diffraction rings.

The chemical states of the coated samples was carefully determined by XPS. The
full range XPS spectra and W4f core-level spectra of CWO@0.2TiO2 are given in Figure 5.
Except the existence of Cs, W, O, and Ti elements, no other impurity elements were found
in the full range XPS spectra, which is consistent with the element spectrum results in
Figure 3e. The W4f core-level XPS spectra of CWO@0.2TiO2 can be fitted as two spin-orbit
doublets. The peaks at 37.3 and 35.2 eV were attributed to W6+, and the peaks at 36.1 and
33.8 eV were attributed to W5+, respectively. The NIR shielding properties of CWO are
determined by the plasmon resonance of free electrons. The addition of Cs element into
WO3 structure can reduce part of W6+ to W5+, so as to enhance the carrier concentration
and small polaron mechanism [22], which is the reason why CWO material has high NIR
shielding performance.
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Figure 5. (a) Full range XPS spectra and (b) W4f core-level XPS spectra of CWO@0.2TiO2.

In order to observe the stability of coated CWO in the actual environment, the
obtained powders were dispersed in ethanol and made into thin films on glass slides
to test their absorption behavior. Figure 6a shows the absorption curve of CWO and
CWO@0.2TiO2 nanoparticles after different durations. For the uncoated CWO nanoparti-
cles, the NIR absorption ability degraded seriously after 30 days. While the NIR absorption
of CWO@0.2TiO2 nanoparticles showed only slight degradation, indicating that TiO2
showed a good protective effect that TiO2 prevents Cs+ escape from the particle surface
and form WO3. To determine the effect of different Ti sources content on the transmittance
behavior of CWO particles, the three CWO@TiO2 samples were dispersed with PVB resin
and coated on a glass slide (size of 10 cm × 10 cm) using a spin coating method. By observ-
ing the CWO@0.2TiO2 coated glass photo in Figure 6b, no opaque or haze-like property
was found. The transmittance curve of three CWO@TiO2-coated glass are revealed in
Figure 6b, and the transmittance curve of CWO-coated glass is also given for comparison
purpose. It can be clearly seen that the four samples show good transparent NIR shielding
properties. The transmittance in the visible light decreases with the increase in Ti source
and increases obviously in the NIR region. This shows that the thicker the TiO2 shell, the
worse the transparent heat shielding performance. This can be attributed to two reasons,
one is the influence of the intrinsic optical properties of TiO2, and the other is the increasing
particle size with the increase in TiO2 shell thickness. Our previous research shows that the
larger the particle size of transparent heat shielding material, the worse the NIR shielding
performance [15].

However, it is difficult to accurately control the particle size, shell thickness and other
factors in the experiment. In order to systematically study the effect of shell thickness
on the optical properties of CWO, we calculated the extinction characteristics of CWO
with different TiO2 thickness by using the discrete dipole approximation (DDA) method.
Figure 7 presents the extinction efficiencies of CWO spherical particles with different TiO2
shell thicknesses. It is discernible that uncoated CWO shows high extinction in the NIR
region and low extinction in the visible region, indicating the transparent heat-shielding
properties of CWO materials. With the increase in TiO2 thickness, the absorption edge
in the visible region is red-shifted, and the extinction in the NIR region is weakened. We
infer that the red shift of the absorption edge in the visible region is related to the intrinsic
optical properties of TiO2, while the weakening of the extinction in the NIR region is
related to the increase in particle size. Such a trend of optical response with TiO2 shell
thickness obtained by DDA calculation is in good agreement with the experimental results
in Figure 6b, indicating that the shell thickness should not be too thick when coating CWO
with TiO2.
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Figure 6. (a) The absorption curve of CWO and CWO@0.2TiO2 nanoparticles after different durations,
(b) Transmittance curve of coated glass (inset shows the CWO@0.2TiO2-coated glass used in the
transmittance test).

Figure 7. Extinction efficiencies of CWO spherical particles with different TiO2 shell thicknesses.

Finally, to verify the temperature control effect of CWO@TiO2-coated glass, a model
house has been designed to test the temperature change as shown in the Figure 8a. The
CWO@0.2TiO2-coated glass is placed on the center of a cement wall and directly irradiated
by the light from a NIR lamp (PHILIPS, R125) 50 cm away. Two thermocouples of T1 and
T2 are placed behind the glass where they are directly illuminated by light and behind the
cement wall where not directly illuminated by light, respectively. In addition, a blank glass
was used in the control group test. Figure 8b shows the temperature changes with time
measured by T1 and T2 in the model house. The results show that the CWO@0.2TiO2 coated
glass reduces the T1 and T2 temperature by 6.3 ◦C and 2.5 ◦C, respectively, indicating that
TiO2-coated CWO still has good heat shielding effect. However, although the other two
samples CWO@0.4TiO2 and CWO@0.6TiO2 also have the cooling effect, the effect is not
as good as CWO@0.2TiO2, because the thicker the coating, the greater the near-infrared
transmittance, which is consistent with the results in Figure 6b.
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Figure 8. (a) Photographs of devices used in temperature control test, (b) The temperature changes
with time measured by T1 and T2 in the model house.

4. Conclusions

In this article, nanocrystalline CWO particles were prepared by solvothermal method
and coated with small TiO2 crystals. The XRD, SEM and TEM results show that the surface
of CWO is coated with a layer of crystalline TiO2, and the thickness of TiO2 shell increases
with the increase in TTIP amount in the reaction process. The absorption spectrum illus-
trates that the NIR absorption stability of CWO@0.2TiO2 is much better than that of CWO
after 30 days, indicating that TiO2 coating significantly improves the stability of tungsten
bronze. The transmittance of CWO@TiO2-coated glass in the visible region decreases with
the increase in Ti source and increases obviously in the NIR region, indicating that the
thicker the TiO2 shell, the worse the transparent heat shielding performance. The DDA
simulation results also confirm this trend. The measurement of temperature control effect in
the model house gives that the CWO@0.2TiO2-coated glass reduces the indoor temperature
by 6.3 ◦C and 2.5 ◦C at different places in the room, respectively, which demonstrated the
good heat shielding performance of TiO2-coated CWO.
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