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Preface

In the ever-evolving landscape of materials science, the study of nanostructured materials and

nanocomposites has emerged as a cornerstone of innovation. This reprint is dedicated to exploring

the fascinating world of these materials, with a specific focus on their photonic, optoelectronic, and

mechanical applications.

The subject of this reprint is vast and multifaceted. Nanocomposites, which blend nanosized

materials within a standard material matrix, offer unparalleled opportunities for property

enhancement. The quantum size effects in nanomaterials lead to significant alterations in their

electronic properties, which in turn profoundly modify their photonic, optoelectronic, and

mechanical behaviors compared to their bulk forms.

The scope of this collection is broad, encompassing the preparation, characterization, and

diverse applications of nanostructured materials and nanocomposites. We aim to delve into the

fundamental aspects of these materials, understanding how their structural, mechanical, photonic,

and optoelectronic properties interact to give rise to their unique functionalities.

The reasons and motivations behind this reprint are rooted in the rapid advancements and

immense potential of these materials in various fields. From nonlinear optics and electro-optic

modulators to photovoltaics, plasmonics, lighting, displays, anti-counterfeiting, and photodetectors,

nanomaterials and nanocomposites are driving significant technological breakthroughs. However, to

fully harness their capabilities, a deeper and more comprehensive understanding of their underlying

properties is essential.

This reprint is addressed to a wide-ranging audience, including researchers, scientists, engineers,

and students in the fields of materials science, photonics, optoelectronics, and mechanics. It serves as

a valuable resource for those seeking to stay abreast of the latest developments in this dynamic area

of research.

We are fortunate to have contributions from a group of distinguished authors who have

dedicated their expertise to this reprint. Their original research and review articles provide new

insights, innovative approaches, and in-depth analyses of the subject matter.

We would like to express our sincere gratitude to all the authors for their hard work, dedication,

and willingness to share their knowledge and findings. We also acknowledge the support of the

editorial team and the publisher for their invaluable assistance in bringing this reprint to fruition.

We hope that this reprint will inspire further research, stimulate new ideas, and contribute to the

advancement of the field of nanostructured materials and nanocomposites.

Gongxun Bai and Xiewen Wen

Guest Editors
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Multi-Mode Lanthanide-Doped Ratiometric Luminescent
Nanothermometer for Near-Infrared Imaging within
Biological Windows

Hao Li 1, Esmaeil Heydari 2, Yinyan Li 1,*, Hui Xu 1, Shiqing Xu 1, Liang Chen 1,* and Gongxun Bai 1,*

1 Key Laboratory of Rare Earth Optoelectronic Materials and Devices of Zhejiang Province, China Jiliang
University, Hangzhou 310018, China

2 Nanophotonic Sensors & Optofluidics Lab., Faculty of Physics, Kharazmi University, Tehran 15719-14911, Iran
* Correspondence: liyinyan@cjlu.edu.cn (Y.L.); lchen@cjlu.edu.cn (L.C.); baigx@cjlu.edu.cn (G.B.)

Abstract: Owing to its high reliability and accuracy, the ratiometric luminescent thermometer can
provide non-contact and fast temperature measurements. In particular, the nanomaterials doped with
lanthanide ions can achieve multi-mode luminescence and temperature measurement by modifying
the type of doped ions and excitation light source. The better penetration of the near-infrared (NIR)
photons can assist bio-imaging and replace thermal vision cameras for photothermal imaging. In
this work, we prepared core–shell cubic phase nanomaterials doped with lanthanide ions, with
Ba2LuF7 doped with Er3+/Yb3+/Nd3+ as the core and Ba2LaF7 as the coating shell. The nanoparticles
were designed according to the passivation layer to reduce the surface energy loss and enhance
the emission intensity. Green upconversion luminescence can be observed under both 980 nm and
808 nm excitation. A single and strong emission band can be obtained under 980 nm excitation,
while abundant and weak emission bands appear under 808 nm excitation. Meanwhile, multi-mode
ratiometric optical thermometers were achieved by selecting different emission peaks in the NIR
window under 808 nm excitation for non-contact temperature measurement at different tissue depths.
The results suggest that our core–shell NIR nanoparticles can be used to assist bio-imaging and record
temperature for biomedicine.

Keywords: fluoride nanocrystals; ratiometric thermometry; lanthanide dopant; upconversion;
photothermal therapy

1. Introduction

As a basic parameter, temperature has been widely observed and measured in many
fields, such as bioengineering, medical treatment, and physical chemistry [1–5]. Ratio
thermometers are based on the multiple emissions provided by phosphors, usually with
significant relative sensitivity, Sr. The dual-emission ratio luminescence thermometer
shows the resolvable emissions of two different emitters and can be used as a self-reference
ratio [6,7]. Temperature-sensitive signal changes can be measured using ratio intensities
rather than absolute photoluminescence intensities to reduce the influence of external
factors [8]. On the one hand, the high accuracy and reliability of fluorescent nanoparticles in
the application of ratio optical temperature measurement can be achieved [9]. On the other
hand, lanthanide-doped nanoparticles can generate upconversion luminescence under the
excitation of an external excitation light source [10]. Therefore, noninvasive, non-contact
biological tissue temperature measurements based on lanthanide-doped nanoparticles are
possible [11].

In fact, in the field of non-contact thermometry, lanthanide-doped nanoscale tem-
perature probes can achieve NIR emission at the same time through NIR excitation [12].
Compared with luminescence thermometers based on other materials, lanthanide-doped
nanoscale temperature probes can have richer NIR emission bands by changing the doping

Nanomaterials 2023, 13, 219. https://doi.org/10.3390/nano13010219 https://www.mdpi.com/journal/nanomaterials1
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elements, which provides more options for multi-mode temperature measurement [13–15].
Different from visible light, the absorption and scattering of NIR photons in in vivo envi-
ronments are significantly reduced. This avoids possible tissue damage caused by UV light,
providing a greater reading of tissue penetration depth and optimizing the signal-to-noise
ratio [16,17]. The excellent penetrability of the NIR region to biological tissues determines
its potential in biological applications, especially for the second biological window (NIR
region 2). The second biological window is not only convenient for multi-mode optical
measurement but also coincides with the NIR imaging window. This gives the second
biological window full use of the NIR-II window (1000–1350 nm) for in vivo fluorescence
imaging. This advantage is not available in conventional visible light fluorescence imaging
and the NIR-I window (700–950 nm). The imaging quality is greatly improved due to low
self-fluorescence and reduced scattering [18–20].

In this paper, the core–shell lanthanide-doped nanoparticles are designed as multi-
mode NIR nanothermometers, and their applicability in temperature sensing applications
is demonstrated. Compared with 980 nm, 808 nm excitation is more difficult to be scattered
and absorbed by water in tumor tissues, and NIR emission involves the NIR-II window and
NIR-I window [21–23]. Therefore, by using the two windows, not only multi-mode optical
temperature measurement of tissues at different depths can be realized, but they also can
be applied for deep biological NIR tissue imaging. Nanoparticles possess two optical
properties, temperature-dependent thermal coupling energy level and phonon-assisted
thermal sensitivity fluctuation [24–26]. These optical properties make Nd3+/Yb3+/Er3+-
doped Ba2LuF7 nanocrystals have the potential to work in biological tissues as ratio optical
thermometers. Their maximum thermal sensitivity is 0.63% K−1, which is superior to
some lanthanide-doped fluoride nanoparticles and quantum dot materials, as shown in
Table S1 [27–29]. The nanocrystals have certain absorptivity and reflectance for NIR excita-
tion sources, as shown in Figure S1. At the same time, multiple thermal coupled energy
levels can be obtained in a single probe by observing emissions in different regions and
selecting different emission ratios, to realize multi-mode temperature measurement [30,31].
The novelty of this work lies in the realization of multi-mode optical temperature mea-
surement using different NIR windows and taking into account the imaging of biological
windows, which provides new support for the application of the lanthanide-doping nano
platform in tumor detection and treatment.

2. Materials and Methods

2.1. Sample Fabrication

Nanocrystals with the nominal chemical formula of Ba2Lu1-x-yF7: zEr3+/yYb3+ xNd3+

were prepared from trifluoroacetate materials. The values of x, y, and z are 0.03, 0.24, and
0.03, respectively. The precursor of lanthanide trifluoroacetic acid was prepared from the
corresponding lanthanide and BaCO3 and trifluoroacetic acid (99%). The raw materials
were composed of Lu2O3, BaCO3, Er2O3, Nd2O3, Yb2O3, and La2O3. The purity of the
above oxides is 99.99%. The nanomaterials were fabricated by thermal decomposition.
In the case of the Ba2LuF7: 3%Nd3+, 24%Yb3+, 3%Er3+ triple-doped samples, 0.015 mmol
of Er2O3, 0.35 mmol of Lu2O3, 0.12 mmol of Yb2O3, and 0.015 mmol of Nd2O3 were
dissolved to transparency in 10 mL trifluoroacetic acid solution, where the concentration
of the trifluoroacetic acid solution was 50% at 105 ◦C. The temperature rose to 120 ◦C and
slowly evaporated the remaining water and acid until it left a dry solid. After that, the
trifluoroacetate was mixed with 11 mL octadecene and 7 mL oleic acid in a three-necked
flask. The purity of oleic acid and octadecene here is 90%. The solution was heated to
130 ◦C in a nitrogen-filled flask and stirred quickly for 90 min to remove the remaining
oxygen and water. It was then heated to 300 ◦C under dry nitrogen at 10 ◦C/min and kept
at this temperature for 2 h. All the above chemical materials were obtained from Aladdin
in Shanghai.
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2.2. Characterization of Sample

The X-ray diffraction (XRD) data were collected by X-ray diffractometer (D2 PHASER,
Bruker, Germany) with Cu-Kα (1.5406 Å) radiation. The elemental composition of nanocrys-
tals was investigated by X-ray photoelectron spectroscopic analysis (XPS, K-Alpha, Thermo
Scientific, WWLP, USA). The surface morphology and particle size distribution of nanocrys-
tals were recorded by a transmission electron microscope (TEM, Tecnai G2 F20, FEI, OR,
USA). The optical temperature measurement platform built by us not only recorded the
temperature detection performance of the prepared nanocrystals but also evaluated their
photothermal performance. The fluorescence spectrophotometer type QM8075-11(HORIBA,
Japan) was used to record the photoluminescence spectra of nanomaterials. The ultra-
violet absorption spectrum and Fourier transform infrared spectrum of nanoparticles
were obtained by an ultraviolet spectrophotometer (UV-3600, SHIMADZU, Japan) and
a Fourier transform infrared spectrometer (iS50, Nicolet, WI, USA), respectively. The
NIR imaging of nanoparticles was performed by a NIR camera in a dark chamber (3200
OV1080P, Angeleyes, ShengZhen, China). In the absence of additional instructions, the
above experiments were carried out at room temperature.

3. Results and Discussion

3.1. Phase Structure and Morphology of Ba2LuF7@Ba2LaF7 Nanoparticles

The morphology and size of the compound were measured by transmission electron
microscope (TEM). As demonstrated in Figure 1a,b, the Ba2LuF7@Ba2LaF7 nanocrystals
were composed of a large number of cubic phase nanoparticles, about 10 nanometers in
length. Figure 1a–c show the morphological characterization of nanocrystals at different
scales. Based on 100 nanoparticles, Figure 1d also reveals that synthesized Ba2LuF7@Ba2LaF7
nanoparticles were uniformly sized with mean particle sizes of 10 ± 2 nm. Moreover, the
structure of the synthesized nanocrystals was confirmed by X-ray diffraction (XRD) in
Figure 1e. According to the half-width of the three strongest diffraction peaks of the
XRD pattern, the average diameter of the nanoparticles was about 12.7 nm, which was
calculated by the Debye–Scherrer formula. The calculated results were found to be close to
the TEM analysis. The XRD patterns for the synthesized Ba2LuF7@Ba2LaF7 nanoparticles
(Figure 1a) confirmed that the samples are crystalline with the diffraction peaks indexed
to Ba2LaF7 (PDF # 49-0099). The diffraction peak of the Ba2LuF7@Ba2LaF7 nanoparticles
was slightly offset from the Ba2LaF7 (PDF # 49-0099), which was due to the substitution
of La3+ ions by Lu3+ ions in the lattice position, forming the cubic phase Ba2LuF7. For
the sake of deeply comprehending the impact of the Yb3+/Nd3+/Er3+ ions doping on the
crystal structure of the studied samples, the Rietveld refinements of the typical Ba2LuF7:
Yb3+/Nd3+/Er3+@Ba2LaF7 nanoparticles based on their XRD data were carried, as depicted
in Figure 1f. As expected, these calculated diffraction bands were identical to those of the
experimental data, which implied that the resultant nanoparticles exhibited a pure cubic
phase [32]. As shown on the upper right in Figure 1c, the high-resolution TEM image
consisted of clear lattice fringes with a spacing of around 0.213 nm.

3.2. XPS Analysis of Ba2LuF7 and Ba2LuF7@Ba2LaF7 Nanoparticles

The chemical composition and electronics state information of Ba2LuF7 and Ba2LuF7@-
Ba2LaF7 nanoparticles were investigated by X-ray photoelectron spectroscopic (XPS) anal-
ysis. Figure S2a,b describe the recorded XPS spectra of Ba2LuF7 and Ba2LuF7@Ba2LaF7
nanoparticles, respectively. In addition, these XPS survey spectrum peaks verified the pres-
ence of Ba, Lu, La, and F aspects. Additionally, the C1s peak located at a binding energy of
285 eV might be due to the XPS instrument’s adventitious hydrocarbon. In Figure S2c, The
Ba 3d deconvoluted spectrum shows the binding energy peak, and 780 eV for Ba 3d spin-
orbit components is fairly similar to the theoretical value of Ba2+. Figure S2d–f core level
spectra show the peaks on La 3d, Lu 4d, and F 1s at 836, 198, and 684 eV, respectively [33].
This proved the existence of Ba2LuF7 and Ba2LaF7. Therefore, the XPS studies confirmed
that Ba2LuF7@Ba2LaF7 nanoparticles were obtained without foreign contaminants.

3
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Figure 1. (a) Morphological characterization of nanocrystals at 50 nm scales was obtained by TEM.
(b) Morphological characterization of nanocrystals at 10 nm scales was obtained by TEM. The selec-
tive area electron diffraction (SAED) pattern is presented in the illustration on the upper right. (c) The
high-resolution TEM (HR-TEM) image of Ba2LuF7@Ba2LaF7. (d) The particle size distribution plot
for Ba2LuF7@Ba2LaF7. (e) XRDs of tri-doped Ba2LaF7 and Ba2LuF7@Ba2LaF7 nanocrystals were com-
pared with those of standard cards. (f) Rietveld XRD refinement for Ba2LuF7@Ba2LaF7 nanocrystals.

3.3. Photoluminescence Properties of Nanoparticles

We investigated the near-infrared upconversion photoluminescence properties of
the Ba2LuF7: Nd3+ /Er3+/ Yb3+ system based on the spectral data of the nanoparticle
system. The photoemission spectrum of the prepared tri-doped Ba2LuF7 nanoparticles
under 808 nm photoexcitation is shown in Figure 2a. The curve shown in Figure 2a shows
that the upconversion emission performance of all samples is consistent with the reported
performance. It consists of four strong peaks triggered by the Yb3+/Er3+/Nd3+ transition,
and the central wavelengths are 974 nm, 1052 nm, 1321 nm, and 1527 nm, respectively.
These transitions are reported to correspond to the 2F5/2→2F7/2 transition of the Yb3+

ion. This proves that Yb3+: 2F5/2 level populations can be reached from Nd3+ ions to
Yb3+ ions through phonon-assisted energy transfer (PAET) [34,35]. Furthermore, the PAET
process between Er3+ and Yb3+ can be viewed as a 4I13/2→4I15/2 transition, because the
emission of Er3+ can also be found in the fluorescence spectrum of tri-doped Ba2LuF7
nanoparticles. In addition, the emission of Ba2LuF7: Yb3+/Nd3+/Er3+ (1052 nm and 1321
nm) in the near-infrared region matches the 4F3/2→4F11/2 and 4F3/2→4I13/2 transitions of
Nd3+ ions [36,37]. Finally, the transitions of Yb3+, Nd3+, and Er3+ marked in Figure 2c are
distributed in the NIR region of NIR-I, NIR-II, and NIR-III.

In addition, it was found that both green and red upconversion emission intensities
were sharply increased by enhancing the excitation optical power, and that the slopes of
the emission peaks obtained by linear fitting were 1.213, 1.166, and 1.160, respectively.

Figure S3a,b show that these transitions correspond to two photons, which is bene-
ficial in reducing the energy loss caused by scattered light, thus facilitating fluorescence
imaging [38]. Similarly, the same pattern applies to launches located at NIR-I and NIR-II.
Notably, the coating of a Ba2LaF7 shell onto Ba2LuF7: Yb3+/Nd3+/Er3+ nanoparticles

4
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enhanced the upconversion luminescence intensity 3.5-fold (Figure S3c,d). These results
suggest that Ba2LaF7 shell passivation can effectively mitigate the quenching of trapped
upconversion luminescence on nanocrystal surfaces.

Figure 2. (a) The emission spectra of Yb3+/Nd3+ and Yb3+/Er3+/Nd3+ codoped Ba2LaF7 and
Ba2LuF7 nanoparticles, and the excitation light source wavelength is 808 nm. (b) Schematic illustra-
tion of the luminescent nanoparticles excited by 808 nm laser. (c) General energy level diagram of
Er3+, Yb3+, and Nd3+ ions.

3.4. Sensitivity of Ratiometric Thermometry for Nanoparticles

The upconversion emission spectra of nanoparticles prepared in this study were fitted
as temperature-dependent functions to verify their feasibility as optical thermometers
under the premise of temperature control in the 308–528 K range. As disclosed in Figure 3a,
the upconversion emission intensity of Ba2LuF7: Yb3+/Nd3+/Er3+ nanoparticles depends
on temperature. Figure 3a specifically shows that the upconversion emission intensity
corresponding to the Nd3+ ion shows an opposite trend with the increase in temperature,
which is triggered by the thermal quenching effect, according to common reports. However,
from the integrated upconversion intensities spectral curve at different room temperatures
(Figure 3b), the emission intensity of the 2F5/2→2F7/2 transition increases slowly compared
with that of the 4F3/2→4F11/2 transition due to the phonon auxiliary heat of the Nd3+

phonon. After it is verified that the FIR values of the two kinds of emissions depend on
temperature, it can be predicted that the nanoparticles prepared in this work have the
potential to be used in optical temperature sensors. Compared with the thermal coupling
energy levels of 540 and 521 nm in Figure S3, the corresponding energy level emissions
of 974 and 1052 nm also accord with the Boltzmann factor to control the thermal balance,
which can be described as the following:

FIR =
I974

I1052
= Cexp

(−ΔE
kT

)
(1)

K and T correspond to the Boltzmann constant and Kelvin scale temperature, respec-
tively; C, as a constant, is related to the choice of the main material; ΔE is determined by the
energy gap between the 4F3/2 and 2F5/2 states. As disclosed in Figure 3b, the relative value
of I1052 weakened steadily. Meanwhile, the decline of I1052 exceeds that of I974. I974/I1052
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reveals an escalating trend from 0.88775 to 2.12769, because the downward trends in I974
and I1052 were different.

Figure 3. (a) Photoluminescence spectra curve of the Ba2LuF7: Yb3+/Nd3+/Er3+ nanoparticles
covering 308–528 K temperature range. Integrated upconversion intensities at 974 nm and 1052 nm.
(b) Temperature dependence of the fluorescence ratio values of thermally coupled energy levels.
(c) Ln(FIR) is an inverse absolute function of absolute temperature. (d) The temperature function of
the thermal coupling level of nanomaterials based on the fitting of Sa and Sr values.

The absolute temperature (1/T) and ln(I974/I1052) were linearly fitted according to
Equation (1). This is an inverse curve with a regression coefficient (R2) of 0.99829, and
all points could pass through the fitting line, as disclosed in Figure 3c. The relevant
parameters of the fitted curve are −0.06535 and 2.0198, respectively, corresponding to the
slope and intercept. The fitting curve of Ln(I974/I1052) and 1/T has a good linear trend in
the temperature range of 308 K to 528 K.

As an important index to measure optical temperature sensitivity, Sa represents abso-
lute sensitivity and Sr represents relative sensitivity. The value of Sa can be calculated by
the following formula:

Sa =

∣∣∣∣dFIR
dT

∣∣∣∣ = FIR
(

ΔE
kT2

)
(2)

Figure 3d shows the function curve of Sa and Sr from 308 to 548 K concerning tem-
perature. Since the slope and intercept of the fitted line were obtained in Figure 3c, the
values of Sr and Sa can be obtained only by substituting them into Equations (3) and (2).
As disclosed in the figure, due to the influence of the auxiliary heat of the Nd3+ ion phonon,
the greatest Sa first occurs when the curve is at 368 K, which is 0.50% K−1, and then it grad-
ually decreases as the temperature goes up. When the temperature goes up, Sr decreases
gradually. At this point, the greatest value is 0.63% K−1 at 308 K.

As an important parameter to measure the performance of optical thermometers, the
relative temperature can be calculated by the following formula:

Sr =

∣∣∣∣ 1
FIR

dT
dFIR

∣∣∣∣× 100% (3)

Because a certain amount of Nd3+ ions were added into the prepared Yb3+/Er3+

nanocrystals in this work, a new emission peak in the near-infrared region of the excitation
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spectrum could be observed. The nanocrystals were exposed to an 808 nm light source.
For instance, the peak of the spectrum at 1321 nm is the energy level transition of Nd3+:
4I3/2→4I15/2. It can be understood from the revelation in Figure 4a that the upconver-
sion luminescence intensity declines with the rise in temperature, within the range of
308 ~ 548 K. Similarly, due to the phonon-assisted heat of Er3+ phonons, the emission
intensity of the 4I13/4→4I15/2 transition fluctuates with the rise and fall of the experimental
temperature. Figure 4b shows a comparison of the luminescence intensity from 308 to
548 K with temperature changes at 1321 nm and 1527 nm wavelengths. As mentioned
above, even though the luminescence intensity corresponding to the 1321 nm level declines
with the rise in temperature, the luminescence intensity corresponding to the 1527 nm level
decays faster under the same conditions. This will cause the FIR value of I1321/I1527 to
decline when the temperature rises. It has the greatest FIR of 0.31652 at 308 K and the least
FIR of 0.22582 at 548 K.

Figure 4. (a) Photoluminescence emission spectra curve of the Ba2LuF7: Nd3+/Yb3+/Er3+ nanopar-
ticles covering 308–528 K temperature range. Integrated upconversion intensities at 1321 nm and
1527 nm. (b) Temperature dependence of the fluorescence ratio values of thermally coupled energy
levels. Dependence of FIR values of the (b) thermally coupled levels on temperature. (c) Ln(FIR) as
an inverse absolute function of inverse absolute temperature. (d) The temperature function of the
thermal coupling level of nanomaterials based on the fitting of Sa and Sr values. Sa and Sr values are
based on the (d) thermally coupled levels as a function of temperature.

As shown in Figure 4c, Ln(FIR) was linearly fitted to 1/T by Equation (1) to obtain
a line with R2 = 0.99339. According to the fitting results, the calculated Ln(FIR) value
coincides with the fitting line. The relevant parameters of the fitted curve are 0.2465 and
−1.9594, respectively. Figure 4d reveals the curve composed of the values of Sa and Sr
calculated by substituting them into Equations (2) and (3). In the range of 308 K to 548 K,
Sa rose with the rise in temperature, and the greatest value was 0.08% K−1. The variation
trend of the Sr value was opposite to that of Sa, and the greatest value was 0.262% K−1.

3.5. Fluorescence Imaging of Nanoparticles in Biological Windows

According to the above data, nanoparticles have the potential to be applied in multi-
mode fluorescence temperature measurement, which provides the possibility for the uni-
versality of non-contact tissue temperature measurement. As shown in Figure S4, the
non-contact optical temperature measurement system simulates biological tissues at differ-
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ent depths by controlling lipid thickness. Nanoparticles are injected into biological tissues.
The light received under the excitation of the 808 nm external excitation light source more
easily penetrates the NIR region of biological tissues than the visible light spectrometer.
The NIR region used by different temperature measurement modes in this work can be
found in Figure S5. These thermometric models are based on the energy transfer process
between Yb3+/Nd3+/Er3+. Nd3+ ions in the first region and the second region are used
as the selector switch to determine the fluorescence ratio temperature measurement for
narrowband separation and broad-band separation, respectively. The fluorescence ratio
thermometry of mode-two width separation can detect deeper tissues thanks to the ex-
cellent penetration of NIR region 2, and the fluorescence ratio thermometry of mode-one
narrow separation has higher sensitivity.

NIR window luminescence has low water absorption efficiency and good tissue pene-
tration, which is often used in biological tissue imaging [39–42]. Taking the two emissions of
region 1 and region 2 in mode 1 as an example (Figure 5a), it can be noticed that core–shell
nanoparticles in the darkroom under the NIR source glow brightly and clearly in the field
of view of the infrared camera (Figure 5b). As shown in Figure 5c, chicken tissues with
thicknesses of 2 mm, 4 mm, and 6 mm were selected for imaging. In the image of the 2 mm
tissue there are shaded areas, which are attached bone sheets on the back of the biological
tissue. This indicates that the NIR emission of nanocrystals has different transmittance to
different tissue components, which makes it possible to image foreign bodies in tissues. In
4 mm and 6 mm tissue imaging, more obvious cartilage tissue and ribs can be observed,
which further confirms the imaging ability of nanocrystals. In addition, the addition of
12 mm human pinky finger imaging still allows relatively clear observation of bones and
joints, indicating the potential of nanocrystals for deep tissue imaging. Furthermore, image
quality improvement combined with algorithm image processing can further improve
image clarity to achieve auxiliary tumor tissue and blood vessel imaging, which reflects the
potential of nanocrystals in fine tissue imaging. Hence, the nanoparticles are injected into
mice after being biologically modified to help image specific tissues and organs through
the mice’s circulatory system. As for multi-mode fluorescence ratio temperature measure-
ment, the receiving window can be selected according to the depth of the desired imaging
location due to the stronger tissue penetration of the NIR second region window. Taken
together, these results finally show that our nanocrystals have some possibility for imaging
in biological windows.

Figure 5. (a) The selected NIR imaging interval. (b) NIR luminescence of nanoparticles. (c) Schematic
of biological tissue imaging of nanoparticles.

8
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4. Conclusions

All in all, we worked on the non-contact multifunctional biological applications of
lanthanide-doped nanoparticles based on NIR luminescence. On this basis, the advantages
of FIR optical thermometry technology were shown, and the maximum Sr is close to
0.63% K−1 in the range of 308–538 K. The FIR temperature measurement mode can be
selected according to the tissue depth of the temperature measurement site. The flexible
selection broadens the application scenario and gives broad application prospects in the
field of optical thermometry. At the same time, the NIR imaging of the material reveals that
the temperature-assisted imaging of the material works well in practical applications. In the
end, the lanthanide-doped nanoparticles designed in this paper have potential applications
in NIR luminescence-assisted imaging and multi-mode optical temperature measurement
of biological tissues.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13010219/s1, Table S1. Comparison of optical properties
of some nanomaterials and their applications in proportional nanothermometers; Figure S1. (a) UV
absorption spectra of nanoparticles in cyclohexane. (b) Fourier infrared spectroscopy of nanoparti-
cles; Figure S2. (a,b) XPS survey spectra of the Ba2LuF7: Yb3+/Nd3+/Er3+ and Ba2LuF7: Yb3+/
Nd3+/Er3+@Ba2LaF7 nanoparticles, respectively. And deconvoluted spectra of (c) Ba 3d, (d) La 3d,
(e) Lu 4d, and (f) F 1s region of Ba2LuF7@Ba2LaF7; Figure S3. (a) Upconversion luminescence spectra
in visible regions of nanocrystals excited at different power densities of 980 nm. (b) The relationship
between emission intensity and excitation power. (c,d) Comparison of upconversion luminescence in-
tensity between core and core-shell nanoparticles; Figure S4. Diagram of the non-contact temperature
measuring system; Figure S5. Schematic diagram of multi-mode temperature measurement principle.
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Abstract: Charge injection and transport interlayers play a crucial role in many classes of opto-
electronics, including organic and perovskite ones. Here, we demonstrate the beneficial role of
carbon nanodots, both pristine and nitrogen-functionalized, as electron transport materials in organic
light emitting diodes (OLEDs) and organic solar cells (OSCs). Pristine (referred to as C-dots) and
nitrogen-functionalized (referred to as NC-dots) carbon dots are systematically studied regarding
their properties by using cyclic voltammetry, Fourier-transform infrared (FTIR) and UV–Vis ab-
sorption spectroscopy in order to reveal their energetic alignment and possible interaction with the
organic semiconductor’s emissive layer. Atomic force microscopy unravels the ultra-thin nature of
the interlayers. They are next applied as interlayers between an Al metal cathode and a conventional
green-yellow copolymer—in particular, (poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1′,3}-
thiadiazole)], F8BT)—used as an emissive layer in fluorescent OLEDs. Electrical measurements
indicate that both the C-dot- and NC-dot-based OLED devices present significant improvements
in their current and luminescent characteristics, mainly due to a decrease in electron injection bar-
rier. Both C-dots and NC-dots are also used as cathode interfacial layers in OSCs with an inverted
architecture. An increase of nearly 10% in power conversion efficiency (PCE) for the devices using
the C-dots and NC-dots compared to the reference one is achieved. The application of low-cost
solution-processed materials in OLEDs and OSCs may contribute to their wide implementation in
large-area applications.

Keywords: organic light emitting diodes; organic solar cells; carbon nanodots; surface functionaliza-
tion; electron transport materials
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1. Introduction

In 1987, Tang and Van Slyke introduced the first electroluminescent device based on
organic semiconductors, the so-called organic light emitting diode (OLED) [1]. After three
decades, they are considered a mature technology and have already achieved successful
market entry. However, OLEDs still attract research interest because of their potential as a
promising technology for solid state lighting and flat panel displays [2], considering their
low-cost fabrication, flexibility and large viewing angle. The balance of charge injection and
the transport of holes and electrons through the organic semiconductor plays a vital role
regarding the device’s (OLED and OSC) efficiency [3]. One of the key issues for the efficient
design of organic optoelectronic devices is the understanding of the energy-level alignment
at the metal contact/organic semiconductor interfaces. Proper matching of the electrode
Fermi level to the energy level of the charge transport states of the organic semiconductor
is necessary to obtain efficient and balanced charge injection in these organic electronic
devices [4]. This is why, in highly efficient devices, anode and cathode interfacial layers are
necessary to enhance the charge exchange between metal contacts and organic molecules.

A typical structure of an OLED and/or OSC is based on a multilayer architecture [5].
The emissive and/or photoactive layer and the various interlayers (hole injection layers
(HILs), hole transport layers (HTLs), electron blocking layers (EBLs), hole blocking layers
(HBLs), electron transport layers (ETLs) and electron injection layers (EILs)) are sand-
wiched between the two electrodes (anode and cathode). It is well known that in organic
electroluminescent devices, the mobility of holes is larger than that of electrons and the
hole injection barrier is lower than the electron injection barrier [6]. Such devices have
extra holes in the emission region, and electrons are more or less consumed before reaching
the emissive layer, which decreases the device’s efficiency. An effective approach is to
modify the cathode, aiming to reduce the energy barrier and increase the charge transport
between the metal cathode and the emissive and/or photoactive layer. This can be accom-
plished by inserting suitable interfacial layers (ETL, HBL, EIL) [7,8]. A large number of
organic and inorganic materials have been applied as ETLs in OLEDs and OSCs to lower
the electron injection barrier and achieve charge carrier balance. They include transition
metal oxides with intrinsic n-type conductivity, such as zinc oxide (ZnO) [9–12] and tin
dioxide (SnO2) [13,14], and mostly organic molecules bearing suitable functional groups,
such as perylene [15,16] and porphyrin [17–19] compounds, polymeric oxadiazoles, metal
chelates, azole-based materials and triazine [20–25]. However, despite their great success,
many of these materials require vacuum deposition methods, which are incompatible with
large-area devices for low-cost applications. The development of solution-processable
materials of potentially low cost and with facile synthesis and deposition methods still
represents a topic of intense research interest in OLEDs and OSCs.

Carbon nanodots are advantageous in terms of the abundant and sustainable precursor
materials and facile surface functionalization to promote their beneficial properties. The
facile and low-cost preparation/modification of these materials motivated us to further
explore their use as ETLs in high-performance green emitting OLEDs and inverted OSCs.
We synthesized pristine and nitrogen-functionalized carbon dots (described hereafter as
C-dots and NC-dots, respectively) and unraveled their effects on the OLED and OSC
performance, which paves the way for the further exploration of not only organic but also
perovskite optoelectronics.

2. Materials and Methods

2.1. OLED Device Fabrication Procedure

The first and most fundamental step before performing the layers’ deposition was
the proper cleaning of the glass substrates. We utilized coated glass substrates of indium-
tin oxide (ITO) purchased from Sigma-Aldrich (Athens, Greece), with sheet resistance
of 15–25 Ω/sq, which served as the transparent anode electrode. ITO-coated glasses
were placed into an ultrasonic cleaner, where they remained for ten minutes in each bath:
first in deionized water, then in acetone and finally in isopropyl alcohol (IPA). Moreover,
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all samples were dried with N2 gas before each bath. Then, the ITO substrates were
subjected to UV–ozone treatment for 20 min. Next, we performed the deposition of hole
injection layers (HTLs) using the commercially available solution PEDOT:PSS (poly(3,4 -
ethylenedioxythiophene)−poly(styrenesulfonate)) with 1.3 wt % dispersion in H2O, from
Sigma-Aldrich. At first, it was passed through a 0.45 μm pore diameter polyvinylidene
fluoride (PVDF) filter and then was spin-coated on ITO-coated glass substrates at 6000 rpm
for 40 s, forming a 40 nm thick layer. The substrates were annealed at 110 ◦C for at least
30 min on a hotplate. A green-yellow copolymer, named F8BT (poly[(9,9-dioctylfluorenyl-
2,7-diyl)-alt-co-(1,4-benzo-{2,1′,3}-thiadiazole)), purchased from the American Dyes Source,
Quebec, Canada, (ADS 233 YE), used as the emissive layer. F8BT was filtered through
a 0.22 μm pore diameter PTFE filter and was deposited on top of the PEDOT:PSS. The
deposition was carried out by spin-coating at 1200 rpm for 40 s from a 10 mg mL−1 solution
in chloroform, forming a 80 nm thick layer. The substrates were annealed at 85 ◦C for
10 min on a hotplate. Moreover, carbon dots were employed as EILs. In particular, 50 μL
of carbon dots (C-dots) and nitrogen-doped carbon dots (NC-dots) was spin-coated at
2000 rpm for 40 s from a 0.5 mg mL−1 solution in methanol atop the emissive layer. Finally,
the OLED devices were completed with the deposition of a 150 nm aluminum layer through
thermal evaporation in order to serve as the cathode electrode. The active surface of each
diode was set at 12.56 mm2.

2.2. OSC Device Fabrication Procedure

Glass/ITO substrates were cleaned as already mentioned and used as the transparent
cathode electrode for the fabrication of the inverted OSCs. Tin oxide purchased from Alfa
Aesar was deposited from a water solution (15% colloidal dispersion of tin(vi) oxide in
deionized water was diluted in 1:6.5 water) with spin-coating at 3000 rpm for 30 s. Then,
the samples were thermally annealed at 150 ◦C for 30 min. PTB7-Th:PCBM (purchased
from Ossila, Sheffield, UK), at 10 mg:15 mg in 1 mL 1,2-dichlorobenzene with the addition
of 3% per volume 1,8 diiodoctane (DIO), was spin-coated at 1000 rpm for 90 s on the SnO2
ETL to serve as the photoactive layer. The fabrication procedure was completed with the
deposition of molybdenum oxide (MoOx) HTL by a hot-wire CVD method [26] and Al
anode electrode by thermal evaporation.

2.3. Characterization Methods

Current density–voltage–luminance (I−V−L) measurements were performed using
a Keithley 2601A Power Supply Source-Meter (Vector Technologies, Athens, Greece) in
voltage mode, with constant increment steps. The instrument was used both for slow
(delay time of 1 sec before each measurement point) and fast (delay time of <1 msec)
measurements. EL analysis was performed using a calibrated photodiode (BPW34 Si PIN
photodiode) (Vector Technologies, Athens, Greece) connected to a Keithley 6500 DMM
(Vector Technologies, Athens, Greece). The same instruments were used for the current and
luminance–time (I-t and L-t) measurements. In this case, the current measurements through
the diodes were acquired at rates of up to 1K sample/sec, while the luminance values
were obtained at faster rates, reaching values of up to 1M sample/sec. All measurements
were performed at room temperature in a dark shielded probe station to minimize light
and EM interference. For the OSCs’ electrical characterization in dark and illuminated
conditions, a Keithley 2400 source meter unit and a Xe lamp with an AM 1.5G filter
were used. TEM measurements were performed using a Philips CM 20 transmission
electron microscope (Thermo fisher scientific, United States). UV–Vis absorbance and
transmittance spectra were captured by a Perkin Elmer Lambda 40 UV–Vis spectrometer
(Vamvakas-Scientific Equipment, Athens, Greece). XRD patterns were recorded using
a Smart Lab Rigaku diffractometer (Japan) with Cu Kα radiation. Cyclic voltammetry
measurements were performed using a VersaSTAT 4 potentiometer (Megalab SA, Athens,
Greece). Fourier-transform infrared (FT-IR) spectroscopy was performed using a Bruker
Tensor 27 spectrometer (Interactive, Athens, Greece), with a DTGS detector. The surface
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morphology of devices was recorded with an NT-MDT AFM system (LaborScience SA,
Athens, Greece) in tapping operation mode. Ellipsometry measurements were carried
out with a J.A Woolam Inc. M2000F rotating compensator ellipsometer that operated
within the 250–1000 nm range, running the WVASE32 software, at an angle of incidence
of 75.14◦. Steady-state PL measurements were performed with a commercial platform
(ARKEO—Cicci Research). In particular, the substrate was illuminated with a diode-
pumped solid-state Nd:YVO4 + KTP laser (peak wavelength 532 nm ± 1 nm, optical power
1 mW on a circular spot of 2 mm of diameter 31 mW cm−2) at an inclination of 45◦. The
fluorescence on the opposite side of the substrate was focused on a bundle of fibers (10 mm
in diameter) with an aspheric lens close to the substrate to maximize the PL. The bundle
sent the signal to a CCD-based spectrometer. The integration time and the number of
averages was maintained to better compare the results. Time-resolved PL (TRPL) spectra
were measured with an FS5 spectrofluorometer from Edinburgh Instruments (Livingston,
UK). A 478.4 nm laser was used as an excitation source. All measurements were performed
in environmental conditions at room temperature.

3. Results and Discussion

3.1. Characterization of Carbon Dots and F8BT/Carbon Dot Interfaces

In this work, we studied carbon and nitrogen-functionalized carbon nanodots that
were synthesized by a bottom-up approach from inexpensive, organic precursors; their de-
sign was based on sodium carboxylate groups and carboxylic acid with amino-terminated
groups, respectively. The surface terminal groups of the synthesized carbon dots (C-dots)
and nitrogen-doped carbon dots (NC-dots) are illustrated in Figure 1a. They were both pro-
cessed from solutions in orthogonal to organic semiconductor solvents, such as methanol
and dimethylformamide (DMF).

Figure 1. (a) Illustration of the chemical structures (surface functionalization) of C-dots and NC-dots.
(b) Photographs demonstrating the solution processability of carbon nanodots. From left to the right:
a methanol solution of C-dots, a methanol solution of NC-dots and a DMF solution of NC-dots.

The morphology and structure of these nanodots and carbon dots were investigated
by transmission electron microscopy (TEM). Figure 2a shows a TEM image of the C-
dots, suggesting the formation of uniform spherical particles with an average size of
around 3 nm. The crystallinity of the nanodots was studied by X-ray diffraction (XRD)
measurements. Figure 2b,c show the XRD patterns of thin film deposited from C-dot and
NC-dot solutions, respectively. In the case of C-dots, the only peak that appeared was
assigned to the silicon substrate; therefore, the sample was amorphous. However, the
diffraction pattern of NC-dots consisted of more intense peaks that revealed the formation
of a more crystalline structure in these dots. As represented in Figure 2c, the XRD pattern of
the NC-dots included peaks at 2θ = 20.9◦, 28.7◦, 39.0◦ and 61.6◦. The corresponding Miller
indices according to the relevant literature are also shown in Figure 2c,d [27]. Notably,
XRD revealed that the NC-dot sample was more crystalline compared to the pristine
C-dots. The lattice d-spacing was found to be 0.31 nm. This could be beneficial for
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electron transport when these materials are used as cathode interfacial layers in organic
optoelectronic devices. Figure 2d depicts the UV–Vis absorption spectra and the derived
Tauc plot for the estimation of the energy bandgap (EG) values of these materials. The
extracted values are 2.6 eV for C-dots and 2.3 eV for the NC-dots.

Figure 2. (a) Transmission electron microscopy (TEM) images of carbon dots. XRD patterns of
(b) C-dot and (c) NC-dot films drop cast on silicon substrates from concentrated (10 mg mL−1)
methanol solutions. (d) Tauc plots of C-dot and NC-dot films drop cast onto quartz substrates from
concentrated (10 mg mL−1) methanol solutions. Cyclic voltammetry of (e) C-dot and (f) NC-dot
films coated on indium-tin oxide (ITO)/glass substrates at a scan rate of 0.1 V s−1 in a 0.1 M LiClO4

aqueous electrolyte solution.

Amino groups have been considered beneficial for use in EILs as they usually induce
the formation of negative interfacial dipoles at the cathode interface [28]. As a result,
they can reduce the electron injection barrier at the respective contact. Therefore, it is of
significant importance to estimate the energy levels of the synthesized materials and obtain
valuable information about the energetic alignment at the cathode interface. As cyclic
voltammetry is considered one of the most powerful tools to investigate the reduction and
oxidation processes of molecular species, we employed this method to estimate the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels of these materials. Figure 2e,f show the cyclic voltammograms of C-dot and
NC-dot films, respectively, deposited on indium-tin oxide (ITO)/glass substrates.

Oxidation and reduction processes are represented, allowing the HOMO and LUMO
calculation, respectively, using the empirical formulas [29,30]:

EHOMO = −(Eox,onset + 4.4) eV (1)

ELUMO = −(Ered,onset + 4.4) eV (2)

where Eox,onset and Ered,onset are the oxidation and reduction potential onset, respectively,
defined as the position where the current starts to differ from the baseline. From the cyclic
voltammograms the extracted Eox,onset value is +1.2 V and +1.8 V for C-dots and NC-dots,
respectively, which results in HOMO levels of −5.6 eV for C-dots and −6.2 eV for NC-dots.
The LUMO levels of C-dots and NC-dots are −3.4 eV and −3.5eV, respectively, determined
by the reduction potential onset (−1 V for C-dots and −0.9 V for NC-dots).
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The deposited films were further characterized by Fourier-transform infrared spec-
troscopy (FT-IR) in order to recognize any possible changes in the F8BT film after the
deposition of C-dots and NC-dots (Figure 3). In the C-dot spectrum, the broad band ob-
served in the range of 3500-3100 cm−1 corresponds to the stretching vibration of the O–H
bond, while the weak band at 2930 cm−1 corresponds to C–H stretching. The two bands at
1560 cm−1 and 1395 cm−1 correspond to the asymmetric and symmetric stretching of the
carboxylate group. In the case of the NC-dot spectrum, the stretching modes of N–H, O–H
and C–H are detected in the broad band ranging from 3600 cm−1 to 2800 cm−1. The other
bands detected at 1700 cm−1, 1650 cm−1 and 1560 cm−1 refer to the C=C stretching mode,
the C=O stretching mode and the N-H bending mode, respectively.

Figure 3. FTIR spectra of pristine carbon dots and F8BT films and of F8BT/C-dot and F8BT/NC-
dot interfaces.

As far as the spectrum of the F8BT emitter is concerned, the bands at 2930 cm−1

and 2850 cm−1 correspond to the stretching mode of the C–H bond, while the band at
1460 cm−1 is due to the C=C stretching mode of an aromatic group [31,32]. Furthermore,
the stretching mode between the phenyl rings is detected at 1250 cm−1, the deformation of
aliphatic chain bonds at 1100 cm−1 and the C–H rocking mode at 812 cm−1. In the case of
the F8BT films with C-dots deposited on top, a slight increase in the intensity and width
of the band at 1100 cm−1 is observed, with no other obvious changes. When NC-dots are
deposited on top of a F8BT film [32], a similar change is apparent in the 1100 cm−1 region,
where the band corresponding to aliphatic chain deformation almost disappears. This is
a sign of possible interaction between the aliphatic chains of the F8BT molecule and the
NC-dot material deposited on top. However, the bands corresponding to the stretching
vibrations of the same aliphatic chains do not change, which is an indication of the limited
extent of this interaction.

We next investigated the optoelectronic and morphological properties of F8BT before
and after coverage with thin carbon dot interlayers (processed from 0.5 mg mL−1 in
methanol solutions). In Figure 4a, the UV−Vis absorption spectra of F8BT without and with
carbon dots spin-coated are presented. All these spectra exhibit absorption peaks centered
at wavelengths of 372 nm and 450 nm, corresponding to F8BT [33]. The characteristic
carbon dot absorption peaks were not detected in layers deposited on top of the F8BT,
which is an indication that they form very thin interlayers on top of F8BT.
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Figure 4. (a) UV–Vis absorption and (b) steady-state PL spectra of F8BT pristine and coated with
C-dots and NC-dots. (c) Extinction coefficient and (d) refractive index measurements of F8BT and
F8BT/C-dot and F8BT/NC-dot interfaces.

Moreover, the emission characteristics of the same samples were investigated by
measuring the steady-state photoluminescence (PL) spectra (Figure 4b). While the spectra
of F8BT and F8BT/C-dots are identical, a shoulder observed at approximately 580 nm
for the F8BT/NC-dot sample can be attributed to an interaction between the aliphatic
chains of the F8BT molecule and the NC-dot interlayer, as already discussed in the FT-IR
measurements. In addition, no changes in the time-resolved photoluminescence (TRPL)
spectra (Figure S1, Supplementary Materials) of pristine and nanodot-coated F8BT films
are observed, exhibiting similar average lifetimes in all cases. However, the extinction
coefficients and refractive indices (RI) of F8BT pristine and coated with carbon dots present
some changes (Figure 4c,d). In particular, a change in the RI may be an indication that the
insertion of these dots can change the light outcoupling efficiency of the fabricated OLEDs.
Such change, however, is expected to be rather marginal since the difference in RI is very
small at the emission wavelength range of F8BT (centered on 530 nm). Notably, the carbon
dot interlayers induce a small increase in the surface roughness of F8BT, as indicated by
the similarity of the atomic force microscopy (AFM) surface topography of these samples
(Figure 5). A small increase in surface roughness or the formation of small nanostructures
may be beneficial for the device performance as they enlarge the area, where electron
injection towards the emissive layer occurs [34–36].
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Figure 5. Atomic force microscopy (AFM) surface topographies (height, 3D-left and 2D-middle,
phase-right) of (a–c) F8BT, (d–f) F8BT/C-dot and (g–i) F8BT/NC-dot films.

3.2. OLED Measurements

To demonstrate the practical utility of these solution-processed carbon nanodots, we
next applied them as EIL/ETLs in fluorescent OLEDs based on a green-yellow fluores-
cent polymer, well known as F8BT. The accurate structure of the OLEDs is represented in
Figure 6a. Specifically, the devices consisted of indium-tin oxide (ITO) coated glass sub-
strates as the transparent anode electrode, poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) as the hole transport layer, F8BT as the emissive layer, C-dots
or NC-dots as the electron transport layers and Al contact as the cathode electrode. A
reference device using a commonly used solution-processed EIL, namely cesium carbonate
(Cs2CO3), was also fabricated. The corresponding energy level diagram of the materials
embedded into the OLED structure, as well as the chemical structure of F8BT, is illustrated
in Figure 6b. Note that the work functions of ITO, PEDOT:PSS and Al, along with the
energy levels of F8BT, were taken from the literature [37,38]. The HOMO and LUMO levels
of both carbon nanodots were estimated by cyclic voltammetry and optical measurements,
as already mentioned.
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Figure 6. (a) The OLED architecture and (b) the corresponding energy level diagram. The chemical
structure of the F8BT is also presented. (c) Electroluminescence (EL) spectra of the different devices at
a voltage of 5 V. (d) Current density (solid symbols)–voltage and luminance (open symbols)–voltage
characteristics of the three types of OLEDs. (e) Luminous efficiency (LE) and (f) external quantum
efficiency (EQE) of the same devices.
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Figure 6c shows the electroluminescence (EL) spectra of the three different types
of devices. It becomes obvious that the devices with C-dots and NC-dots do not affect
the spectral dependence of the emission, which originates only from F8BT. Figure 6d
illustrates a plot of the current density versus the applied voltage and luminance versus the
applied voltage of the OLEDs. Devices with C-dots and, especially, those using NC-dots
have a rapid increase in the current density at the low-voltage regime—an indication
of the reduced electron injection barrier in these devices compared to the reference one.
Furthermore, from the plot of luminance versus the applied voltage of these OLEDs, the
device turn-on voltage (VON, the voltage where the luminance becomes equal to 1 cd m−2)
can be estimated. For the reference device, the VON is calculated to be around 8 V, whereas
it is decreased to nearly 6 V and further to 4 V for the devices using C-dots and NC-
dots, respectively, indicating the crucial role of the carbon dots in the device performance.
Figure 6e,f present the luminous efficiency (LE) and external quantum efficiency (EQE) of
the prepared OLEDs, where a clear enhancement in the device performance is observed
when nanodots, especially NC-dots, are incorporated in the device. In particular, the
NC-dot-based OLED exhibits a ~1.5 fold higher LE and EQE compared with the reference
device. A small enhancement in hydrophobicity induced by the coverage of F8BT with the
carbon nanodots (Figure S2, Supplementary Materials) is also observed, which could be
beneficial in the device’s stability.

Furthermore, to unambiguously demonstrate the beneficial effect of these carbon
dots for OLEDs, mainly due to a reduction in the electron injection barrier, we fabricated
electron-only devices and measured the carrier obtained by blocking one type of carrier
(holes) through the absence of the hole injection layer (PEDOT:PSS) at the anode side
of the device. Figure 7 shows the current density taken in electron-only devices using
either Cs2CO3 or the newly developed carbon nanodots at one side of the device. By
considering that the bulk-limited currents are similar to these devices, the obtained current
densities are governed by electrode-limited processes (electron barriers are responsible for
conduction) [16,39]. As shown in Figure 7, the current density versus voltage (J-V) curve
of the reference diode (shown in a semilog plot) is always lower compared to the current
densities of the carbon dots using diodes, a clear indication that the electron injection
barrier is reduced upon the application of carbon nanodots, especially those with the
amino-functionalized surface, as cathode interlayers in these devices.

Figure 7. Electron-only current densities of diodes with the structure ITO/F8BT/Al without and
with C-dots and NC-dots at the cathode side of the device.

3.3. OSC Measurements

In order to strengthen our approach, we also employed the nanodots as cathode
interlayers in inverted OSCs based on a PTB7-Th (poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-
)-2-carboxylate-2-6-diyl)]) donor and PCBM ([6,6]-phenyl-C61-butyric acid methyl ester)
acceptor blended photoactive layer. Figure 8a illustrates the device structure of the fab-
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ricated inverted OSCs, while Figure 8b presents the chemical structure of the donor and
acceptor materials that constituted the photoactive layer. Carbon nanodots spin-coated
from a methanol solution with a concentration of 0.5 mg mL−1 on tin oxide (SnO2) were
used as ETLs, forming an ultra-thin film to improve the electron transport between the
cathode and the photoactive layer. Note that molybdenum oxide (MoOx), used as a hole
transport layer, and a reference device without the nanodots were also considered for
comparison. Figure 8c shows the transmittance spectra of the pristine and nanodot-coated
SnO2. It is observed that the nanodot interlayers slightly affect the transmittance and
absorption (Figure S3a) properties of SnO2 in the visible region, suggesting no prevention
of sunlight reaching the photoactive layer, which could lead to a current density reduction.
Accordingly, no changes in energy bandgap values (EG = 3.65 eV) are observed for SnO2
films coated with or without carbon dots (Figure S3b).

Figure 8. (a) Schematic representation of the fabricated inverted OSCs. (b) Chemical structure of the
donor and acceptor materials used in the photoactive blended layer. (c) Transmittance spectra of the
SnO2 film coated with or without the C-dots and NC-dots. (d) Energy level diagram of the different
layers used for the fabrication of the inverted OSCs. (e) Current density–voltage (J-V) characteristic
curves measured under AM 1.5G illumination.

Figure 8d represents the energy level diagram of the materials used in the inverted
OSCs. Note that, except the energy levels of the carbon nanodots, the work functions and
energy levels of the SnO2, PTB7-Th and PCBM were taken from previous work [40,41]. As
in the case of OLEDs, a reduction in the electron extraction barrier at the cathode/PCBM
interface is observed, verifying the beneficial role of the nanodots coated atop the SnO2
film as cathode interlayers in the device performance. The current density–voltage (J-V)
characteristic curves of the nanodot-based and reference OSCs are depicted in Figure 8e.
A ~13% improvement in the device efficiency is observed for the OSCs with the nanodot
interlayers, revealing the universality of the carbon dots used as ETLs in organic opto-
electronic devices. In particular, the NC-dot-based device exhibited a short-circuit current
density (JSC) of 11.14 mA cm−2, open-circuit voltage (VOC) of 0.78 V and fill factor (FF) of
0.52, resulting in a higher PCE of 4.52% compared with the reference cell, showing a PCE
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of 3.94% (JSC of 10.66 mA cm−2, VOC of 0.77 V and FF of 0.48). The device with the C-dots
showed also higher electrical parameters (JSC of 11.08 mA cm−2, VOC of 0.78 V and FF of
0.51) and thus efficiency (PCE of 4.41%) with respect to the reference device.

4. Conclusions

We have demonstrated here the beneficial role of carbon nanodots with different
surface functionalization in the performance of solution-processed green OLEDs and
inverted OSCs. These materials were investigated for their optoelectronic properties and
possible interaction with the organic semiconductors. Our experimental data indicate that
they induce significant reductions in the electron injection/extraction barrier, therefore
resulting in the fabrication of OLEDs and OSCs with significantly reduced turn-on voltages
and increased short-circuit current density, respectively. Our results demonstrate the
beneficial effects of abundant, carbon-based materials in organic optoelectronics for large-
area applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13010169/s1, Figure S1: Time-resolved photoluminescence
(TRPL) spectra of F8BT, F8BT/C-dots, and F8BT/NC-dots; Figure S2: Water contact angle measure-
ments taken in (a) F8BT, (b) F8BT/C-dots and (c) F8BT/NC-dots; Figure S3: (a) Absorption spectra
and (b) tauc plots of pristine and nanodots-coated SnO2.
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Abstract: A flexible method for modulating the Casimir force is proposed by combining graphene and
hyperbolic materials (HMs). The proposed structure employs two candidates other than graphene.
One is hexagonal boron nitride (hBN), a natural HM. The other is porous silicon carbide (SiC),
which can be treated as an artificial HM by the effective medium theory. The Casimir force between
graphene-covered hBN (porous SiC) bulks is presented at zero temperature. The results show that
covering HM with graphene increases the Casimir force monotonically. Furthermore, the force can
be modulated by varying the Fermi level, especially at large separation distances. The reflection
coefficients are thoroughly investigated, and the enhancement is attributed to the interaction of
surface plasmons (SPs) supported by graphene and hyperbolic phonon polaritons (HPhPs) supported
by HMs. Moreover, the Casimir force can be controlled by the filling factor of porous SiC. The Casimir
force can thus be modulated flexibly by designing desired artificial HMs and tuning the Fermi level.
The proposed models have promising applications in practical detection and technological fields.

Keywords: Casimir force; graphene; hyperbolic material

1. Introduction

The Casimir force is an intriguing macroscopic effect caused by the quantum fluctua-
tions of electromagnetic fields. Casimir predicted the existence of attractive forces between
two parallel perfectly conducting plates in 1948 [1]. Lifshitz then generalized a theory of
forces between two semi-infinite dielectric parallel plates with dispersive and absorptive
properties at any temperature [2]. The Casimir effect is still a hot topic with the develop-
ment of microelectromechanical and nanoelectromechanical systems (MEMS and NEMS).
Over the last two decades, special emphasis has been placed on theoretical understand-
ing [3–6] and precise experimental measurements [7–13] of the Casimir effect. In the study
of Casimir force, the primary geometric configuration is two parallel plates of natural mate-
rials separated by a vacuum gap. In general, the force is too weak for practical detection,
so enhancing weak Casimir forces is critical. Furthermore, the force is usually attractive
and dominates in the submicrometer regime, where irreversible adhesion of neighboring
elements in MEMS and NEMS can occur [14–16]. As a result, modulating the Casimir force
is both fundamental and technological [5,17]. The realization of repulsive force is related
to the symmetry of electric and magnetic properties of the boundary materials [18,19].
Consequently, using special materials with controllable electromagnetic properties to mod-
ulate the Casimir force becomes an interesting topic [4]. Metamaterials, for example, as
a type of artificial materials, have unusual electromagnetic properties that natural mate-
rials do not have, and are used in cloaking [20], vacuum induced transparency [21], and
controlling the Casimir effect [22–24]. Furthermore, saturated ferrite materials [25,26] and
topological insulators [27–29] are proposed to modulate the Casimir effect.

Graphene, a two-dimensional sheet of carbon atoms arranged in a hexagonal lat-
tice, has piqued the curiosity of many scientists [30]. The linear dispersion relation near
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the Dirac point causes an extraordinary response to light [31]. In particular, graphene
can support surface plasmons (SPs) in the terahertz to infrared frequency ranges [32].
There has also been extensive research into using graphene to modulate the Casimir
effect [32–40]. The plasmonic response of graphene is well understood to be highly depen-
dent on the deposited substrate [41]. As a result, Goos-Hänchen shift [42,43], quantum
interference [44], and Casimir friction [32,33] have been investigated in graphene-based
models. For example, using graphene-covered hyperbolic materials (HMs) can significantly
increase Casimir friction due to the coupling of SPs with hyperbolic phonon polaritons
(HPhPs) supported by HMs [33]. This enhancement is active, because graphene’s optical
conductivity is adjustable and can be controlled by an external field or gate voltage.

Hyperbolic materials have gotten a lot of attention in the last decade because of their
unique electromagnetic properties [45]. Diagonal elements of a uniaxial HM’s permittivity
tensor have opposite signs, resulting in a hyperbolic isofrequency contour for TM polariza-
tion [46]. It is possible to achieve ultrahigh propagating wave vectors and surface wave
excitation by using HMs. Hexagonal boron nitride (hBN) is a natural HM with hyper-
bolic responses in the infrared frequency range [47]. Hyperbolic phonon polaritons can be
supported by hBN, which has been thoroughly investigated [48], and as microfabrication
technology develops, artificial HMs with hyperbolic responses in specific frequency bands
can be constructed. In general, alternative metal-dielectric layered structures [49] or a
lattice of nanowires embedded in a dielectric matrix [46] can be used to realize artificial
HMs. Ingredient materials and their proportions can be used to control the desired electro-
magnetic properties. As a result, when compared to natural HMs, artificial HMs provide
additional methods for modulating HPhPs.

It is well known that the electromagnetic properties of the boundary material can
modify the Casimir force [6]. In this paper, we investigate the Casimir force between
graphene-covered HMs. The remainder of this paper is organized as follows. Section 2
introduces the two models under consideration here, as well as the Casimir force between
two graphene-covered HMs. Section 3 demonstrates the modulation of Casimir force
caused by the interaction of SPs and HPhPs. The results show that the Casimir force can
be actively modulated by the Fermi level and artificial HMs. Section 4 is where we draw
our conclusions.

2. Materials and Methods

Figure 1 depicts the scheme that takes into account two different models. The Casimir
force between two identical samples separated by d is investigated in each model.
One model’s samples are graphene-covered hBN bulks, as shown in Figure 1a, while
the other model’s samples are graphene-covered porous silicon carbide (SiC) bulks as
shown in Figure 1b. The models are in free space, with the x − y plane parallel to the
graphene plane. The optical properties of graphene in the low-frequency range and high
doping limit are determined by its in-plane conductivity σ, which can be expressed as [42]

σ(ω) =
ie2EF

πh̄2(ω + iτ−1)
, (1)

under the random phase approximation (RPA). Here, e is the electron charge, EF is the
Fermi level, and τ = μEF/ev2

F is the relaxation time caused by electron doping, elec-
tron defect, and phonon scattering. The mobility of the graphene charge carriers is
μ = 104 − 106cm2 V−1s−1, and the Fermi velocity is vF = 106 m/s.
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Figure 1. The Casimir force between two graphene-covered HMs separated by d is depicted schemat-
ically. Two models under consideration: (a) graphene-covered hBN and (b) graphene-covered
porous SiC.

The hBN is a naturally anisotropic material that exhibits hyperbolic dispersion. The
permittivity of hBN is a tensor, and the elements of the anisotropic permittivity tensor are
as follows [33]

ε l,hBN = ε l,∞

[
1 +

ω2
LO,l − ω2

TO,l

ω2
TO,l − ω2 − iωγl

]
, (2)

where l = xx, zz, LO and TO are two phonon modes, and γ is the damping coeffi-
cient. The parameters are εxx,∞ = 4.87, ωLO,xx = 3.0348 ω0, ωTO,xx = 2.5824 ω0, γxx =
0.0094 ω0, εzz,∞ = 2.95, ωLO,zz = 1.5645 ω0, ωTO,zz = 1.4703 ω0, γzz = 0.0075 ω0, and
ω0 = 1014 rad/s. The real parts of ε l,hBN are plotted as functions of ω in Figure 2a. Two grey
shadow zones satisfying Re(εxx)Re(εzz) < 0 are obtained, in which HPhPs can be excited.
Electromagnetic waves possess a high wave vector in such bands, thus the large electro-
magnetic local density of the state can be obtained [46].

Figure 2. (a) The relationship between the real parts of ε l,hBN and ω. (b) The relationship between
the real parts of ε l,p−SiC and ω with f = 0.3. Here l = xx, zz and grey shadow zones indicate the
hyperbolic bands. The inset shows the real parts of ε l,p−SiC from 1.72 ω0 to 1.84 ω0.

Bulk SiC is an isotropic material, and its permittivity can be described by the Lorentz
model [40]

εs(ω) = ε∞
ω2 − ω2

L + iγω

ω2 − ω2
T + iγω

, (3)

where ε∞ = 6.7, ωL = 1.827 ω0, ωT = 1.495 ω0, and γ = 0.009 ω0. The desired kind
of anisotropy can be generated by the structure of a lattice of nanowires embedded in a
dielectric matrix. Therefore, by embedding a lattice of air cylinders in a SiC, an artificial
HM can be fabricated. By using the Maxwell-Garnett method [50], the effective permittivity
of such porous SiC is described as

εxx,p−SiC = εyy,p−SiC =
[(1 + f ) + (1 − f )εs]εs

(1 − f ) + (1 + f )εs
, (4)
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εzz,p−SiC = f + (1 − f )εs, (5)

where the filling factor f is the area percentage occupied by air holes in the xy section
of the medium. The real parts of ε l,p−SiC (l = xx, zz) as functions of ω with f = 0.3 are
presented in Figure 2b. Two hyperbolic bands of porous SiC are obtained, as shown by the
inset in Figure 2b. Artificial materials similar to such porous SiC are also named hyperbolic
metamaterials that can also support HPhPs.

By utilizing the Maxwell electromagnetic stress tensor method with the properties of
macroscopic field operators, the Casimir force at zero temperature is eventually expressed
as [23]

F = − h̄
π

Re
∫ ∞

0
dω

∫∫ d2k‖
2π

√
ω2

c2 − k2
‖ ∑

p=TE,TM

r1p(ω, k)r2p(ω, k)e
2id

√
ω2/c2−k2

‖

1 − r1p(ω, k)r2p(ω, k)e
2id

√
ω2/c2−k2

‖
, (6)

where the integral is carried out over all electromagnetic modes. The wave vector com-
ponent k‖ is parallel to the x − y plane. The reflection coefficient from the space between
two samples to the surface of top (bottom) sample for a p polarized wave is denoted by r1p
(r2p). Since the top and bottom samples in each model are identical, r1p equals r2p. We shall
omit the subscripts 1 and 2. All the singularities can be avoided by converting the integral
of positive real ω to that of positive imaginary frequency ξ, i.e., ω = iξ, the Casimir force
can be written as

F =
h̄

2π2

∫ ∞

0
dξ

∫ ∞

0
k‖dk‖

√
ξ2

c2 + k2
‖ ∑

p=TE,TM

rp(iξ, k)rp(iξ, k)e
−2d

√
ξ2/c2+k2

‖

1 − rp(iξ, k)rp(iξ, k)e
−2d

√
ξ2/c2+k2

‖
. (7)

To compute the Casimir force, the reflection coefficients are obtained using the ap-
proach described in Reference [51]. Graphene is a monolayer in this study that can be
considered as a conductivity current. Appendix A contains the detailed derivation of rTE
and rTM. The reflection coefficient of the graphene-covered HM for the TE polarized wave
can be written as

rTE =
kiz − kTE

tz − σωμ0

kiz + kTE
tz + σωμ0

, (8)

where kiz =
√

k2
0 − k2

‖ and kTE
tz =

√
εxxk2

0 − k2
‖. The wave vector in free space is

k0 = ω/c. Since only εxx appears in rTE, HPhPs can not be excited by TE polarized
waves. The reflection coefficient for the TM polarized wave is expressed as

rTM =
εxxkiz − kTM

tz +
σkizkTM

tz
ωε0

εxxkiz + kTM
tz +

σkizkTM
tz

ωε0

, (9)

where kTM
tz =

√
εxxk2

0 − k2
‖εxx/εzz. Obviously, TM polarized waves can excite HPhPs since

both εxx and εzz appear in rTM. Furthermore, the reflection coefficients are affected by
graphene conductivity, implying that SPs supported by graphene can couple with electro-
magnetic modes supported by HM, particularly HPhPs. Because the optical properties of
the sample can be conveniently turned by varying EF, the Casimir force, which is usually
dependent on the surrounding environment, can be controlled by EF.

3. Results and Discussion

3.1. Casimir Force of Graphene-Covered hBN

The relative Casimir forces between two identical graphene-covered hBN bulks as
a function of separating distance d for various Fermi levels are presented in Figure 3.
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The Casimir force is scaled by the well-known formula F0 = h̄cπ2/240d4, which is the
Casimir force per unit area between two parallel perfectly conducting plates separated
by d. Because two samples have the same electric and magnetic properties, the force
is obviously attractive at any distance. The relative force between two identical hBN
bulks is also plotted for comparison purposes, as shown by the blue line in Figure 3. The
relative force is clearly increased when hBN bulks are covered by graphene. In addition,
as the Fermi level Ef increases, the relative force increases monotonically for arbitrary
separating distances. The relative force is insensitive to Ef for minimal d, and curve slopes
are large. However, for large d, the relative force is sensitive to Ef, but curve slopes are small.
Since the Fermi level is adjustable, the Casimir force can be controlled flexibly.

2 4 6 8 10
0.12

0.16

0.20

0.24

0.28

F
/F

0

d(μm)

 hBN

 Ef = 0.1eV

 Ef = 0.5eV

 Ef = 0.9eV

Figure 3. The relationship between the relative Casimir force and the separating distance d. The blue
line represents the force between two identical hBN bulks, while the other lines represent the force
between two graphene-covered hBN bulks at different Fermi levels.

The Casimir force is related to all electromagnetic modes supported by two sam-
ples. From Equation (6), we know that electromagnetic modes are represented by the
reflection coefficients of samples. Thus, both real parts of rTM and rTE are plotted as a
function of frequency ω and wave vector component k|| in Figure 4. Comparing Re(rTM)
of hBN and Re(rTM) of graphene-covered hBN, i.e., Figure 4a,b, reflection coefficients
are enhanced clearly when ω < 0.1ω0 for all k||. However, it is difficult to distinguish
between Re(rTE) of hBN and Re(rTE) of graphene-covered hBN by comparing Figure 4c,d.
According to Equation (8), when hBN is covered by graphene, rTE is affected by σ beyond
εxx,hBN. By analyzing Equation (9), when the sample is graphene-covered hBN, rTM is
affected by εxx,hBN, εzz,hBN and σ, whereas it only relates to the permittivity of hBN when
the graphene is absent. Therefore, SPs supported by graphene are mainly coupled with
HPhPs supported by hBN. As a result, the Casimir force is enhanced by covering hBN with
graphene, as shown in Figure 3. Therefore, this study focuses on the coupling of SPs and
HPhPs excited by a TM polarized wave.
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Figure 4. Re(rTM) or Re(rTE) as function of ω and k||. (a) Re(rTM) of hBN. (b) Re(rTM) of graphene-
covered hBN with Fermi level Ef = 0.1 eV. (c) Re(rTE) of hBN. (d) Re(rTE) of graphene-covered hBN
with Fermi level Ef = 0.1 eV.

To extract the contribution of SPs and HPhPs to the enhancement of the Casimir
force, the TM reflection coefficients as a function of imaginary frequency ξ and wave
vector component k|| are presented in Figure 5. When comparing Figure 5a,b, it is
clear that rTM(iξ) is enhanced at low frequencies when the hBN is covered by graphene,
and as shown in Figure 5b–d, the enhancement area grows as the Fermi level increases. In
Equation (7), the term exp(−2d

√
ξ2/c2 + k2

||) acts as a truncated function. The arc of a circle

ξ2/c2 + k2
|| = (1/2d)2 for d = 1μm is plotted in Figure 5. The amplitude of the force can

be represented by reflection coefficients inside the arc [23]. Clearly, the proportion of high re-
flection coefficients inside this arc grows as EF increases.
Correspondingly, the Casimir force is getting larger for d = 1 μm with increasing EF,
as shown in Figure 3. Furthermore, the radius of a circular arc is inversely proportional to
the separating distance d. In Figure 5d, we also plot the curves for d = 0.5 μm and d = 3
μm. Obviously, with increasing d, i.e., decreasing radius, the proportion of high reflection
coefficients is increasing. As a result, the Casimir force tends to F0 with expanding d, as
illustrated in Figure 3.
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Figure 5. rTM(iξ) as function of ξ and k||. (a) is the case of hBN. (b–d) are the cases of graphene-
covered hBN with Fermi levels (b) Ef = 0.1 eV, (c) Ef = 0.5 eV and (d) Ef = 0.9 eV, respectively.
Solid curves in panels (a–d) indicate the arc of a circle ξ2/c2 + k2

|| = (1/2d)2 for d = 1 μm.
Dashed and dotted lines in panel (d) indicate the cases for d = 0.5 μm and d = 3 μm, respectively.

3.2. Casimir Force of Graphene-Covered Porous SiC

The Casimir force between two identical graphene-covered porous SiC bulks is also
investigated in relation to the separating distance d. The filling factor is f = 0.1, and
the forces for varying Fermi levels are presented in Figure 6a. The force between two
porous SiC bulks is plotted for comparison purposes, as shown by the blue line in Fig-
ure 6a. Similar to the case of graphene-covered hBN, the Casimir force increases mono-
tonically with increasing Fermi levels, particularly at large separating distances. These
results are expected according to the above analysis because porous SiC is also an HM.
Furthermore, when the Fermi level and separating distance are fixed, a more signifi-
cant force can be obtained in the graphene-covered porous SiC configuration than in the
graphene-covered hBN bulks, as shown in Figure 3. As shown in Figure 2b, both εxx,p−SiC
and εzz,p−SiC are negative in the range 1.496 ω0 to 1.761 ω0, indicating that porous SiC
also excites electromagnetic modes other than HPhPs. These modes are all coupled and
contribute to the Casimir force.
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Figure 6. Dependence of the Casimir force on the separation d. (a) The case of identical porous SiC is
indicated by the blue line, while other lines represent the case of graphene-covered porous SiC at
different Fermi levels. The filling factor has been set to f = 0.1. (b) The case of graphene-covered
porous SiC for different filling factors with a fixed Fermi level Ef = 0.5 eV.

As an artificial HM, the permittivity of porous SiC can be modulated by the filling
factor f . Therefore, f influences the coupling of SPs supported by graphene and HPhPs
supported by porous SiC, which can be used to control the Casimir force. Figure 6b
depicts the Casimir force as a function of the separating distance d for different filling
factors. When f increases, the relative force for arbitrary separations decreases dramatically.
This outcome is simple to comprehend. As f increases, so does the proportion of air holes.
According to Equations (4) and (5), the electric properties of porous SiC should decrease
as f increases. As a result, the Casimir force decreases as the contribution of these modes
supported by porous SiC decreases. Figure 7 depicts the permittivity of porous SiC as a
function of ξ for different filling factors to demonstrate this explanation. As the filling
factor f increases, for arbitrary ξ, both εxx,p−SiC and εzz,p−SiC decrease, confirming our
prediction. Furthermore, when ξ < ω0, all curves in Figure 7 are almost flat, but sloping
when ω0 < ξ < 10ω0. As previously stated, the force at a small separation distance is
primarily derived from electromagnetic modes in the high-frequency region, whereas
modes in the low-frequency region mainly contribute to the force at a large separation
distance [22]. As shown in Figure 6b, slopes of relative forces at a small separation distance
are large, while slopes at a large separation distance are small.

Figure 7. (a) εxx,p−SiC and (b) εzz,p−SiC as a function of ξ for different filling factors f .

3.3. Discussion

The Casimir force per unit area between two parallel graphene sheets is inversely
proportional to d4 at zero temperature, but with a substantially smaller coefficient when
compared with that of two perfectly conducting plates [38]. According to the data in
Reference [38], the Casimir force per 1cm2 is around 0.006 F0 = 7.8 × 10−6 N when
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d = 0.1 μm. For the same area and d, when Ef = 0.1 eV, F is around 0.145 F0 = 1.9× 10−4 N
in Figure 3, and 0.197 F0 = 2.6 × 10−4 N in Figure 6a. Therefore, mounting graphene
on an HM substrate increases the Casimir force by more than one order of magnitude.
Furthermore, the Casimir force per 1 cm2 between two identical artificial HMs is around
0.1 F0 = 8.1 × 10−10 N at d ≈ 2 μm [23]. To compare, when Ef = 0.1 eV, F is about
0.178 F0 = 1.5 × 10−9 N in Figure 3, and 0.233 F0 = 1.9 × 10−9 N in Figure 6a. Covering an
HM with graphene monolayer therefore enhances the Casimir force.

Since the samples in this study are in free space, the detection system should be set in
a high-vacuum chamber to measure the Casimir force between graphene-covered HMs.
Furthermore, the quality of the graphene layer should be checked to guarantee that it is a
monolayer. The gradient of the Casimir force may be measured using the experimental
setup described in Reference [7]. However, there are some problems. One difficulty
is that maintaining two flat samples parallel over small distances is quite challenging.
Most experiments chose one of the samples to be spherical with a large radius. As a result,
the geometry will influence the magnitude of the Casimir force. Another issue is the effect
of finite temperature since the temperature considered here is zero. The Casimir force at
finite temperature can be obtained by substituting the integration along with the imaginary
frequency ξ axis in Equation (7) with the summation over the Matsubara frequencies [24].
The influences of geometry and finite temperature on the Casimir force of our proposal are
yet to be investigated further.

4. Conclusions

In conclusion, we investigate the Casimir force between two identical graphene-
covered HMs. The first model’s samples are graphene-covered hBN bulks. When graphene
covers hBN, the Casimir force increases for arbitrary separation distances, and as the Fermi
level Ef increases, the force increases monotonically. The reflection coefficients of samples
are thoroughly examined. SPs supported by graphene and HPhPs supported by hBN are
coupled, and these electromagnetic modes are related to the enhancement of the Casimir
force. Furthermore, the hBN is replaced by porous SiC, which is treated as an artificial
HM following the effective medium theory. When Ef increases, the Casimir force is still
increased monotonically. However, as the filling factor f increases, the force decreases
for arbitrary separation distances. The electromagnetic responses of porous SiC are used
to understand this phenomenon. As a result, by designing suitable artificial HMs and
tuning the Fermi level Ef, the desired Casimir force between graphene-covered HMs can be
controlled. By combining graphene and HM, this work provides a flexible way to modulate
the Casimir effect, which can use for the detection of Casimir force.
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Appendix A

Figure A1 depicts a schematic of electromagnetic wave scattering at the interface of
vacuum and a graphene-covered HM. Assuming graphene is located in z = 0. The medium
in z < 0 is vacuum, whereas the HM occupies z > 0 space. An electromagnetic wave
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incident from the vacuum into the graphene-covered HM produces a reflected field in the
vacuum and a transmitted field in the HM. Because graphene is a monolayer, it can be
treated as a conducting sheet overlaying on an HM with infinite thickness in this work. We
consider the TM polarized wave, and the magnetic fields of the incident, reflected, and
transmitted waves can be written as

�Hi = Aei[(k||x+kizz)−ωt]�j (A1)

�Hr = Rei[(k||x−kizz)−ωt]�j (A2)

�Ht = Tei[(k||x+kTM
tz z)−ωt]�j (A3)

where A, R, and T denote the magnetic field magnitudes of the incident, reflected, and
transmitted fields, respectively. The electric fields of the incident, reflected, and transmitted
waves can be expressed using Maxwell’s equations as

�Ei =
A

ωε0
ei[(k||x+kizz)−ωt](kiz�i − k||�k) (A4)

�Er =
R

ωε0
ei[(k||x−kizz)−ωt](−kiz�i − k||�k) (A5)

�Et =
T

ωε0
ei[(k||x+kTM

tz z)−ωt](
kTM

tz
εxx

�i − k||
εzz

�k) (A6)

where εxx and εzz are diagonal elements of the permittivity tensor of a uniaxial HM.
k2
|| + k2

iz = k2
0 and k2

||/εzz + (kTM
tz )2/εxx = k2

0 are satisfied. Since the graphene layer is
treated as a conducting sheet, the boundary conditions are expressed as

�k × [�Et − (�Ei + �Er)] = 0 (A7)

�k × [�Ht − (�Hi + �Hr)] = �J (A8)

where�J is the conductivity current. The current�J contains just the x component since the
electric field �E is in the xz plane. By inserting Equations (A1)–(A6) into Equations (A7) and
(A8), we get

T
ωε0

kTM
tz

εxx
=

A
ωε0

kiz
ε1

− R
ωε0

kiz
ε1

(A9)

− [T − (A + R)] = σ
T

ωε0

kTM
tz

εxx
(A10)

The reflection coefficient for the TM polarized wave can be derived and expressed as

rTM =
R
A

=
εxxkiz − kTM

tz +
σkizkTM

tz
ωε0

εxxkiz + kTM
tz +

σkizkTM
tz

ωε0

(A11)

If the incident wave is TE polarized, the incident, reflected, and transmitted electric
fields can be represented as

�Ei = Aei[(k||x+kizz)−ωt]�j (A12)

�Er = Rei[(k||x−kizz)−ωt]�j (A13)

�Et = Tei[(k||x+kTE
tz z)−ωt]�j (A14)
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where A, R, and T represent the electric field magnitudes of the incident, reflected, and
transmitted waves, respectively. k2

|| + (kTE
tz )2 = εxxk2

0 is satisfied. The magnetic fields can
then be expressed as

�Hi =
A

ωμ0
ei[(k||x+kizz)−ωt](−kiz�i + k||�k) (A15)

�Hr =
R

ωμ0
ei[(k||x−kizz)−ωt](kiz�i + k||�k) (A16)

�Ht =
T

ωμ0
ei[(k||x+kTE

tz z)−ωt](−kTE
tz
�i + k||�k) (A17)

Since we are considering a TE polarized wave, the current�J has just the y component.
Substituting Equations (A12)–(A17) into Equations (A7) and (A8), we get

T − (A + R) = 0 (A18)

− T
ωμ0

kTE
tz − (− A

ωμ0
kiz +

R
ωμ0

kiz) = σT (A19)

The reflection coefficient for the TE polarized wave can be derived and expressed as

rTE =
R
A

=
kiz − kTE

tz − σωμ0

kiz + kTE
tz + σωμ0

(A20)

Figure A1. Schematic of electromagnetic wave scattering at the interface of vacuum and a graphene-
covered HM.
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Abstract: Casimir friction is theoretically studied between graphene-covered undoped bismuth
selenide (Bi2Se3) in detail. In the graphene/Bi2Se3 composite structure, the coupling of the hyperbolic
phonon polaritons supported by Bi2Se3 with the surface plasmons supported by graphene can lead
to the hybrid surface plasmon–phonon polaritons (SPPPs). Compared with that between undoped
Bi2Se3, Casimir friction can be enhanced by more than one order of magnitude due to the contribution
of SPPPs. It is found that the chemical potential that can be used to modulate the optical characteristic
of SPPPs plays an important role in Casimir friction. In addition, the Casimir friction between doped
Bi2Se3 is also studied. The friction coefficient between doped Bi2Se3 can even be larger than that
between graphene-covered undoped Bi2Se3 for suitable chemical potential due to the contribution of
unusual electron surface states. The results obtained in this work are not only beneficial to the study
of Casimir frictions but also extend the research ranges of topological insulators.

Keywords: casimir friction; graphene; topological insulator

1. Introduction

In nature, friction is a very common phenomenon, which extensively exists in the
macroscopic to the microscopic world. However, the physical mechanism of friction in the
microscopic world is different from that of the friction observed in our daily lives. In recent
years, people have paid much attention to nanotribology with the rapid development of
nanofabrication technology. Interestingly, there is one type of friction that appears between
bodies in relative motion even without direct contact at the nanoscale, which is usually
called noncontact friction [1–7]. Noncontact friction has been observed experimentally by
atomic force microscopy [1,5,6] and has important practical significance in ultra-sensitive
force detection. In the past decade, another noncontact friction originating from the mo-
mentum exchange of Doppler-shifted photons has attracted much attention [8]. The essence
of this friction is closely related to the Casimir effect, so it is called Casimir friction [8,9].
Even at zero temperature, Casimir friction can still exist because of the vacuum fluctuation,
so it will be denoted as quantum friction. Casimir frictions have been extensively studied
in several configurations that are in relative motion, such as atom and atom [10], atom and
plate [11–13], and plate and plate [14].

The theoretical method of Casimir friction between two objects separated by a small
gap was firstly derived by Pendry with the help of classical electromagnetic theory [8]. Then,
Volokitin and Persson also made a series of works on Casimir friction [15–20]. Because the
Casimir friction is extremely small, it makes a great challenge to detect in an experiment.
Enhancing the Casimir friction between bodies in relative motion becomes an important
topic. An enhancement mechanism of Casimir friction associated with resonant photon
tunneling on different surfaces was proposed [16]. It has been found that Casimir friction
will be significantly enhanced if the materials can support low-frequency surface plasmons
(SPs) or other surface polaritons [16]. Therefore, plenty of materials that can support
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surface polaritons are employed to investigate the Casimir friction [21,22]. Among them,
graphene is a two-dimensional material composed of carbon atoms [23–25], which can
support SPs from terahertz (THz) to infrared frequency ranges [26–35]. In particular, the
optical conductivity of graphene depends on its chemical potential, which is controlled by
an external field or gate voltage. It is shown that SPs supported by graphene can play an
important role in enhancing and actively modulating Casimir friction [36–39]. In addition,
the Casimir friction between graphene-covered hyperbolic materials (HMs) has also been
studied [40]. The coupling of graphene plasmon with hyperbolic phonon polaritons (HPPs)
supported by HMs can enhance the Casimir friction remarkably [40].

In the past decade, topological insulators have received extensive attention because of
their exotic characteristic and important applications in the fabrications of new electronic
devices [41–45]. They are characterized by a full insulating gap in the bulk and gapless
surface states protected by time-reversal symmetry [44]. The three-dimensional (3D)
topological insulators have been predicted theoretically in the Bi1−xSbx alloy [46] and
observed experimentally by angle-resolved photoemission spectroscopy [47]. Then, several
simple 3D topological insulators were predicted theoretically in Bi2Te3, Sb2Te3 [48], and
Bi2Se3 [48,49] compounds with a large gap in bulk and gapless surface state. Bismuth-
based topological insulators have attracted great interest due to their unusual electronic
surface states, which are manifested as massless Dirac fermions [43,44,48–51]. As one of
the representative topological insulators, Bi2Se3 is also well-known for its bulk optical
response [52–55] besides its novel surface state. It exhibits hyperbolic dispersion relation
and can support highly oriented collective HPPs in the THz range [56]. For Bi2Se3 with
finite doping, the coupling of HPPs with Dirac plasmon confined at the surface can result
in the appearance of hybrid modes [56]. However, the SPs are absent for undoped Bi2Se3.
As has been mentioned above, graphene plasmon can be coupled with different surface
polaritons, so it is interesting to investigate the coupling between graphene plasmon and
HPPs supported by undoped Bi2Se3.

In this paper, we study the Casimir friction between graphene-covered undoped
Bi2Se3. The low-frequency HPPs supported by Bi2Se3 can be coupled with SPs supported
by graphene, and then resulting in the appearance of hybrid surface plasmon–phonon
polaritons (SPPPs). We demonstrate that the SPPPs play an important role in the Casimir
friction between graphene-covered Bi2Se3. Compared with that between undoped Bi2Se3,
the Casimir friction between graphene-covered Bi2Se3 enhances about one order of magni-
tude in wide separation gaps. Furthermore, the hybrid SPPPs can be flexibly controlled
by tuning the chemical potential of graphene that depends on the gate voltage. Therefore,
it provides an opportunity to actively modulate the Casimir friction between topological
insulators. Casimir friction between doped Bi2Se3 is also studied. Depending on the
chemical potential, Casimir friction between doped Bi2Se3 can be larger or smaller than
that between graphene-covered Bi2Se3 under the same separation distance. This study not
only extends the research ranges of topological insulators but also provides an efficient
method to control the Casimir friction.

2. Theoretical Model

The schematic of the Casimir force between graphene-covered Bi2Se3 is shown in
Figure 1. Two graphene-covered Bi2Se3 bulks are separated by a distance d. We assume
the top graphene-covered Bi2Se3 moves relatively to the bottom one along the x-axis with
a velocity v in the laboratory frame. The temperature of the surrounding environment is
denoted by T, which is set to be T = 300 K in all the calculations. If the moving velocity of
the top graphene-covered Bi2Se3 satisfies the conditions v < dkBT/�, Casimir friction is
proportional to the sliding velocity, which can be determined as f = γv [18]. kB and � are
the Boltzmann and reduced Planck constants, respectively. γ = γrad + γevan is the Casimir
friction coefficient, which comes from the contributions of propagation and evanescent
electromagnetic waves from the graphene-covered Bi2Se3. However, the contribution of
the propagation wave can be ignored in the near-field region [2,18]. Therefore, we only
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consider the Casimir friction coefficient from the evanescent waves, which can be expressed
as [18]

γ ≈ �

2π2

∞∫
0

dω

(
− ∂n

∂ω

) ∞∫
ω/c

dqq3e−2|kz |d Im
(

R1p
)
Im

(
R2p

)
∣∣1 − e−2|kz |dR1pR2p

∣∣2 + [p → s] (1)

where n(ω) = 1/
(

e�ω/kBT − 1
)

is the Bose–Einstein factor. q and kz =
√
(ω/c)2 − q2 are

the components of the wave vector components parallel and perpendicular to the xy plane,
respectively. c is the speed of light in the vacuum and Rip (i = 1,2) is the reflection ampli-
tude from the top or bottom surface of the p-polarized electromagnetic waves. The symbol
[p → s] represents the p-polarized reflection amplitude Rp replaced with s-polarized re-
flection amplitude Rs. As described in Ref. [57], p-polarized wave often plays a dominant
role in the near-field region, so the contribution from s-polarized waves can be excluded.
The integral of q in Equation (1) is defined as force spectral density (FSD), which can be
expressed by

fp = − ∂n
∂ω

∞∫
ω/c

dqq3 Im
(

R1p
)
Im

(
R2p

)
∣∣1 − e−2|kz |dR1pR2p

∣∣2 e−2|kz |d (2)

Figure 1. Schematic of Casimir friction between graphene-covered undoped Bi2Se3 separated by a
distance d. The layered structure denotes Bi2Se3 and the two thin orange layers at the top and bottom
of Bi2Se3 represent the surface states.

For convenient description, we define the photon exchange function as

ξp =
Im

(
R1p

)
Im

(
R2p

)
∣∣1 − e−2|kz |dR1pR2p

∣∣2 e−2|kz |d (3)

which is used to describe the exchange ability of photons between the bodies in relative
motion. The reflection amplitude of graphene-covered anisotropic material can be written
as [58]

Rp =
pε⊥ − pp + μ0cσppp

pε⊥ + pp + μ0cσppp
(4)

41



Nanomaterials 2022, 12, 1148

where p =
√

1 − κ2, pp =
√

ε⊥ − ε⊥κ2/εz, and κ = cq/ω. εz and ε⊥ are the permittivities
of Bi2Se3 parallel and perpendicular to the optical axis (z-axis), respectively. μ0 is the
permeability in the vacuum. σ(ω) is the optical conductivity of graphene, which can be

simplified to σ = ie2μ

π�2(ω+iτ−1)
in the low-frequency range by ignoring the contribution of

interband transitions [32]. e is the electron charge, μ is the chemical potential of graphene,
and τ = 10−13 s is the relaxation time. As a naturally anisotropic material, Bi2Se3 exhibits
hyperbolic optical properties. The dielectric properties perpendicular (ε⊥) and parallel (εz)
to the optical axis have different values which are given by [59,60]

εα(ω) = εα
∞ + ∑

j=1,2

ωα 2
p,j

ωα 2
to,j − ω2 − iγα

j ω
, (α = ⊥, z) (5)

The parameters used in Equation (5) are ε⊥∞ = 29, εz
∞ = 17.4, ω⊥

to,1 = 64 cm−1 ,
ω⊥

p,1 = 704 cm−1, ω⊥
to,2 = 125 cm−1, ω⊥

p,2 = 55 cm−1, ωz
to,1 = 135 cm−1, ωz

p,1 = 283 cm−1 ,

ωz
to,2 = 154 cm−1, ωz

p,2 = 156 cm−1 , γα
j = 3.5 cm−1. The real parts of the dielectric

functions ε⊥(ω) and εz(ω) of Bi2Se3 are shown in Figure 2. There are two shaded regions,
including regions A (ω⊥

to,1 < ω < ωz
to,1) where Bi2Se3 is type II HM (Re(εz) > 0, Re(ε⊥) < 0)

and region B (ωz
to,2 < ω < 163 cm−1) where Bi2Se3 is type I HM (Re(εz) < 0, Re(ε⊥) > 0).

Therefore, HPPs can be excited in these hyperbolic regions [56]. Although as a typical
topological insulator, Bi2Se3 possesses unusual electron surface states, we firstly only
consider its bulk optical response. When the frequencies are smaller than the bulk gap
of 0.3 eV of Bi2Se3, the electronic contribution to permittivities (appearing in Equation (5)
via εz

∞) is purely real. In addition, it is assumed that the valence bulk band is completely
filled and the conduction band is empty, there are no free carriers present in the bulk. The
doping electron surface states of Bi2Se3 is determined by its chemical potential μB that is
located inside the bulk band gap. The electron surface states can be excluded by setting
μB = 0.0 eV.

 
Figure 2. The real part of the dielectric function of Bi2Se3. The shaded regions denote the hyperbolic

regions. Regions A and B denote type II (Re
(

ε⊥
)
〈0, Re(εz)〉0) and type I (Re

(
ε⊥

)
> 0, Re(εz) < 0 )

hyperbolic bands, respectively.

3. Casimir Friction between Graphene-Covered Bi2Se3

In Figure 3, we show the dependences of Casimir friction on distance d for different
configurations. As a natural hyperbolic material, hBN can also support HPPs which
are located in the infrared regions. The permittivities of hBN can be found in Ref. [58].
Here we also show the Casimir friction between hBN bulk for comparison. The results
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of hBN, Bi2Se3, graphene, and graphene-covered Bi2Se3 are denoted in green dotted, red
dashed, blue dot-dashed, and black solid lines, respectively. The chemical potential of
graphene is fixed at μ = 0.2 eV. It is seen that the Casimir friction coefficients of different
configurations decrease as the distance increases. The friction coefficients of graphene and
Bi2Se3 decrease slowly as the distance increases, while the friction coefficients of hBN and
graphene-covered Bi2Se3 decrease rapidly as the distance increases. Although the friction
coefficient of Bi2Se3 is smaller than that of hBN when the distance is less than 25 nm, it has
an obvious enhancement when covered with graphene. Compared with that of Bi2Se3, the
friction coefficient between graphene-covered Bi2Se3 can increase more than one order of
magnitude when the chemical potential of graphene is 0.2 eV.

 

Figure 3. The dependence of Casimir friction coefficients for different configurations on separation
distance d. The chemical potential of graphene is μ = 0.2 eV. The base of the logarithm is 10 in this
and the following figures.

Because Casimir friction is mainly from the exchange of the evanescent waves in the
near-field region, we display the FSDs for different configurations to realize the contribution
of different evanescent waves to Casimir friction in Figure 4. The results of hBN, Bi2Se3,
graphene, and graphene-covered Bi2Se3 are displayed in green dotted, red dashed, blue
dot-dashed, and black solid lines, respectively. The chemical potential of graphene is set to
be μ = 0.2 eV and the separation distance is d = 20 nm. It can be clearly seen from Figure 4
that there are two peaks corresponding to its hyperbolic bands located in the infrared
frequency region for the FSD of hBN. Similarly, there are two peaks in the low-frequency
regions for Bi2Se3. FSD has a strong peak corresponding to the resonance frequency of
the HPPs on the surface of Bi2Se3 material, so the main contribution to quantum friction
in Bi2Se3 comes from the HPPs. The FSD spectrum of graphene covers a very wide
frequency range but with a relatively low value, which agrees that graphene can support
p-polarized SPs with a wide frequency range. For graphene-covered undoped Bi2Se3, the
HPPs supported by Bi2Se3 can be coupled with SPs supported by graphene, which results
in the shift of the hybrid SPPPs toward higher frequencies. Therefore, the Casimir friction
between graphene-covered Bi2Se3 is mainly from the SPPPs. We can qualitatively obtain
the Casimir friction by judging the area covered by the curves of different configurations.
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Figure 4. The force spectral densities for different configurations. The parameters used here are the
same as those used in Figure 3.

To further analyze the physical mechanism of Casimir frictions for different configu-
rations, we show the photon exchange functions of these configurations in Figure 5. The
bright regions in the dark background denote the different surface polaritons supported by
different materials. In Figure 5a, the bright regions are from the contributions of type I and
type II hyperbolic bands of hBN, respectively. For the case of Bi2Se3 shown in Figure 5b.
we can see that the hyperbolic bands also exist in the THz frequency range. For the photon
exchange function between graphene sheets shown in Figure 5c, it covers a very wide
frequency range since graphene can support SPs from THz to infrared frequencies. When
Bi2Se3 is covered with graphene, the HPPs supported by Bi2Se3 can couple with SPs sup-
ported by graphene to form the SPPPs which is out of the hyperbolic band. The SPPPs
move toward higher frequencies as the wave vector increases. Therefore, we can obtain
that SPPPs dominate the Casimir friction between graphene-covered undoped Bi2Se3.

Figure 5. The photon exchange functions in different configurations. (a): hBN; (b): Bi2Se3;
(c): graphene; (d): graphene-covered Bi2Se3. The chemical potential of graphene is μ = 0.2 eV
and the separation distance is d = 20 nm. The insets in (b,d) are the enlarged areas denoted by white
dashed lines.
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Because the characteristic of SPs excited by graphene as well as the coupled SPPPs
is dependent on the chemical potential of graphene, we investigate the effect of chemical
potential on the Casimir friction. In Figure 6, we display the friction coefficient on the
separation distance d for different chemical potentials of graphene. The friction coefficient
between graphene-covered Bi2Se3 with chemical potentials μ = 0.1, μ = 0.2, and μ = 0.3 eV
are plotted in black solid, blue dashed, and red dotted lines, respectively. We can see that the
friction coefficients varying with distance exhibit different behavior for different chemical
potentials. As the distance increases, the difference of Casimir friction between systems
with different chemical potentials becomes smaller, which means that the contribution from
the evanescent SPPPs becomes weaker as the distance increases.

Figure 6. Dependence of the Casimir friction coefficient between graphene-covered Bi2Se3 on the
separation distance for different chemical potentials of graphene.

In Figure 7, we show the dependence of the friction coefficient on the chemical po-
tential between graphene-covered Bi2Se3 bulks. The friction coefficients with separation
distances of 10, 20, and 30 nm are plotted in black solid, blue dashed, and red dotted
lines, respectively. In Figure 7, we can see that the friction coefficients increase first and
then decrease after reaching the maximum values as the chemical potential increases. In
particular, the difference between the maximum value and minimum value of friction
coefficients can reach about one order of magnitude for different chemical potentials for the
separation distance being 10 nm. When the separation distance increases, the maximum
and minimum values of Casimir friction still have an obvious difference in our considered
chemical potential range. Therefore, the maximum value of the friction coefficient can be
obtained by tuning the chemical potential of graphene.
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Figure 7. Dependence of the Casimir friction coefficient on chemical potential for different separation
distances d.

In Figure 8, we show the FSD in order to understand the physical mechanism of
the relationship between the friction coefficient and chemical potential. The separation
distance between the top and bottom graphene-covered Bi2Se3 is fixed at d = 20 nm in
the calculations. When the chemical potential of graphene is smaller (μ = 0.05 eV), we
can see that Casimir friction is mainly determined by the HPPs as shown by the solid
black line. In this case, the coupling between HPPs and graphene plasmons is weak. The
HPPs and graphene plasmon contribute to the Casimir friction separately. As the chemical
potential increases (μ = 0.1 eV), the coupling between HPPs and SPs occurs, resulting in
the enhancement of SPPPs in a wide frequency region compared with the SPs supported
by graphene as shown in red dashed lines in Figure 8. However, when the chemical
potential continues to increase, the peak of SPPPs shifts toward higher frequencies with
a decrease in magnitude. This will lead to the decrease in the Casimir friction. Therefore,
we can demonstrate the coupling of graphene plasmon with HPPs supported by undoped
Bi2Se3 can enhance the Casimir friction significantly between graphene-covered Bi2Se3. It
is also possible to actively modulate the Casimir friction between such graphene/Bi2Se3
composite structures by controlling the gate voltage.

Figure 8. Force spectral densities of graphene-covered Bi2Se3 as a function of angular frequency for
different chemical potentials at a fixed distance d = 20 nm.
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4. Casimir Friction between Doped Bi2Se3 Bulks

We have investigated the Casimir friction between graphene-covered undoped Bi2Se3
in the previous sections. Then, we continue to study the Casimir friction between doped
Bi2Se3 without covering graphene. Such a configuration can be realized by moving
graphene away in Figure 1. In this configuration, the Bi2Se3 bulk behaves like an anisotropic
material, while the two layers denoted in orange represent the top and bottom surface
states. The electron surface states which behave as massless Dirac fermions exist when
Bi2Se3 is doped; it plays a similar role as graphene in the graphene-covered undoped Bi2Se3
configuration. The fundamental density response functions of the surface states are the
sheet conductivity σB and polarizability P, which have the following relation [56]

σB(q, ω) =
iω
q2 e2P(q, ω) (6)

Under the condition of random-phase approximation for Dirac fermions, P(q, ω) can
be obtained analytically [56]:

P(q, ω) = − NkF

2π�vF
− iN

16π�vF

q2√
q2 − k2

ω

[G(
kω + 2kF

q
)− G(

kω − 2kF

q
)− iπ] (7)

where function G(x) are expressed as G(x) = ix
√

1 − x2 − iarccosx. N = 1 is the number
of Dirac cones. kF = |μB|/�vF is the Fermi momentum with vF =

√
μdcμBτB/e being

the Fermi velocity, and μdc is the electron mobility. kω = (ω + iγe)/vF and γe > 0 is a
phenomenological parameter that stands for electron scattering rate. After substituting the
conductivity in Equation (4) with σB in Equation (6), we can calculate the Casimir friction
between doped Bi2Se3 by employing Equation (1).

In Figure 9, we show the dependence of the Casimir friction coefficient on the separa-
tion distance d for different chemical potentials μB of doped Bi2Se3, which is similar to that
shown in Figure 6. We can see that the Casimir friction coefficient decreases rapidly with
the increase in separation distance d. When the separation distance is less than 20 nm, the
friction coefficient is not sensitive to the chemical potential. When the separation distance
becomes larger, the friction coefficient decreases as the chemical potential increases. Such
phenomenon is different from that between graphene-covered undoped Bi2Se3 which is
shown in Figure 6. In addition, comparing Figure 9 with Figure 3, we can also see that
the friction coefficient between doped Bi2Se3 is larger than that between undoped Bi2Se3
when the separation distance is less than 20 nm. However, when the separation is larger
than 20 nm, the difference in Casimir friction between undoped Bi2Se3 and doped Bi2Se3 is
very small.

In Figure 10, we show the dependence of the Casimir friction coefficient on the
chemical potential of doped Bi2Se3 for different separation distances d. When the separation
distance is 10 nm, the friction coefficient almost does not vary with the chemical potential.
That means the chemical potential of doped Bi2Se3 has little impact on the surface states
that dominate the Casimir friction at such a small distance. The Casimir friction, in this
case, is even larger than that between graphene-covered Bi2Se3 when the chemical potential
is larger than 0.1 eV, which can be seen in Figure 7. For the cases with separation distances
are 20 and 30 nm, the friction coefficients first increase and then decrease after reaching the
maximum values as the chemical potential μB increase. However, the friction coefficients
between doped Bi2Se3 are not as sensitive to the chemical potential as those between
graphene-covered undoped Bi2Se3.
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Figure 9. Dependence of the Casimir friction coefficient on the separation distances for different
chemical potentials of Bi2Se3.

 
Figure 10. Dependence of the Casimir friction coefficient on chemical potential for different separation
distances d.

5. Conclusions

In summary, we have studied the Casimir friction between graphene-covered Bi2Se3.
Owing to the coupling of the HPPs supported by Bi2Se3 to the SPs excited by graphene,
the Casimir friction between the proposed structures shows a significant enhancement
compared to those between undoped Bi2Se3 materials. The Casimir friction can be modu-
lated actively by tuning the chemical potential of graphene. It is found that the maximum
value of Casimir friction can be obtained by choosing the appropriate chemical potential.
Furthermore, Casimir friction between doped Bi2Se3 is also studied. When the chemical
potential is larger than 0.1 eV, Casimir friction between doped Bi2Se3 is even larger than
that between graphene-covered undoped Bi2Se3. Although more and more schemes have
been proposed to enhance the Casimir force, it is still challenging to observe such a small
force exactly in an experiment. Because it may play an important role in the nanoelec-
tromechanical systems (NEMS), it is feasible to observe the Casimir force in the NEMS
successfully. The results of this study are of great help to extend the research range of
Casimir frictions and are meaningful to understanding the application of ultra-sensitive
force detection of topological insulators.
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Abstract: A kind of novel and compact magnetic field sensor has been proposed and investigated
experimentally. The proposed sensor consists of a tapered single mode fiber coupled with a nanos-
tructured magnetic fluid-infiltrated photonic crystal fiber, which is easy to be fabricated. The response
of magnetic fluid to magnetic field is used to measure the intensity of magnetic field via whispering
gallery mode. The magnetic field-dependent shift in resonance wavelength is observed. The maxi-
mum magnetic field intensity sensitivity is 53 pm/mT. The sensor sensitivity is inversely proportional
to the thickness of the photonic crystal fiber cladding.

Keywords: whispering gallery mode; microcavity resonator; magnetic field sensor; magnetic fluid;
fiber sensor

1. Introduction

Compared with the traditional measurement methods, optical fiber magnetic field
sensors have attracted great attention due to their outstanding virtues such as intrinsic
safety, compact size, easy fabrication and immunity to electromagnetic interference. They
have been widely applied in various fields such as electric power transmission, life science,
medical health, geophysical research and military installations [1,2]. In principle, optical
fiber is not sensitive to magnetic fields. Therefore, most of the proposed optical fiber
magnetic field sensors realize magnetic field measurement by combining optical fiber with
magnetic field sensitive materials [3].

Particularly, magnetic fluid (MF) is a kind of special nanostructured magneto-optic
material, which consists of surfactant-coated magnetic nanoparticles and carrier liquid.
It has unique optical properties such as dichroism, birefringence, Faraday effect and
tunable refractive index under a magnetic field [4–10]. Furthermore, MF can be easily
combined with optical fiber due to its fluidity. By infiltrating MF into the inner holes of
microstructured fiber or coating the surface of specialty fiber with MF, many fiber-optic
magnetic field sensors have been proposed based on various sensing technologies, such as
multimode interference, Fabry–Perot interference, grating optics, Sagnac interference and
surface plasma resonance [11–14]. The intensity of a magnetic field is usually measured
by monitoring the wavelength shift of valley/peak in the output spectrum. Although
these sensors have shown excellent sensing performance, the output spectral visibility is
usually low and the full width at half maximum (FWHM) of the valley/peak is usually
wide, which results in limited measurement accuracy and a low measurement resolution of
magnetic field.

In recent years, the optical whispering gallery mode (WGM) resonator has shown
enormous potential in sensing applications, such as biology [15–17], temperature [18–20],
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gas [21], humidity [22], laser [23], and magnetic field sensing [24–34]. Compared with the
traditional optical resonators, the WGM resonator possesses high quality factor (Q), small
mode volume and long lifetime of quantum photons. It is easy to achieve high-intensity
output light with the WGM microcavity. Generally, the fabrication of WGM microcavity is
based on mechanical deformation, while most of the mechanical processing would make
fiber more fragile. Thus, the WGM tuning approach requires a delicate experimental
apparatus. The tuning resolution is also rather limited. Those structures and methods may
add the complexity of fabrication and increase the processing cost.

In this work, we propose and experimentally demonstrate a WGM sensor based on
the photonic crystal fiber (PCF) infiltrated with MF. The MF serves as the magnetic field
sensitive nanostructured material. The dependence of WGM resonance wavelength on
magnetic field intensity is experimentally investigated. Furthermore, experimental results
indicate that the influence of PCF diameter on the WGM resonant wavelength cannot be
neglected. The proposed MF-infiltrated PCF WGM device possesses the features of high
coupling efficiency and easy fabrication, which makes it a good candidate for application
in magnetic field sensing and tunable optical filtering.

2. Fabrication and Experimental Details

Figure 1a shows the schematic diagram of the PCF coupled with a microfiber, where
the PCF provides the cylindrical microcavity. The microfiber is obtained by tapering a
single mode fiber (SMF) with the heat-and-pull method [35]. The final diameter of the
tapering region is 2 μm. Figure 1b shows the WGM field distribution in x-y plane. The
WGMs are effectively excited by evanescent coupling between the microfiber and the PCF
microcavity. The WGMs circulate along the inner equator of the microcavity.

Figure 1. (a) Schematic diagram of the PCF infiltrated with nanostructured magnetic fluid coupled
with a tapered microfiber. (b) Mode field distributions in x-y plane. (c) Micrograph of PCF before
being infiltrated. (d) Micrograph of PCF after being infiltrated and corroded.

Figure 1c shows the micrograph of unfilled PCF (core/cladding diameter is 7/125 μm).
There are periodic arrangement of air holes existing in the cross-section of PCF (hole
diameter is 3 μm). Infiltration of MF in the 1.5 cm-long section of PCF is carried out by
dropping one end of the PCF into MF. The MF infiltrates the PCF air holes under the
influence of capillary force. The fabrication process is carried out at ambient temperature
and pressure condition. The employed MF is water-based MF with surfactant-coated
10-nm-diameter Fe3O4 nanoparticles (provided by Hangzhou Jikang New Materials Co.,
LTD, Hangzhou, China). The initial volume fraction is 33%. The refractive index (RI) of MF
applied in this work is 1.36 and its volume fraction is around 9.7% (diluted with distilled
water and measured by a refractometer (A670, Hanon, Jinan, China)). In theory, MF with
higher concentration (viz. higher RI) may be greatly sensitive to the magnetic field. Then,
two ends of the MF-infiltrated PCF are sealed with UV glue. The sealed PCF is put into
the hydrofluoric (HF) acid solution with a concentration of 20%. The HF acid can corrode
the outer wall of the sealed PCF. By controlling the corrosion time, cylindrical microcavity
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with uniform diameter could be obtained. Figure 1d shows the micrograph of the PCF
after being infiltrated with MF and corroded by HF acid. The obtained PCF diameter (d) is
about 67 μm. Experiments indicate that the HF begin permeating into the air holes and,
hence, breaks the PCF microcavity when the corrosion time is longer than 70 min.

Figure 2 shows the schematic diagram of the experimental setup for investigating
magnetic field sensing properties. An electromagnet and a highly stable light source with
emitting light, covering wavelength range of 1450–1650 nm, were employed. The output
power of the light source is 12 mW. The MF-infiltrated PCF WGM structure was placed
in the middle of the electromagnet and carefully aligned to make the PCF parallel to the
magnetic field. The magnetic field strength was adjusted by changing the magnitude of
the supply current. It is measured simultaneously by a gauss meter with an accuracy of
0.1 mT. The transmission spectrum is monitored by the optical spectrum analyzer (OSA,
Yokogawa AQ6370C, Tokyo, Japan). The dips near 1530 nm wavelength are selected for
monitoring and analyzing (see the violet rectangle in Figure 3 below).

Figure 2. Schematic of experimental setup for investigating the sensing properties. SMF: single mode
fiber, PCF: photonic crystal fiber, OSA: optical spectrum analyzer.

Figure 3. Transmission spectra of the sensing structure when the coupling region is immersed in
glycerin solution of different refractive indices.

The coupling distance between PCF and microfiber is accurately controlled by two
three-axis translation stages. The detailed process is as follows: first, one end of the SMF is
connected with the light source and the other end is connected with the OSA. Then, two
ends of the SMF tapering region are fixed on the glass slide with UV glue and the tapering
region is partially suspended. Next, the PCF microcavity is fixed on the three-dimensional
moving platform. Through adjusting the translation stage, the PCF microcavity can be
moved slowly close to the tapering region for accurate coupling, which is synchronously
observed by a CCD camera connected with the computer.
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3. Sensing Principle and Experimental Results

The operating principle of the sensing structure is based on monitoring the shift
of resonant wavelength. After the incident light enters the tapering region of the SMF,
WGMs can be excited. WGM resonant wavelength should satisfy the following resonance
condition [36].

mλ = 2πne f f R (1)

where m is an integer, λ is the resonant wavelength, neff refers to effective refractive index
(ERI) and R represents the outer radius of the PCF microcavity. Under the condition of
fixed microcavity radius, resonant wavelength λ is affected by ERI neff. The relationship
between λ and neff is given as

Δλ =

(
λ

ne f f

)
Δne f f (2)

Equation (2) indicates that the resonant wavelength will shift towards the long wave-
length with the increase in ERI.

To verify the above theory, the influence of ERI on resonant wavelength has been
experimentally investigated and the results are shown in Figure 3. The sensing device
consists of a tapered microfiber and a MF-infiltrated PCF microcavity (1.5 cm long, 125 μm
in diameter) was placed on the experimental platform. The ambient RI near the coupling
region was changed by dropping glycerin solution with different concentrations. When
the ambient RI increased from 1.00 to 1.375, the resonant wavelength shifted towards the
long wavelength direction (see the black arrows labeled as 1, 2, 3, 4 in Figure 3). The
experimental results are in good agreement with the theory, which indicates that the sensor
is sensitive to the change in the ambient RI.

For magnetic field measurement, MF is employed as the magnetic field sensitive
material. MF has both the magnetic properties of solid magnetic materials and the fluidity
of liquid materials. Under zero magnetic field, the magnetic nanoparticles within MF are
dispersed randomly and uniformly in carrier liquid, as shown in Figure 4a, which are
assigned to the influence of surfactant and Brownian motion of magnetic nanoparticles.
When the magnetic field is applied, the magnetic nanoparticles within MF are rapidly mag-
netized. Due to the dipolar interaction of inter-nanoparticles, the magnetic nanoparticles
favor agglomeration along the magnetic field direction and form nanochain-like struc-
tures [37–39]. Figure 4b schematically shows the chains along the field direction. Figure 4c
shows the magnetic nanoparticle chain distribution in PCF under applied magnetic field.
Then, the dielectric constant and hence the RI of MF will change with magnetic field. The
relationship between RI of MF and magnetic field is given by the following Langevin-like
function [40]

nMF(H) =

⎧⎪⎨
⎪⎩

n0, H < Hc,n

(nS − n0)

[
coth(α

H − Hc,n

T
)− T

α(H − Hc,n)

]
+n0, H > Hc,n

(3)

where n0 is the RI of MF at zero magnetic field. ns is the saturated value of MF’s RI.
H is the magnetic field strength in Gs. Hc,n is the critical value of magnetic field strength.
T is the thermodynamic temperature in Kelvin. α is the adjusting parameter. Thus, the
resonant wavelength will shift with the magnetic field, which is fundamental for magnetic
field sensing.

Figures 5 and 6 show the transmission spectra of the as-fabricated sensing structures
under different magnetic field intensities. The diameters of the PCF microcavity are
67 and 75 μm, respectively. When the magnetic field intensity changes from 0 to 1.8 mT, the
resonant wavelength changes greatly, as shown in Figures 5a and 6a. Then, as the magnetic
field intensity further increases to 14 mT, the resonant wavelength redshifts further as
shown in Figures 5b and 6b, but the shift speed decreases remarkably.
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Figure 4. (a) Schematic of magnetic nanoparticles within magnetic fluid under zero magnetic field.
(b) Schematic of magnetic nanoparticle columns within magnetic fluid under applied magnetic field.
(c) Magnetic nanoparticle column distribution in PCF.

Figure 5. Transmission spectra at different magnetic field intensities for the PCF microcavity with
diameter of 67 μm. The magnetic field strength is in the range of (a) 0 to 1.8 mT and (b) 2.1 to 14 mT.

Figure 6. Transmission spectra at different magnetic field intensities for the PCF microcavity with
diameter of 75 μm. The magnetic field strength is in the range of (a) 0.3 to 1.8 mT and (b) 2.2 to 14 mT.

Figure 7 explicitly shows the corresponding resonant wavelength as a function of mag-
netic field intensity. Figure 7 indicates that, in the magnetic field range from 0 to 1.8 mT,
the linear responsivities of the two sensing structures are 53 pm/mT and 26 pm/mT, re-
spectively. However, in the magnetic field range from 2 to 14 mT, their linear responsivities
are 6 pm/mT and 2 pm/mT, respectively. The maximum sensitivity is obtained to be
53 pm/mT. Higher sensitivity is obtained at weak magnetic field. At high magnetic field,
the sensitivity decreases, which may be assigned to the tendency to saturation state of MF.
In addition, the sensitivity is inversely proportional to PCF microcavity diameter. The
smaller the PCF microcavity diameter is, the higher the sensitivity will be. Therefore, the
proposed WGM sensors with higher sensitivity can be obtained by reducing the cladding
thickness of the PCF microcavity.
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Figure 7. WGM resonant wavelength as a function of applied magnetic field for the PCF microcavity
with diameter of d = 67 and 75 μm, respectively.

For comparison, Table 1 lists the sensing structures, fabrication methods and sensing
performance of the related optical fiber WGM magnetic field sensors. The mainly adopted
structures and fabrication methods include pressure-assisted arc discharging on silica cap-
illary or hollow fiber to obtain microbottles, or adjusting related fusion parameters on SMF
to fabricate microspheres. It is obvious from Table 1 that the sensitivity of the proposed PCF
WGM sensor is better than those of the structures based on hollow microbubble, borosil-
icate glass, microsphere and hollow microbottle, but lower than those of the structures
based on silica microcapillary, fuse-discharging silica capillary and side-polished SiO2
microsphere. However, compared with the above-mentioned structures and fabrication
methods, the PCF microcavity employed in this work has natural cylindrical microcavity
and the fabrication process is simple and easy to repeat. Thus, the MF-infiltrated PCF WGM
sensor is promising for highly sensitive weak magnetic field measurement in the future.

Table 1. Sensing performance of various optical fiber WGM magnetic field sensors.

Sensing Structure Fabrication Method Maximum Sensitivity Ref.

Hollow microbubble Fuse-and-blow technique 0.081 pm/mT [24]

Borosilicate glass

HF etching
+ silicon nitride ceramic

heating
+ glassblowing method

4.0 pm/mT [25]

Microsphere

HF etching
+ fusing

+ electrode discharging
method

5.036 pm/mT [26]

Silica microbubble Fusing
+ discharging method 15.1 pm/mT [27]

Hollow microbottle
Pressure-assisted air

discharging
+ HF etching method

25.21 pm/mT [28]

PCF Tapering method −61.86 pm/mT [29]
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Table 1. Cont.

Sensing Structure Fabrication Method Maximum Sensitivity Ref.

Silica microcapillary
Hydrogen flame heating
+ air-pumped swelling

method
75.7 pm/mT [30]

Silica capillary
Fuse-discharging

+ increasing gas pressure
+ heated and soften method

8.45 pm/Gs
(84.5 pm/mT) [31]

SiO2 microsphere Side-polishing method 0.0108 nm/Oe
(108 pm/mT) [32]

PCF HF etching method 53 pm/mT This work

4. Conclusions

In summary, a kind of magnetic field sensor based on WGM excited in a MF-infiltrated
PCF resonator has been demonstrated. The maximum magnetic field intensity sensitivity
is obtained to be 53 pm/mT. Experimental results indicate that the cladding thickness of
PCF microcavity influences the sensitivity of the sensor. The proposed device possesses the
desirable features of high coupling efficiency and easy fabrication, which make it promising
for application in magnetic field sensing and tunable optical filtering. The PCF-based WGM
resonance structure is also simple and compact.
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Abstract: Superfluorescence is a collective emission from quantum coherent emitters due to quantum
fluctuations. This is characterized by the existence of the delay time (τD) for the emitters coupling
and phase-synchronizing to each other spontaneously. Here we report the observation of superfluo-
rescence in c-plane In0.1Ga0.9N/GaN multiple-quantum wells by time-integrated and time-resolved
photoluminescence spectroscopy under higher excitation fluences of the 267 nm laser and at room
temperature, showing a characteristic τD from 79 ps to 62 ps and the ultrafast radiative decay (7.5 ps)
after a burst of photons. Time-resolved traces present a small quantum oscillation from coupled
In0.1Ga0.9N/GaN multiple-quantum wells. The superfluorescence is attributed to the radiative
recombination of coherent emitters distributing on strongly localized subband states, Ee1→Ehh1

or Ee1→Elh1 in 3nm width multiple-quantum wells. Our work paves the way for deepening the
understanding of the emission mechanism in the In0.1Ga0.9N/GaN quantum well at a higher injected
carrier density.

Keywords: InGaN/GaN multiple-quantum wells; superfluorescence; time-resolved photolumines-
cence; photoluminescence; collective emissions

1. Introduction

Spontaneous emissions (SEs) of photons occur because of coupling between excited
two-level systems and vacuum modes of the electromagnetic field, such as the process of
fluorescence that is commonly used in displays and lighting—effectively stimulated by its
zero-point fluctuations. C-plane InGaN/GaN quantum wells (QWs) as the prevailing active
layer have been studied extensively due to their promising applications in group-III nitride
semiconductor optoelectronic devices [1–4]. Commonly accepted explanations for emission
features are the spatial localization of carriers due to random alloy fluctuations, indium
compositional fluctuations and well width fluctuations [5–18], the quantum-confined Stark
effect (QCSE) because it spatially separates electron and hole wave functions and reduces
the wave function overlap in the QWs [19–25] and the screening of the QCSE under a high
excitation that affects the excitation density-dependent emission energy of InGaN/GaN
MQWs, for example, a very strong emission from quantum-dot-like states [26], high energy
emission band [27–29] and stimulated emission on the high-energy side in thick QWs [30–32].

Rime-resolved photoluminescence (TRPL) presents fast and slow decay behaviors
over several orders of magnitude due to weakly-localized carriers transferring among
different energy levels easily [33,34]. The decay dynamics of carriers at a time scale longer
than 200 ns is ascribed to agglomerated localization centers on nearly isolated islands [35].

Light–matter interactions can also create and manipulate collective many-body phases
in solids. Lasing and cooperative emissions (superradiance SR and superfluorescence SF)
form a family of collectively coherent emissions—a collective emission that results in a burst
of photons with ultrafast radiative decay. SR was described by Dicke in 1954 [36] followed
by the experimental observation in 1973 [37]. Several SF emissions were reported [38,39].
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SR and SF are characterized by an accelerated radiative decay time τ ∝ τSE/N, where the
exponential decay time τSE of SE from the uncoupled two level systems is shortened by
the number of coupled emitters N [40,41]. In addition, the peak intensity of SF and SR
increases superlinearly with N, ISF ∝ N2.

SF emissions are typically characterized by the unique existence of the delay time
τD ∝ log(N)/N for the development of macroscopic spontaneous quantum coherence due
to quantum fluctuations [36–38] and Burnham–Chiao ringing which can’t be observed in all
experiments primarily due to a spatial averaging effect [42] and pure superfluorescence [41].

In this case, we observe a previously unreported unique behavior of the SF associ-
ated with the uniformity of localized states in In0.1Ga0.9N/GaN QWs especially at high
excitation level with which generally, the manufactured devices like laser diodes are al-
ways operating [43]. Hence, it is necessary to deepen the understanding of the emission
mechanism at high excitation levels.

2. Materials and Methods

InGaN/GaN MQWs schematized in Figure 1a were grown on (0001) c-plane sapphire
substrates in a metal organic chemical vapor deposition (MOCVD) system with the Thomas
Swan closely spaced showerhead reactor. The In content in the 3 nm thick InGaN QW is
10%. The measured period of the multiple QW system is about 13 nm, leading to 10 nm
barrier width.

Figure 1. (Color Online) Excitation fluence dependent photoluminescence behaviors of
In0.1Ga0.9N/GaN MQWs (a) Schematic diagram of material structure. (b) Color Mapping of PL
intensities and the emission photon energy at different excitation fluences (P) from 256.9 kW.cm−2 to
985.1 kW.cm−2. (c) Top, the shift of the peak emission energy with the excitation fluence. The inset
exhibits the flat and broad PL spectrum line at low excitation fluence; Middle, the peak emission
intensity that increases superlinearly with the excitation fluence, corresponding to a power-law
dependence with an exponent α = 2.4 (red line); Bottom, the narrowing of the FWHM with the
excitation fluence obtained from the peak fitting to the spectra in (b). The inset shows several typical
spectra. Different color lines in subfigures (c) present fitting peaks to spectra with a Lorentzian for
various excitation power densities.

Time-integrated and time-resolved photoluminescence measurements were performed
at room temperature using a regeneratively amplified femtosecond Ti: sapphire laser with
a repetition rate of 1 kHz operating around 800 nm. The 25 fs pulses duration were tripled
to provide a 267 nm excitation source with the maximum power of about 20 mW (Micro-5
+ Legend Elite USP HE+, Coherent), corresponding to 2.686 × 109 photons per pulse.

The excitation laser output was reflected to a prism in order to obtain a 267 nm laser.
The 267 nm laser beam was in alignment with the center height of the slit by way of two
mirrors and apertures and focused by a singlet lens with the focal length of 70 mm onto the
sample In0.1Ga0.9N/GaN MQWs in the way of an oblique incidence. The diameter d of the
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laser spot is 1.488 × 10−4 cm, the area of the laser spot is 1.738 × 10−8 cm2. We were thus
able to reach the maximum excitation densities of 1150.8 kW cm−2. The backward emission
from the sample was collected perpendicular to the sample surface by a duplet lens system
(f = 70 mm and 320 mm, d = 70 mm) and converged onto the input slit of a double-grating
monochromator (SpectraPro hrs-300, PI) and detected by a CCD camera (Optronis SRU-ED,
Kehl, Germany) which are connected to an ultraviolet-visible streak camera system with
2 ps time resolution and an instrument response function of 6 ps (Optoscope SC-10 SRU-ED,
Optronis GmBH, Kehl, Germany). The 300 mm spectrograph has two gratings with 300
and 1200 lines per mm. The input slit of the spectrograph is a vertical slit; while the output
slit of the streak camera is a horizontal one. We adjusted slit width to 10 μm. The time base
is 0~288 ps under the fastest sweep speed of 15 ps/mm. The pump power (P) is controlled
with a variable neutral density filter.

3. Results and Discussion

Figure 1 presents the excitation density-dependent photoluminescence (PL) spectra of
In0.1Ga0.9N/GaN MQWs for the excitation fluence (P) from 256.9 to 985.1 kW cm−2. The
emission spectra were measured in the range of 2.6–3.1 eV. At the low excitation less than
347.6 kWcm−2 (Figure 1b), the emission exhibits a flat and broad PL spectrum line shape with
full width at half maximum (FWHM) of about 277 meV (inset, Figure 1c top panel), which
is the convolution of two emission peaks at the center energy 2.763 eV and 2.922 eV. These
two emissions are attributed to sequential spontaneous emissions of shallow impurities [44].
However, at the excitation density of 444.8 kW cm−2, a narrow emission shoulder peak of
2.945 eV appears at the high energy side in PL. As excitation fluence is increased, the emission
peak energy is blue-shifted up to 2.960 eV at the exaction density of 661.7 kW cm−2.

The quantitative analysis of spectrally integrated PL which is best fitted with a
Lorentzian for various excitation power densities is shown in Figure 1c (the inset shows
the fitting to the spectrum at the excitation fluence 815.3 kWcm−2, bottom panel). As
the excitation fluence is increased from the excitation density of 461.6 kW cm−2, PL peak
energies first present the blueshift feature (top panel). That will be discussed in detail
in Figure 2. As the excitation fluence is further increased from 704.8 kW cm−2 to 985.1
kW.cm−2, the emission peak energy is red-shifted from 2.960 eV to 2.949 eV presumably
owing to renormalization of the emission energy from the dense coherent coupling. The
peak intensity increases superlinearly over three orders of magnitude (middle panel) ac-
cording to a power-law dependence with an exponent of α = 2.4 ± 0.1 deviating from the
theoretically expected value of α = 2 [42] presumably by assuming that more localized
states devote to nonlinear emissions. At the excitation density exceeds 985.1 kW.cm−2,
the emission peak intensity reduces due to the horizontal transmission of the delocalized
carriers [45] and renormalization of the emission energy. Delocalized carriers face a higher
number of fast non-radiative recombination centers leading to an increase of non-radiative
losses. The full-width at half-maximum (FWHM) of the PL spectrum is excitation sensitive
and reduced to about 30 meV after the excitation threshold (bottom panel). The emission-
line narrowing is one of the observed features of the SF [39]. Remarkably, narrow emission
lines are similar to the 36 meV linewidth measured on a single GaN quantum dot at room
temperature [46]. These narrow contributions are, therefore, fully compatible with the
expected emission from a single localized state.

Figure 2 discussed the blueshift of the emission peak energy. Generally, the PL peak
energy of the InGaN/GaN MQWs can be expressed as [47]:

Ep = Eg + ΔEstrain − ΔEQCSE + ΔEQSE (1)

where Eg is the bandgap of relaxed InGaN alloys, ΔEstrain represents the blueshift caused
by the compressive strain, ΔEQCSE represents the well width dependent red shift in the
effective band gap due to the quantum confined Stack effect (QCSE) [48], and ΔEQSE
represents the shift caused by the intersubband transition due to the quantum size effect
(QSE). In our InGaN MQWs, the first two items would not be changed by the excitation

63



Nanomaterials 2022, 12, 327

power. Thus, the ΔEQCSE and ΔEQSE could be responsible for the blue-shift of the PL
spectrum as the excitation fluence increases. As we know, the QCSE usually causes red-
shifts owing to the tilt of energy bands. Moreover, under a high excitation fluence, the
QCSE may be weakened by the huge number of photogenerated carriers, resulting in a
decrease of QCSE-caused red-shift, i.e., a PL peak blue-shift, However, this process does
not result in a time-delayed blueshift emission peak, as observed in Figure 3d. Thus,
the discussed blue-shift is more likely caused by ΔEQSE, the changes in the intersubband
transitions.

Figure 2. (Color Online) (a) Energy band diagram simulated by Silvaco TCAD software at 0 V bias;
(b) energy band details of the InGaN QWs, together with the calculated subband energies.

Figure 3. (Color Online) Steak camera images and time-resolved photoluminescence spectroscopy for
different excitation fluences. (a) weak excitation 344.1 kW.cm−2. (b) Observation of delayed bursts of
radiation with threshold excitation 461.6 kW cm−2. (c) Strong excitation 661.7 kW cm−2. The delay
time (τD) is defined (d) Time-resolved photoluminescence spectroscopy for three excitation fluences
above. The laser given here shows the initial time of the emission. Obviously, the delay emission is
observed after the threshold excitation. (e,f) Extracted time-resolved emission intensity traces for
different excitation fluences over 100 meV energy window in detail. The initial time is indicated as t0.
τD, the delay time; SF, superfluorescence. (g) Upper, decay time (τSF) as a function of the excitation
fluence (P), fitted using the superfluorescence model (cyan line): τSF = 2.5 + 5096/P. (h) Upper,
streak camera image obtained at an excitation fluence of 815.5 kW cm−2. Lower, time-resolved
emission intensity trace (with an enlarged view) presents the definite difference from traces fitted by
ExpDec 1 (red line) and ExcDey 2 (blue line) functions. (i) The dynamic redshift of time-resolved
slices integrated over a 5 ps time window at different time delays on a semi-log scale.
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To clarify the mechanism in the observed cooperative emission and related peak
shifts, the energy band diagram of the structure was simulated at 0 V, using Silvaco TCAD
software, as shown in Figure 2a. Besides, a band detail of the QW is illustrated as Figure 3b
in which the subband energies with different n were calculated using:

En =
�2π2

2m∗L2
w

n2 (2)

where � is the reduced Planck constant, LW is the well width, and effective masses of
In0.1Ga0.9N were taken in the calculations are: me = 0.21 m0 for electrons, mlh = 1.22 m0 for
light holes and mhh = 2.00 m0 for heavy holes [49]. The results indicate that the subband
energies in the conduction band are more discrete owing to the smaller effective mass of
electrons. The energy difference between Ee1 and Ee2 is about 0.597 eV, far exceeding the
measured PL peak variation of 15 meV. Thus, we deduce that the transitions from Ee1 to Elhn or
Ehhn should be dominant in our experiments. In the case of 267 nm excitation (hυ = 4.662 eV),
photogenerated holes distribute the multiple subbands of the valence band, and then two
processes will happen synchronously: (1) photogenerated holes at high energy levels will
relax to the lowest Ehh1 gradually; (2) radiative recombination occurs between photogenerated
electrons at Ee1 and photogenerated holes at multiple subband energies. As the excitation
power increases, more and more holes will relax to the lowest Ehh1 before they are recombined
with electrons. Therefore, at the excitation fluence 461.6 kW cm−2, the carriers’ transition
from Ee1 to Ehh1 enhances gradually, leading to the increasing PL intensity at 2.945 eV and a
narrow FWHM. Meanwhile, the delay time is observed as the excitation density increases due
to the coherent emitters (Figure 3b–f), also supporting the relaxation process of the holes. At
slightly higher excitation fluence, the states at Ehh1 will be completely filled by photogenerated
and relaxed holes owing to their limited state density. Thus, the transition from Ee1 to Ehh1
tends to saturation, and the transition from Ee1 to Elh1 dominates gradually, leading to the
emission peak blueshift for the excitation fluence from 461.6 to 704.8 kW cm−2. Furthermore,
the delay time will decrease gradually with the excitation fluence (Figure 3g, lower panel)
because coherent emitters from Ee1-Elh1 transitions form earlier spontaneously than coherent
emitters from Ee1-Ehh1 transitions. In addition, the calculated Elh1 is about 0.013 eV higher
than Ehh1, which also agrees with the observed blue shift from 2.945 eV to 2.960 eV. Above all,
the observed narrow emissions should come from the localized intersubband transitions of
the InGaN wells, in which SF from Ee1-Ehh1 transition is dominant at the excitation fluence of
461.6 kW cm−2 and SF from Ee1-Elh1 coherent transitions will be enhanced with an increasing
excitation fluence. Thus, the blueshift of the emission from the QWs is confirmed to originate
from the confined subband levels when the well width is smaller than 3–4 nm [44].

Figure 3 presents streak camera images and extracted time-resolved emission intensity
traces (over 100 meV energy window) for various excitation densities in detail and quanti-
tative analysis. At the low excitation fluence of 344.1 kW cm−2, two emission peak energies
at 2.820 and 2.941 eV exhibit almost the same dynamics for spontaneous emissions of
shallow impurities (Figure 3a). The rise time of the emission peak energy at 2.941 eV (blue
trace, Figure 3d) is 8ps shorter than that of the emission peak energy at 2.820 eV (red trace,
Figure 3d), showing carriers competitively populate on shallow impurity energy levels.
The initial time of these two emissions is almost the same as that of the emission of GaN
top surface. With P = 461.6 kW cm−2, the peak emission energy shows the blueshift to 2.945
eV and its dynamic process presents the distinct delay time τD before the rising edge and a
more shortened radiative decay and long radiative decay (green trace in Figure 3b,d). As
the excitation fluence of 661.7 kW cm−2, in addition to the τD, we cannot simply describe
the time-resolved PL as the bi-exponential decay (Figure 3c and purple trace, Figure 3d).

Figure 3e,f show extracted time-resolved emission traces for different excitation flu-
ences over 100 meV energy window. In time-resolved PL decay measurements with low
excitation fluence less than 444.8 kW cm−2 (yellow trace in Figure 3e), we did not observe a
significant modification in the decay of the spontaneous emission, which can be described
as a momo-exponential decay with 1/e decay time of τSE = 1180 ps.
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At a slightly higher excitation fluence 461.6 kW cm−2 (cyan trace in Figure 3e), after
the delay time τD, we observed a more pulse named SF with 1/e decay time of τSF =
67 ps in comparison to the PL decay of SE with 1/e decay times of τSE = 1180 ps. The
delay time (τD) was calculated as the period between the start point of the emission
and the rising edge of 2.945 eV. As the excitation densities P increase up to 524.3 kW
cm−2 (Figure 3f), after the τD, a rising edge and the accelerated PL decay of the emission
with a moderately long tail cannot be described by a mono-or bi-exponential function
of the spontaneous emission, as shown in Figure 3c. As excitation fluences increase
more and more, such as at 815.3 kW cm−2 (Figure 3h, lower panel), the time-resolved
emission intensity trace displays a small oscillatory superfluorescence shape [41,42] during
118~165 ps, which is different from traces fitted by mono-exponential (red line) and bi-
exponential(blue line) decay functions. However, a pure superfluorescence pulse has a
single hyperbolic-secant shape [41]. Since the penetrating depth of laser has effects on the
distribution of state densities of a high-gain medium, When the laser incidents on c-plane
In0.1Ga0.9N/GaN multi-QWs, the sample may thus be considered as being divided into a
number of concentric shells of decreasing density, the coupling of carriers in multi-QWs’
layers by diffraction makes spatial averaging which washes out the ringing pulse period.

As excitation fluence increases further, the decay time (τSF) shortens to 8 ps (upper
panel in Figure 3g), exceeding the instrument response limit by 6 ps at FWHM. The cyan line
presents that τSF is fitted to the excitation fluence P for excitation densities over 461.6 kW cm−2,
τSF ∝1180 α/P, where α is a scaling factor. The initial number of coupled emitters N is
proportional to the excitation fluence P/α. Here, a fixed value of τSE = 1180 ps was used,
as found for spontaneous emission of In0.1Ga0.9N/GaN QWs at low excitation density. The
proportional relation is in accord with τSF ∝ τSE/N of cooperative emissions [36,41]. The
lower amplitudes of slower components are observed (Figure 3c). Consequently, the SF decay
rate should converge towards the decay rate of spontaneous emission.

Furthermore, a shortening of the SF delay time (lower panel in Figure 3g), after which
the photon burst is emitted, is observed. This characteristic of SF is a consequence of
the time it takes for the individual dipoles to become phase-locked and scales with the
number N of excited coupled emitters according to τD ∝ log(N)/N [38,39,41]. The data are
fitted to τD = 46 + 5313 × log(P)/P (blue line, Figure 3g lower panel) by assuming N to be
proportional to the excitation fluence P. The drastic shortening of the radiative lifetime and
the delay time attest to the observed emission being superfluorescence. The delay time τD
decreases for high excitation fluences owing to the increased interaction among emitters,
which is in accordance with the red-shift of the emission peak energy for higher excitation
fluences discussed in Figure 1c, upper panel.

Figure 3h,i, present the decay image of the emission peak energy of 2.967 eV with the
excitation density of 815.3 kW cm−2 and dynamic red-shift slices integrated over a 5 ps
time window at different times delays in the semi-logarithmic scale. Although the observed
image of SF is alike to the Fermi-edge SF in In0.2Ga0.8As/GaAs [50], as time goes on, the
dynamic red-shift in our In0.1Ga0.9N/GaN is attributed to the coherently radiative emission
of carriers distributed on Ee1 and Ehh1, carriers reduce during the relaxation (Figure 2b). It
takes much more time for photogenerated holes at high energy levels to relax to the lowest
Ehh1 gradually and form coherent emitters, resulting in a longer τD. SF coherent states result
from these narrow localization states. In addition, a dynamical red-shift is owing to the
renormalization of the emission energy from the coherent coupling. The SF mission maybe
undergoes the evolution process of the coherent emission to the noncoherent emission due
to the large lateral dimensions or number fluctuations within the coherent SF state.

Figure 4 presents streak camera images of SF emission for four typical excitation
fluences and spectrally integrated time-resolved PL traces (over 100 meV energy window)
for six typical excitation fluences from 317.9 to 871.2 kW cm−2 in a new batch of the sample.
In Figure 4a, the build-up evolution of the SF photon burst is clearly shown on the base of
the delay time τD. At the P = 473.3 kW cm−2, SF appears clearly after the delay time. At
the P = 871.2 kWcm−2, a brighter image after the τD is shown due to photon bursts of SF.
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Figure 4b presents normalized time-resolved PL traces for different fluences in order to
observe the evolution of the τD and the decay trace of the emission more clearly. As the
excitation fluence increase, τD = 26+ 4490× log(P)/P (Figure 4b, inset), which confirms to
τD ∝ log(N)/N of SF [38,39,41]. After photon bursts of SF, the decay trace of the emission
shortens much with the increase of excitation fluences. In Figure 4c, after the overlap (the
black arrow) of decay traces, the emission intensity increase a little bit (red traces, the
magnified image in green circle of the inset) at the excitation fluence of 698.5 kW cm−2,
which means some weak oscillation is observed in the time domain compared with the
decay trace under the weak excitation fluence of 317.9 kW cm−2 (black trace). The 3 nm
QWs’ width may contribute to the SF, Quantum confined localization states are coupled
with QWs, which results in the oscillation. The oscillation is a fundamental property of
SF [42]. Figure 4d shows the fitting to fluorescence traces of SE and SF at excitation fluences
of 317.9 kW cm−2 and 769.9 kW cm−2 respectively. The small oscillation was considered
to be ignored due to error problems during the fitting. Decay traces are simply described
by a bi-exponential function, there are no damped oscillations involved. The rising edge
of the SE is described as a biphasic dose response function given that one part of carriers
distribute on upper levels and another part of photons may start to form cooperative mode
because the end of the rising edge shows the characteristics of the formation process. The
rising edge of SF was described as a revised Double Boltzmann function, or a polynomial
function given that the SE and the formation of cooperative states occur in this period.
The horizontal transmission was observed with the side geometry (not shown there).
These observations were consistently reproducible. In addition, the output face of the
sample was not limited to a small spatially-resolve region, thus, the remarkable oscillation
was not demonstrated in our experiments at room temperature. The strong SF ring is
observed in 1–10 μm lateral dimensions of a homogeneous system [38], or a small detect
region [41,51] at low temperature. The output of the sample as a whole is the sum of the
radiation from each of the small dimensions, and this “spatial averaging” washes out the
ringing or oscillation.

Figure 4. (Color Online) Superfluorescence from In0.1Ga0.9N/GaN QW. (a) Streak camera images
of SF emission for four typical excitation fluences, 317.9 kWcm−2, 473.3 kWcm−2, 553.8 kWcm−2,
769.9 kW.cm−2, the τD means the delay time. (b) Spectrally integrated time-resolved PL traces (over
100 meV energy window) for different excitation fluences (P units: kW.cm−2). Inset, the excitation
fluence of the delay time was best fitted with a function τD = 26+ 4490× log(P)/P. (c) Time-resolved
PL traces for excitation fluences of 698.5 kW cm−2 (red) compared to the time-resolved PL trace at
317.9 kW cm−2 (black), the insets show a small ringing circled in the green ellipse, the black arrow
points at the overlap of the falling edge of emission traces. (d) The fitting to fluorescence traces of SE
and SF at excitation fluences of 317.9 kW.cm−2 and 769.9 kW.cm−2 respectively.
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Given the previous observations, our experiments revealed that the SF from the highly
excited In0.1Ga0.9N/GaN QWs at room temperature can be confirmed unambiguously by
the evidence for the characteristic delay time τD, τSF ∝ τSE/N, emission line narrowing
with the increasing of excitation fluences, and quadratic P dependence of the peak emission
intensity ISF. This is attributed to the coherent radiative emissions of carriers distributing
on the subband Ee1 and Ehh1 or Elh1 of localized states in In0.1Ga0.9N/GaN MQWs at higher
injected carrier density. The oscillation of the emission pulse was not observed clearly
owing to spatial averaging and room temperature. The results opened a door for us to
research collectively emissive characteristics of quantum wells. The fitting to the SF pulse
further demonstrated its characteristics.

As the SF critically depends on the low decoherence and low inhomogeneous energy
variance, the long dephasing time (T∗

2 ) [52] which is mainly dependent on the stringent
quality of the material structure, high oscillator strength, and small inhomogeneous broad-
ening. In the time domain, T∗

2 can be directly measured with free-induction decay, optical
nutation, photon-echo, etc. SF occurs when

√
τSFτD < T∗

2 . The higher the pump pulse
energy is, the shorter τD is. Thus, the dephasing is limited by the pump pulse energy. In
our experiment, the value of

√
τSFτD = 22 ps (τSF = 8 ps and τD= 62 ps in Figure 2g), which

is in the range of T∗
2 about 10–50 ps typical for high quality bulk semiconductors [53].

As the excitation fluence further increases, the growth rate of the field becomes high
enough to exceed the dephasing rate and SF emission develops. The linewidth initially
drops with increasing pump intensity and becomes saturated once SF becomes dominant.

However, in condensed matter systems, SF has been difficult to observe due to the
inherently short coherence times of carriers. The SF in In0.2Ga0.8As/GaAs QWs was
attributed to many-body renormalization and Coulomb enhancement of gain [54]. Strongly
localized states of the subband of In0.1Ga0.9N/GaN QWs have been demonstrated in a few
nm carrier localization domains and electrons travel at most over a scale of a few tens of
nm [55]. It can be reasonably inferred that the single localized state spontaneously develops
into macroscopically coherent emitters due to the high oscillator strength, which devotes
to observing SF at room temperature. In the following work, we will study the coherent
process from the polarization characteristics of the emission. Under strong excitation, the
interaction among multi-bodies in quantum wells deserves research.

4. Conclusions

Our measurements reveal that coherent SF coupling presents in In0.1Ga0.9N/GaN
quantum well due to strongly localized states at high excitation fluence and room temper-
ature. This opened up new opportunities to deepen the understanding of the emission
mechanism in In0.1Ga0.9N/GaN quantum wells as the prevailing active layer of optoelec-
tronic devices with high-brightness at a higher injected carrier density, and could enable the
exploitation of cooperative effects for optoelectronic devices and then prompted us to study
the coherent polarization characteristics and the coherent dephasing process of emitters
by four-wave-mixing [56], transient resonant four-wave mixing [57], and the second-order
coherence of the emission [38]. The interaction among multi-bodies in In0.1Ga0.9N/GaN
quantum wells and other semiconductor quantum wells should still be a research branch
due to their wide applications for a large variety of optoelectronic devices.
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Abstract: Two-dimensional (2D) semiconductors have been considered as promising candidates to
fabricate ultimately scaled field-effect transistors (FETs), due to the atomically thin thickness and high
carrier mobility. However, the performance of FETs based on 2D semiconductors has been limited by
extrinsic factors, including high contact resistance, strong interfacial scattering, and unintentional
doping. Among these challenges, contact resistance is a dominant issue, and important progress
has been made in recent years. In this review, the Schottky–Mott model is introduced to show the
ideal Schottky barrier, and we further discuss the contribution of the Fermi-level pinning effect to the
high contact resistance in 2D semiconductor devices. In 2D FETs, Fermi-level pinning is attributed
to the high-energy metal deposition process, which would damage the lattice of atomically thin 2D
semiconductors and induce the pinning of the metal Fermi level. Then, two contact structures and
the strategies to fabricate low-contact-resistance short-channel 2D FETs are introduced. Finally, our
review provides practical guidelines for the realization of high-performance 2D-semiconductors-
based FETs with low contact resistance and discusses the outlook of this field.

Keywords: contact resistance; two-dimensional (2D) materials; Fermi-level pinning; transistor

1. Introduction

The development of silicon complementary metal–oxide semiconductor (CMOS) in-
tegrated circuits has followed Moore’s law for several decades. With the downscaling of
the transistor dimensions into sub−20 nanometer nodes, two main challenges emerge,
including drain-induced barrier lowering and degradation of the carrier mobility of Si. The
former effect makes the transistor hard to turn off and results in a high off-current, which
will cause high static power consumption. Emerging technologies such as FinFETs and
Gate-All-Around (GAA) FETs have been employed to decrease the off-current. The mobility
degradation is caused by the strong interfacial scattering, especially when the semicon-
ductor thickness (tb) is in the sub−3−nm regime [1]. Since the discovery of graphene,
two-dimensional (2D) materials with atomic thickness exhibit high carrier mobility, even at
tb < 3 nm [1], and show high immunity to the short-channel effect. These unique properties
contribute to making 2D materials promising candidates to fabricate ultimately scaled
transistors.

Although 2D materials present a unique pathway to build next-generation electronic
devices, the construction of 2D-materials-based transistors (2D FETs) faces several technical
challenges, including the growth of high-quality wafer-scale 2D materials [2], wafer-scale
transfer methods [3], low contact resistance [4], and the high-quality dielectric interface [5].
These technical issues lead to large device-to-device variation [6] and the apparent dis-
crepancy between the theoretical prediction and actual device performance, limiting the
industrial applications of 2D materials in logic devices. Among these challenges, the contact
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problems are of vital important because the working mechanism of 2D FETs is based on the
control of charge injection at the metal/2D junction, which is quite different from silicon
CMOS transistors [4]. Recent studies show tremendous advances in the achievement of the
ideal Mott–Schottky contact and the lowering of the contact resistance in 2D FETs [7–9].
The value of the contact resistance in 2D-materials-based transistors is approaching the
requirement of the International Roadmap for Devices and Systems (IRDS) 2024 targets of
logic transistors [10]. It is believed that a summary of emerging strategies to realize contact
engineering in 2D FETs is urgently needed.

In this review, we present a comprehensive analysis of contact challenges in 2D FETs
and discuss the recent research progress. We start with the origins of high contact resistance
in 2D FETs. Then, two contact structures are presented, including top contact and edge
contact, followed by several strategies to decrease the contact resistance. Finally, an outlook
is provided to present the possible roadmap for the contact engineering of 2D FETs.

2. Fermi-Level Pinning

2.1. Fermi-Level Pinning and Pinning Factor

The Schottky barrier height (ΦSB) and the contact resistance (Rc) are important quan-
titative parameters to examine the quality of the metal–2D material junction. In an ideal
metal–semiconductor junction, ΦSB is determined by the Schottky–Mott rule based on the
energy-level band alignment [11,12]:

ΦSB,n = ΦM − χs (1)

ΦSB,p = Is − ΦM (2)

where ΦSB,n and ΦSB,p are the Schottky barrier heights for electrons and holes transport,
ΦM represents the metal work function, χs represents the electron affinity and Is represents
the ionization potential of the semiconductor. The ΦSB is linearly dependent on the metal
work function in the Schottky–Mott model, as shown in Figure 1a. However, the metal
work function in FETs is always derived from the theoretical value, and it is pinned on a
specific position within the bandgap of the semiconductor regardless of the selection of
different metals, as shown in Figure 1b. This effect is called Fermi-level pinning, which
makes the metal–semiconductor junction insensitive to the modulation of the metal work
function. The pinning factor S represents the strength of Fermi-level pinning:

S =|dΦSB/dΦM| (3)

The value of S in an ideal device is nearly equal to 1, but S is usually far away from
1 in 2D FETs. Liu et al. and Kim et al. demonstrated the S value of ~0.1 in MoS2 FETs
with deposited metal contact [13,14]. The Fermi-level pinning effect strongly limits the
performance of 2D semiconductor FETs.

2.2. Origins of Fermi-Level Pinning

Tersoff et al. successfully established a parameter-free metal-induced gap states
(MIGS) model in bulk semiconductors to explain the Fermi-level pinning effect. The MIGS
model can quantitatively explain the almost unchanged Schottky barrier height, which
is independent of the metal work function in experiments [15]. Guo et al. employed the
density functional theory (DFT) calculation to calculate the Schottky barrier height of 2D
transition metal dichalcogenides (TMDs) by using different metal contacts. The calculated
pinning factor is around 0.3, demonstrating a strong Fermi-level pinning effect. They found
that direct bonding existed between the contact metal atoms and the chalcogen atoms
of TMDs, leading to the MIGS [16]. The charge neutrality level serves as a quantitative
characteristic of the electronic states of the defective semiconductor surface. Dominik et al.
employed the primary theoretical model to calculate the charge neutrality level (CNL) of
the monolayer TMDs, and they found that CNL is mostly placed near the mid-point of
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the semiconducting band gaps [17]. Although they use different theoretical calculation
methods, both studies demonstrate that the MIGS can well-explain the Fermi-level pinning
effect in 2D TMDs. Fermi-level pinning in 2D FETs mainly originates from the interfacial
states. In the early stage of the study, Au, Ni and Pt with a high melting temperature
are selected as the metal contact of 2D FETs, and they are deposited by evaporation or
sputtering techniques, as shown in Figure 1a,b. This leads to the compact stacking of metal
atoms on the surface of 2D layers, the wavefunction interaction between the metal and 2D
semiconductor, and the rehybridizations of the semiconductor’s original wavefunctions,
resulting in the strong orbital overlap and MIGS. Photolithography and electron-beam
lithography are common techniques to pattern the electrodes on 2D materials. Compared
with bulk semiconductors, atomically thin 2D materials are sensitive to laser [18], electron-
beam [19,20] and chemical solution [21]. Matsunage et al. reported that a relatively low
electron-beam dose (280 μC/cm2) used in conventional electron-beam lithography will
induce strain in MoS2, leading to the local widening of the MoS2 bandgap [22]. Preeti
et al. systemically reported the doping effect of the conventional lithography process and
the used chemical solvent. For example, acetone shows n-type doping and chloroform
displays p-type doping on MoS2 [23]. Meanwhile, the high-energy deposition process
generates atomic defects at the interface of metal and 2D layers, facilitates the formation of
covalent bonds [24,25], and gives rise to MIGS. Liu et al. experimentally showed that the
typical metal deposition process induced defects at the contact region, which were observed
by transmission electron microscope [13]. In 2D FETs with deposited metal contact, the
injected charges are accumulated at the interfacial gap states regardless of the modulation
of the metal work function, as shown in Figure 1c. The Fermi level is pinned around these
gap states and a Schottky barrier is unavoidable, as shown in Figure 1d. Furthermore,
heavy doping via ion implantation is employed in Si CMOS FETs to realize Fermi-level
depinning and successfully achieve low contact resistance. However, the ion implantation
cannot be well implemented on 2D materials. The implantation process will generate a
large number of defects in atomically thin 2D materials and degrade the carrier transport.

Overall, the interface defects of the 2D semiconductor can induce the MIGS and greatly
affect the contact quality. Furthermore, the conventional Fermi-level depinning methods in
Si CMOS FETs are not suitable for 2D FETs. Therefore, the specific contact strategies should
be tailored to meet the requirement of 2D FETs.
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Figure 1. Origin and influence of Fermi-level pinning. (a) Expected metal Fermi level with the
electronic bands of MoS2 and different metal electrodes with different work function. (b) Transfer
curves with different metals. The inset shows the actual line-up based on the experimental data.
Reprinted/adapted with permission from Ref. [26]. Copyright 2012, American Chemical Society.
(c) Experimentally determined Schottky barrier height for transfer of different transfer metals and
evaporated metals. Reprinted/adapted with permission from Ref. [13]. Copyright 2018, Springer
Nature. (d) Schematic illustration of Fermi-level pinning. Reprinted/adapted with permission from
Ref. [27]. Copyright 2017, American Chemical Society.

3. Contact Engineering of 2D FETs

FETs based on 2D materials can realize the ultimate downscaling of transistor dimen-
sions. Along with the scaling of channel length, the scaling of contact region will produce
new challenges. The most straightforward effect is the increase in contact resistance in
the scaled contact region. The transfer length is the effective length with which carriers
are transferred from the contact metal to channels. According to the current crowding
model [28], carriers prefer to be transferred inside the more conductive metal and enter
the semiconductor only near the end of metal–semiconductor contact regions, leading to
a much smaller transfer length in comparison with the contact length. In this condition,
the contact resistance is dependent on the transfer length, rather than the contact length,
and its value can be calculated by the distributed resistor network model [29]. When the
contact length is equal to or smaller than the transfer length, the charge injection is limited
by the contact length. Therefore, a high-quality metal–semiconductor contact becomes
more important in 2D FETs for ultra-scaled integrated circuits.

In order to overcome the strong Fermi-level pinning effect in 2D FETs, great progress
has been made in the optimized metal-deposition process and the efficient carrier-modulation
methods. In this section, state-of-the-art contact engineering strategies are systematically
discussed.

3.1. Top Contact Engineering

Top contact refers to the deposition of metal contact on the surface of 2D layers. Due
to the large surface-to-edge ratio, top contact is widely used in 2D FETs, and the fabrication
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process is simple and efficient. In this part, we introduce the use of bulk metals, bulk
semimetals and 2D metals as top contact to optimize the contact of 2D FETs.

3.1.1. Bulk Metals

Defects in 2D materials, including intrinsic defects and the generated defect during
the fabrication process, are the main origins of the Fermi-level pinning effect. Defects
contribute to the interfacial trap states, which is directly related to the Fermi-level pinning
effect. In early studies, bulk metals with low work function were used to achieve high-
performance n-type 2D FETs. Kwon et al. reported the use of Al as a contact metal in
MoS2 FETs and obtained a Schottky barrier height of 70 meV [30]. Das et al. reported
the use of Sc as a contact metal in MoS2 FETs [26] due to the low work function of Sc (3.5
eV). An average Schottky barrier of 0.03 eV was achieved, which represents a very low
contact barrier at that time. However, from the Schottky–Mott rule, the ideal Schottky
barrier between Sc and MoS2 should be negative because the work function of Sc is much
lower than the CBM of MoS2. The positive Schottky barrier experimentally demonstrates
Fermi-level pinning. In order to avoid the generation of defects during the metal-deposition
process, transferred metal methods have been developed to preserve a sharp and clean
interface between metal and 2D layers. Liu et al. reported realization of the van der Waals
(vdW) contact through mechanically transferring metals to avoid chemical bonding and
defect-induced gap states, as shown in Figure 2a,b. Owing to the atomically clean interface
between metal and semiconductor, the majority carrier type and corresponding Schottky
barrier height are strongly dependent on the metal work function (S = 0.96) [13]. Wang
et al. further reported that the transferred metal can achieve low contact resistance in
p-type WSe2 FETs [31]. Due to the successful Fermi-level depinning, the work function
of the transferred metal plays an important role in determining the charge injection and
the device performance. Han et al. reported the use of molecular functionalization to
change the work function of gold electrodes. Then, they fabricated top-contact FETs
via the transfer of these pre-modified electrodes to tune the charge injection in MoS2
FETs [32], demonstrating the modulation of the Schottky barrier. This method has also been
used in 2D-materials-based resistive random-access memory, leading to a stable resistive
switching performance [33]. Therefore, the transferred metal method represents a reliable
way to create vdW contact [34], but wafer-scale metal transfer technology is still lacking.
Moreover, the metal transfer process is mostly operated under the optical microscope and
the alignment error is still huge, which is another big challenge.

The conventional metal-deposition process can be optimized to realize low contact
resistance. Chris et al. reported that Au deposited in ultra-high vacuum (~10−9 Torr)
yields three times lower contact resistance than that in normal conditions, as shown in
Figure 2c [35]. Wang et al. reported high performance p-type FETs based on single− and
few−layer MoS2 and WSe2 by the electron-beam evaporation of high-work-function metals
such as Pd and Pt, as shown in Figure 2d [8]. They conducted the metal evaporation at
a high vacuum (<10−8 torr) and low temperature (18 ◦C to 36 ◦C) to avoid high temper-
ature damage to 2D semiconductors and to form vdW contact between the metal and
semiconductor interface. Wang et al. reported the employment of In metal to build van
der Waals contact with 2D semiconductors [36]. Due to the low melting point of In, the
temperature of the 2D sample can be greatly decreased and a high-quality vdW interface
can form, resulting in the Fermi-level depinning. Furthermore, In metal can be used to
form stable alloys with other metals to modulate the work function. The use of In alloy as
contact shows the advantages in the preservation of a high-quality contact interface and
the effective tunability of the Schottky barrier. Kumar et al. employed In/Au alloy and
Sn/Au alloy as contact electrodes in monolayer MoS2 FETs, and they achieved an ultra-low
contact resistance of 190 Ω·μm for In/Au alloy and 270 Ω·μm for Sn/Au alloy [37]. The
use of metal alloys increases the thermal stability of low-melting-point metals and results
in ~450 ◦C temperature tolerance that is compatible with back-end-of-line (BEOL).
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Figure 2. Atomical clean interface is significant to Fermi-level depinning. (a) cross-sectional schemat-
ics of transferred Au electrodes with atomically sharp and clean metal–semiconductor interfaces
and conventional electron beam-deposited Au electrodes with poor interface. (b) Cross-section
TEM images of transferred Au electrodes and evaporated Au electrodes. Reprinted/adapted with
permission from Ref. [13]. Copyright 2018, Springer Nature. (c) TEM cross-section of a MoS2 FET
with gold electrodes deposited under ultra-high vacuum. Reproduced with permission from Ref. [35].
Copyright 2016, American Chemical Society. (d) cross-sectional STEM of the Pd–WSe2 interface.
Reprinted/adapted with permission from Ref. [8]. Copyright 2022, Springer Nature.

3.1.2. Bulk Semimetals

Recently, a powerful strategy was demonstrated by adopting semi-metals as contact
electrodes to suppress MIGS and the Fermi-level pinning effect [7,38]. Shen et al. used semi-
metal Bi as the n-type contact metal in monolayer MoS2 FETs [7]. Bi as a semi-metal has a
negligible density of state at the Fermi level, and this induces the suppression of MIGS, as
shown in Figure 3a,b. Furthermore, the use of Bi contact results in the degenerately doped
MoS2 with a high electron density of 1.5 × 1013 cm−2, and the Fermi level shifts from inside
the bandgap to above the conduction band minimum. They achieved an ultralow contact
resistance of 123 Ω·μm and a high current density of 1135 μA μm−1 in a 35−nm channel
length MoS2 FETs, as shown in Figure 3c,d. Owing to the highly efficient carrier injection
between Bi and MoS2, the drain current density increased by lowering the temperature
from room temperature to 77 K, as shown in Figure 3e. The values of Bi−MoS2 contact
resistance are comparable to those Si transistors and approach the quantum limit, as shown
in Figure 3f. However, it has been observed that the MoS2 FETs with Bi electrodes degraded
severely after annealing at 300 and 400 ◦C [39]. Chou et al. reported semimetal antimony
(Sb) as a novel contact metal to enable 2D materials towards advanced electronic device
applications. They obtained a near-zero Schottky barrier height and a low contact resistance
of 0.66 kΩ·μm [39]. Compared with Bi contact electrodes, the melting point of Sb (630 ◦C)
is much larger than that of Bi (271 ◦C), although Sb has a higher work function than Bi. The
transfer curves of MoS2 FETs with Sb electrodes show a better electrical performance after
high-temperature annealing. Overall, the use of semi-metal as a contact can greatly reduce
MIGS and realize Fermi-level depinning in 2D FETs.
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Figure 3. Band structure of normal metal contact (a) and bismuth–semiconductor contact (b). The
Fermi level of the semi-metal aligns with the conduction band of the semiconductor, the density of
states at the Fermi level of the semimetal is near-zero, and metal-induced gap states are suppressed.
(c) Output curves of a 35-nm Bi−MoS2 FET with a high current density. (d) Contact resistance
of MoS2 FETs with bismuth electrodes. (e) Transfer curves of Bi−MoS2 and Ni−MoS2 FETs at
various temperatures. (f) State-of-the-art contact technology for MoS2 transistors as a function of n2d.
Reprinted/adapted with permission from Ref. [7]. Copyright 2021, Springer Nature.

3.1.3. Two-Dimensional Metals/Semimetals

The MIGS are commonly found at the interface between 3D metal and 2D semicon-
ductors. Liu et al. theoretically found that the interface states in the metal–semiconductor
junction mainly derive from the 3D metal rather than the 2D semiconductor [40]. Therefore,
they suggested replacing the 3D bulk metal with 2D metals. In their works, they predict
that the Fermi-level pinning effect can be greatly suppressed when the 2D metal–2D semi-
conductor interface is well formed. The existence of a van der Waals distance between
the 2D metal and the 2D semiconductor (3 to 4 Å) leads to the weak interlayer interaction,
mild orbital overlap and the creation of interface dipole, contributing to Fermi-level de-
pinning. Two-dimensional layered materials with metallic properties, such as graphene,
1T−MoS2 and PtSe2, can be used to form vdW contacts on 2D semiconductors. Majumdar
et al. employed 2H−TaSe2, graphene and degenerately-doped semiconducting SnSe2 as
contact metals [41]. They demonstrated that vdW contacts exhibited a universal Fermi-level
depinning phenomenon, as shown in Figure 4a.

We present the theoretical band alignment of MoS2 and WSe2 with different 2D
metals/semimetals, as shown in Figure 4b [42]. The stacking of 2D metals on 2D semi-
conductors leads to the ideal Schottky junction or Ohmic contact by selecting 2D metallic
materials with suitable work function. Liu et al. also employed graphene as contact
electrodes and further encapsulated the MoS2 channel with top and bottom hexagonal
boron nitride (h−BN). The MoS2 FETs reached a high field-effect mobility of up to 1300
cm2V−1s−1 at a low temperature [43]. Chuang et al. reported the use of Nb0.005W0.995Se2
as contact electrodes and the achievement of a low contact resistance (~0.3 kΩ·μm) [44].
Hwang et al. used chlorine-doped SnSe2 as the high-work-function contact metal in
WSe2 FETs and realized a pronounced p-type Wse2 transistors with the mobility of 15.7
cm2V−1s−1, as shown in Figure 4c [45]. Wu et al. reported the fabrication of bi-layer WSe2
transistors via the vdW epitaxy and the controlled crack formation processes, as shown
in Figure 4d [9]. In a 20 nm−long and 1.3 nm−thick bi-layer WSe2 transistor, an on-state
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current density of 1.72 mA μm−1 and a contact resistance of 0.25–0.54 kΩ·μm are achieved.
PtSe2 has been demonstrated to have a higher electron mobility than MoS2 based on DFT
calculations and experimentally extracted field-effect mobility [46]. Furthermore, PtSe2
shows a layer-dependent semiconductor to semimetal transition. When a PtSe2 transistor
is built, few-layer PtSe2 can serve as a semiconducting channel and bulk PtSe2 can serve
as the semi-metallic contact [47–49]. Das et al. vertically integrated a thick PtSe2 layer
as source/drain contact on the surface of an ultrathin PtSe2 channel, achieving a high
performance of all PtSe2 FETs, as shown in Figure 4e [50]. Zhang et al. reported barrier-free
p-type WSe2 FETs with a layered 1T’−WS2 semimetal contact, as shown [51]. Owing to
the high-quality interface between WSe2 and 1T’−WS2, the WSe2 FETs achieve a 50 meV
Schottky barrier height and a high field-effect mobility of 97 cm2V−1s−1.

The growth of a graphene/MoS2 heterostructure and the use of graphene as contact
have shown the potential to lower the contact resistance of MoS2 FETs [39]. In Mootheri
et al.’s work, they further explored the function of 3D metal in the metal/graphene/MoS2
contact structure. They proved that Ru–graphene contact show the lowest contact resistance
of 9.34 kΩ·μm compared with Pd–graphene and Ni–graphene contact [52].

The use of 2D metallic materials is a simple and effective way to achieve high-quality
vdW contact on a 2D semiconductor. However, the stacking of 2D vdW heterostructures
needs a complex transfer process during the device fabrication, which is inefficient for the
fabrication of large-scale devices. Reliable transfer methods that are suitable for wafer-
scale fabrication with a high alignment accuracy need to be explored. Furthermore, it is
quite challenging to use the mechanical transfer method to fabricate short-channel devices.
The etching of 2D layers with sub−1−micron precision is essential to realize the contact
engineering of 2D FETs.

Figure 4. (a) Fermi-level de-pinning with vdW contacts. Reprinted/adapted with permission from
Ref. [41]. Copyright 2021, John Wiley and Sons. (b) Band alignment of MoS2 and WSe2 with 2D
metals and semimetals [42]. (c) Schematic and transfer curves of WSe2 devices contacted with
both evaporated Pd and Cl–SnSe2 electrodes. Reprinted/adapted with permission from Ref. [45].
Copyright 2022, John Wiley and Sons. (d) Optical microscopy and SEM images of the bi-layer WSe2

transistor. Reprinted/adapted with permission from Ref. [9]. Copyright 2022, Springer Nature.
(e) Schematic illustration of few-layer PtSe2 FETs with metallic PtSe2 vdW contact and a conventional
Ti/Au contact. Reprinted/adapted with permission from Ref. [50]. Copyright 2021, American
Chemical Society.
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3.2. Edge Contact Engineering

Wang et al. first showed the structure of edge contact in 2D FETs by encapsulating a
2D channel with hexagonal boron nitride (h−BN) and exposing the edge of the channel
to the metal contact. The edge contact shows several advantages, including being free of
Fermi-level pinning induced by interfacial states and having a lower tunnel barrier, strong
orbital overlaps, the absence of a Schottky barrier, and high carrier injection efficiency [53].
As the thickness of the 2D layer is very small, effective orbital overlap or hybridization
is required between the metal and the edge of the 2D layers, which is the prerequisite
to building high-quality edge contact. In monolayer TMDs such as MoS2 and WSe2, the
CBM arises mainly from the d−orbitals of transition-metal atoms [54]. When a carrier
is injected from metal to the conduction bands of MoS2, the edge contact exhibits strong
orbital hybridization with transition-metal atoms [55] and leads to efficient carrier injection.
In comparison, the top contact is formed on the surface of chalcogen atoms in monolayer
MoS2 with little influence on the CBM. The realization of edge contact on 2D materials is
mainly through plasma etching, metallization and phase engineering. We discuss these
methods in this section.

3.2.1. Plasma Etching and Metallization

Jain et al. reported edge-contact monolayer MoS2 FETs encapsulated with h−BN
layers, as shown in Figure 5a [56]. The reactive ion etching, in situ Ar sputtering and
annealing removed adsorbate on the MoS2 surface and preserved the high carrier mobility
of ~30 cm2V−1s−1, resulting in a steep subthreshold swing of 116 mV/dec with a negligible
hysteresis. Yang et al. reported the polarity control of MoS2 FETs by employing a 1D
elemental metal contact (Figure 5b) [55]. Figure 5c shows the high-resolution transmission
electron microscopy (HR−TEM) cross-sectional image of the edge contact area. The use of
high-work-function palladium (Pd) or gold (Au) enables a high-quality p-type dominant
contact to MoS2 layers without extrinsic doping, as shown in Figure 5d,e. Moreover, the
h−BN encapsulation can suppress the interfacial scattering in 2D FETs and improve the
long-term ambient stability, demonstrating the advantages of edge contact structure. Some
2D materials undergo gradual oxidation in air, especially MoTe2, black phosphorus and
InSe, which can adopt the edge contact structure [57–59]. Except h−BN encapsulation,
other insulating materials such as Al2O3 [60] and PMMA [61] have also been used to form
edge contacts on 2D semiconductors.

Figure 5. (a) Schematic of 1D edge contact MoS2 FET and transfer curve. Reprinted/adapted with
permission from Ref. [56]. Copyright 2019, American Chemical Society. (b) Schematic diagram shows
1D edge contact FET with different metals. (c) HR−TEM image of Pd−MoS2 1D edge contact FET;
transfer curves of Pd (d) and Au (e) edge contact MoS2 FETs, realizing p-type intrinsic MoS2 FETs
and Fermi-level depinning. Reprinted/adapted with permission from Ref. [55]. Copyright 2019, John
Wiley and Sons.
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3.2.2. Phase Engineering and Degenerate Doping of 2D Layers

Two-dimensional TMDs have been reported with different polymorphs, including
hexagonal (2H) and monoclinic or octahedral (1T, 1T’) structures [62–64]. The 2H−phases
MoS2 and WSe2 show semiconducting properties, while the 1T (1T’) phase displays metallic
transport behavior. Therefore, phase engineering between 2H and 1T (1T’) can dramatically
change the electronic properties of group−6 TMDs. The transition of group−6 TMDs from
2H to 1T (1T’) phase at the contact region can be used to achieve high-quality edge contact
in 2D FETs, which is similar to the degenerate doping at the source/drain region [65–67].
Kappera et al. first demonstrated the phase transition of MoS2 from 2H to 1T through
n-butyllithium treatment, as shown in Figure 6a [68]. The 1T/2H interface dominates the
carrier injection, and the device exhibits an ultra-low contact resistance of 200–300 Ω·μm at
zero gate bias. However, this 1T−phase MoS2 is metastable, and the stability is a challenge.
This method can be used not only in MoS2 FETs [69], but also in other 2D-materials-based
FETs. Cho et al. reported the laser-induced phase transition of MoTe2 from 2H to 1T’ phase,
as shown in Figure 6b [70]. The 1T’ phase region works as the edge contact of the 2H phase
channel to improve the carrier injection, and the Schottky barrier height is decreased to 10
meV. They further reported the reversible phase transition of MoTe2 between 2H and 1T’
by controlling the annealing temperature and the cooling speed [71]. The 1T’ MoTe2 has
a thermal stability of 300 °C, which is higher than 1T phase MoS2 [72]. Reversible phase
transition of WSe2 layers has been reported by Ma et al. The n-butyllithium treatment on
2H-phase WSe2 induces the semiconducting to metallic phase transition, and the thermal
annealing drives the metallic phase Wse2 to be converted back to the semiconducting phase,
as shown in Figure 6c [73].

The generation of defects by weak plasma treatment can also Induce phase transition.
Zhu et al. reported a facile, clean, controllable and scalable phase-engineering technique
for monolayer MoS2, as shown in Figure 6d [74]. Point defects (single S vacancies) result
in the 2H to 1T phase transitions. Akinola et al. also reported a phase transformation
in a region of a layered semiconductor PdSe2, as shown in Figure 6e [75]. This phase
transition is driven by defects created by argon plasma, and this turns PdSe2 into Pd17Se15.
Recently, Cai et al. performed plasma treatment on patterned MoS2 layer to induce a local
bonding distortion. This distorted area works as a semi-metallic bridge between the metal
and the pristine channel to facilitate the charge injection [76]. The TEM image shows that
the distorted MoS2 displays an octahedral structure, and the device exhibits an ultra-low
contact resistance of 90 Ω·μm, approaching the quantum limit.

Another strategy is the introduction of degenerate doping during the growth process.
Li et al. reported that unidirectionally aligned monolayer Fe−doped MoS2 domains are
prepared on two-inch commercial c-plane sapphire, suggesting the feasibility of synthe-
sizing wafer-scale-doped 2D semiconductors with outstanding device performance, as
shown in Figure 6f [77]. Vu et al. reported a one-step growth approach to synthesize
Nb-doped WSe2 with a controllable doping concentration. The fabricated NbSe2/doped-
semiconductor vdW heterostructures have a low contact resistance of 2.46 kΩ·μm [78].
Hemanjaneyulu et al. reported the dramatic n-doping of MoS2 by immersing it in KI
solution. The contact resistance can be greatly reduced to 0.75 kΩ μm [79]. Metallic
nanoparticles have also been used to dope a 2D semiconductor channel and further effec-
tively modulate the carrier transport in 2D FETs. Khan et al. reported the charge doping of
ReSe2 through the adsorption of Co nanoparticles [80]. Sarkar et al. reported the doping
effect of noble metal nanoparticles (Au, Ag, Pd, Pt) in TMDs and revealed the relationship
between metal work function and the doping effect in MoS2 [81].
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Figure 6. (a) Electrostatic force microscopy phase image of a monolayered MoS2 nanosheet showing
the difference between locally patterned 2H and 1T phase. Reprinted/adapted with permission
from Ref. [68]. Copyright 2014, Springer Nature. (b) Schematic showing laser-irradiation-induced
phase transition from 2H to 1T’ Phase in MoTe2. Reprinted/adapted with permission from Ref. [70].
Copyright 2015, American Association for the Advancement of Science. (c) Side view and transfer
curve comparison of the 2H and 1T phase WSe2. Reprinted/adapted with permission from Ref. [73].
Copyright 2015, American Chemical Society. (d) Schematic formation of 1T phase MoS2 via plasma
treatment and three types of devices. Reprinted/adapted with permission from Ref. [74]. Copyright
2017, American Chemical Society. (e) Schematic and optical image of a PdSe2 device with irradiated
contact area used to obtain the pristine channel and Pd17Se15 contacts. Reprinted/adapted with
permission from Ref. [75]. Copyright 2019, American Chemical Society. (f) Controllable synthesis and
doping determination of monolayer Fe−MoS2. Reprinted/adapted with permission from Ref. [77].
Copyright 2022, John Wiley and Sons.

3.3. Inserting Interlayer between Metal and 2D Materials

In previous sections, contact engineering has been realized by using 3D or 2D metallic
materials, performing phase transition and introducing degenerate doping. Another strat-
egy to suppress the Fermi-level pinning effect is introduced in this section. To decouple
the orbital overlap, a thin insulating tunnel layer is inserted between the metal and semi-
conductor. The insulating buffer layer will increase the distance between the metal and
semiconductor, which is an efficient way to suppress interface interaction, and the interlayer
will inhibit high energy damage induced by the metal deposition process. The decrease
in MIGS results in a reduced Schottky barrier height [82]. However, the thickness of the
interlayer should be properly tuned because the electron tunneling through the insulating
buffer layer is mandatory. Furthermore, the charges are injected by direct tunneling or
Fowler–Nordheim tunneling dependent on the band alignment. Chen et al. first reported
the insertion of a thin MgO film for Co−contacted monolayer MoS2 FETs [83]. The Schottky
barrier height was reduced from 60 to 9.7 meV with the increasing MgO thickness from 0.9
to 2 nm. Lee et al. showed a statistical study of Schottky barrier height by inserting a thin
tunneling Ta2O5 layer between MoS2 and metal contacts, as shown in Figure 7a [84]. They
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pointed out that a thin tunnel layer with a sub−2 nm thickness could allow efficient tunnel-
ing, as shown in Figure 7b. The remarkably suppressed Fermi-level pinning has also been
demonstrated with other dielectric layers, such as h−BN [82,85,86], ZnO [87] and TiO2 [14].
Kwon et al. reported that defect-free vdW contacts were formed via a metal-deposition
process with a selenium buffer layer on 2D layers, as shown in Figure 7c [88]. The device
obeyed the Schottky-Mott rule and had a Fermi-level pinning factor of 0.91. Andrews et al.
achieved a low Schottky barrier height of 25 meV by using MoSe2 as an interlayer between
MoS2 channel and Ti electrodes, as shown in Figure 7d [89]. The reduction in Schottky
barrier height can be attributed to the synergetic effect of Fermi-level pinning close to the
conduction band edge of the MoSe2 interlayer and the favorable conduction band offset
between the MoSe2 interlayer and MoS2 channel, as shown in Figure 7e,f.

Figure 7. (a) Schematic of MoS2 FETs with various thicknesses of Ta2O5 interlayer. (b) Measured
specific contact resistivity as a function of Ta2O5 dielectric thickness. Reprinted/adapted with
permission from Ref. [84]. Copyright 2016, American Chemical Society. (c) Schematic of vdW Au
contact WSe2 fabrication process. Reprinted/adapted with permission from Ref. [88]. Copyright
2022, Springer Nature. (d) (i) Optical micrograph of MoS2 FETs with MoSe2 interlayers. (ii) Thickness
analysis of the MoSe2 interlayers. (iii) Device structure of MoS2 FETs with Ti/MoSe2 interlayer
contacts. Illustrations of the band alignments at the contacts with a MoSe2 interlayer (e) and direct
metal contacts (f). Reprinted/adapted with permission from Ref. [89]. Copyright 2020, American
Chemical Society.

4. Determination Methods of Contact Resistance

The determination method of contact resistance in 2D FETs should be consistent in
different works for ease of comparison. There are three commonly used methods, including
the transfer length method (TLM), Y−function method and four-point probe method.

4.1. Transfer Length Method

The transfer length method is widely used in 2D FETs to extract contact resistance [35].
The device should be fabricated with different channel lengths, as shown in Figure 8a. Rtotal
is the resistance between sourse and drain electrodes, Rsh is the channel sheet resistance
and W is the channel width. When Rtotal/W is plotted versus the channel length, the y-axis
intercept of the fitting line is equal to 2Rc.
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Figure 8. Methods to extract contact resistance. (a) Schematic of transfer length method. (b) Schematic
of four-point probe method.

The contact resistance value extracted by TLM can have large variation when the
channel length is large and the sheet resistance is huge. To minimize the estimated error,
short-channel devices should be used, and statistic results are preferred.

4.2. Y-Function Method

The Y-function method requires only one transfer curve Id − Ig at the linear regime
by applying a large gate voltage and a small source-drain voltage Vd � Vg [90]. When the
transconductance starts to decrease, the contact effect will dominate the μ attenuation and
the contact resistance can be derived.

We assume that the contact resistance is comparable with the channel resistance. The
source-drain voltage will drop at the contact region and Id can be expressed as the following
equation

Id =
μ0

1 + θ0
(
Vg − Vth

)Ci
W
L
(
Vg − Vth − 0.5Vd

)
(Vd − IdRc) (4)

where μ0, θ0 and Vth are the intrinsic mobility in the linear regime, first-order mobility
attenuation coefficient, and the threshold voltage, respectively. When Vg − Vth  0.5Vd,
0.5Vd can be ignored. The effective mobility attenuation factor θ represents the contribution
from both θ0 and Rc. Therefore, Id can be written as the following equation

Id =
μ0

1 + θ
(
Vg − Vth

)Ci
W
L
(
Vg − Vth

)
Vd (5)

The Y—function was defined as

Y =
Id√
gm

=
Id√

Id /
[
1 + θ

(
Vg − Vth

)](
Vg − Vth

) =

√
μ0CiVd

W
L
(
Vg − Vth

)
(6)

where gm is transconductance gm = ∂Id/∂Vg. The value s1 can be extracted from the slope
of the Y−function versus Vg. The value s2 can be extracted from the slope of 1√

gm
versus

Vg. The Rc follows the equation:

Rc =
s2

s1
Vd (7)

4.3. Four-Point Probe Method

The four-point probe method to extract contact resistance requires the fabrication of a
device with the desired structure, as shown in Figure 8b. The contact resistance is given by
the following equation:

2Rc =
V14

I14
− V23

I14

L14

L23
(8)
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5. Conclusions and Outlook

This review focused on the contact engineering of 2D FETs and discussed the origins
of high contact resistance, the structure of top contact and edge contact, and the contact
engineering in both structures. We believe that Fermi-level pinning in 2D devices is
dominantly induced by interfacial gap states, and the solution to this challenge is to make
a sharp and clean vdW interface at the contact regions. The top contact is compatible with
the conventional Si CMOS process, but it is very challenging to control the deposition
condition to achieve a vdW interface. The edge contact can be used in both top- and
bottom—gate 2D FETs, but the accurate etching of 2D materials with little damage should
be developed by using the dry etching technologies, such as reactive ion etching, plasma
etching and inductively coupled plasma etching. Realization of the edge contact requires a
much more complex fabrication process than that of the top contact. Although the edge
contact methods can often achieve ultra-low contact resistance, the small contact area still
limits the electrical performance of 2D FETs, such as on-state current. The insertion of a
buffer layer provides another pathway to reduce the Fermi-level pinning effect, which can
be combined with other contact-engineering strategies. In 2D GAAFETs, it is necessary to
vertically integrate 2D FETs into integrated circuits, which is more challenging to achieve a
good metal contact.

Overall, it is important to develop a CMOS-compatible contact deposition process to
achieve large-scale 2D FETs with high-performance transport properties. One promising
method is to employ an alloy composed of low-melting-point metal and high-melting
point-metal as contact to simultaneously achieve vdW contact and increase the temperature
endurance for the BEOL process. Another promising method is to build a high-quality
mixed contact by combining the advantages of edge contact and top contact to overcome
the small contact areas and Fermi-level pinning.
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Abstract: High-performance and low-power field-effect transistors (FETs) are the basis of integrated
circuit fields, which undoubtedly require researchers to find better film channel layer materials and
improve device structure technology. MoS2 has recently shown a special two-dimensional (2D)
structure and superior photoelectric performance, and it has shown new potential for next-generation
electronics. However, the natural atomic layer thickness and large specific surface area of MoS2 make
the contact interface and dielectric interface have a great influence on the performance of MoS2 FET.
Thus, we focus on its main performance improvement strategies, including optimizing the contact
behavior, regulating the conductive channel, and rationalizing the dielectric layer. On this basis, we
summarize the applications of 2D MoS2 FETs in key and emerging fields, specifically involving logic,
RF circuits, optoelectronic devices, biosensors, piezoelectric devices, and synaptic transistors. As a
whole, we discuss the state-of-the-art, key merits, and limitations of each of these 2D MoS2-based
FET systems, and prospects in the future.

Keywords: MoS2-FETs; logic and radio-frequency circuits; photodetector; biosensor; piezoelectric
devices; synapses transistors

1. Introduction

The FET is voltage-adjustable electronic device that controls the output circuit current
by controlling the electric field effect of the input circuit, which can work at very low current
and voltage, and which can easily integrate on a piece of silicon and other substrates, so the
FET has been widely used in large-scale integrated circuits [1]. The common FET device
structure consists of a gate, source/drain, channel layer and dielectric. As is well known,
the continuous miniaturization of silicon (Si)-based FETs has driven the exponential growth
of integrated circuits for more than half a century. However, with the bulk thickness
reduced to less than 10 nm, Si FETs exhibit a large number of attenuation phenomena of
carrier mobility. This requires researchers to come up with a series of strategies to overcome
this limitation, such as finding new materials, developing new structures, and improving
processes [1,2].

Recently, 2D materials including graphene [3], black phosphorus (BP) [4], and transi-
tion metal dichalcogenides (TMDs) [5–8] have shown natural advantages for the further
reduction in FET sizes due to their natural atomic-level thickness and surface without
hanging bonds, for remedying the shortcomings of Si-based FETs. Table 1 summarizes the
main electric performance of MoS2-based FETs and other mainstream 2D materials-based
FETs. The graphene FET has ultra-high mobility. However, its Ion/Ioff ratio is lowest
(typical below 10) owing to the lack of bandgap, and it is difficult to apply to logic elec-
tronics. The mobility of the BP FET is much higher than that of the MoS2 FET, but it is
not stable, due to reaction with water and oxygen in the air to decompose. TMDs (MoS2,
WS2, WSe2, etc.)-based FETs have an ultrahigh Ion/Ioff ratio and good mobility, which can
be assembled into low-power electronics. Especially, MoS2 FETs have the advantages of
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higher mobility, higher Ion/Ioff ratio, and lower subthreshold swing, compared with other
TMD FETs. Overall, MoS2 is the most suitable channel layer material for FETs, and MoS2
FETs are the promising candidate for downscaling electronics with a short channel, low
thickness, small volume, fast speed, high sensitivity, light weight, etc.

Table 1. Overview summary comparison of emerging 2D materials-based FETs.

Materials Technology Configuration
Contact

Electrode
Dielectric

Mobility
(cm2/Vs)

Ion/Ioff
SS

(mV/dec)
Ref.

MoS2

Exfoliation Dual-gated Ni/Au Al2O3 517 108 140 [7]
CVD Back-gated Ti/Au HfO2 118 108 / [9]

Au-assisted
Exfoliation Back-gated Ti/Au SiO2 25 107 100 [10]

MOCVD Top-gated Au/Ti SiO2 22 105 / [11]
VLS Back-gated Au SiO2 33 108 980 [12]
PLD Top-gated Au/Ti HfO2 9 105 / [13]

Exfoliation Top-gated Au SiO2/Cytop 31 107 / [14]
Exfoliation Back-gated Graphene SiO2 9 106 / [15]

APCVD Back-gated Cr/Au SiO2 54 108 / [16]

Exfoliation Top-gated Cr/Au PMMA/P(VDF-
TrFE) / 107 / [17]

WSe2 CVD Back-gated Ti/Pd BN 92 10 / [5]
MoSe2 Exfoliation Back-gated Ni SiO2 50 106 / [8]
WS2 Exfoliation Back-gated Ti/Au SiO2 20 106 70 [6]
BP Exfoliation Top-gated Ni/Au SiO2 862 102 563 [4]

Graphene CVD Back-gated Cr/Au TiO2 1872 — / [3]

Table 1 also shows that different MoS2 FETs have performed differently, because the
natural atomic-level thickness and large specific surface area of MoS2 make the interface
quality have a great influence on the MoS2 properties [2]. High-quality MoS2 preparation
methods have constantly been investigated in recent years. The common preparation
methods of MoS2 include Chemical Vapor Deposition (CVD), Metal–Organic Chemical
Vapor Deposition (MOCVD), Atomic-layer deposition (ALD), and Vapor–Liquid–Solid
(VLS) [18]. The properties of stripped MoS2 are better than those of CVD-prepared MoS2,
because stripped MoS2 has high quality and less impurities, while the CVD process will
bring a lot of impurities. In addition, a 6-inch uniform monolayer MoS2 can be grown by
CVD in a short time [19]. MoS2 with the low surface energy can also be easily stripped
and transferred, the size of which depends mainly on the size of the bulk MoS2, which can
reach the centimeter level [20].

However, in MoS2 FETs, a high-quality MoS2 between the contact electrode and the
dielectric layer will still be obtained at the contact interface and dielectric interface, which
has further led to the different performance of MoS2 FETs [21]. Therefore, for improving
the performance of MoS2 FETs, we mainly focus on optimizing the contact behavior [14],
regulating the conductive channel [16], and rationalizing the dielectric layer [17]. This is
also the subject of our review. Then, we discuss the applications of MoS2 FETs in key and
emerging fields [21], involving logic and RF circuits [22,23], optoelectronic devices [24],
biosensors [25], piezoelectric devices [26], and synaptic transistors [27] (Figure 1).
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Figure 1. MoS2 FET performance improvement strategies and applications. (a) Schematic of mono-
layer MoS2 FET (reprinted/adapted with permission from Ref. [21]. Copyright 2021 Springer Nature).
(b) Improving MoS2 FET performance by optimizing contact behavior (reprinted/adapted with
permission from Ref. [14]. Copyright 2022 Wiley). (c) Improving MoS2 FET performance by reg-
ulating conductive channel (reprinted/adapted with permission from Ref. [16]. Copyright 2022
Wiley). (d) Improving MoS2 FET performance by rationalizing dielectric layer (reprinted/adapted
with permission from Ref. [17]. Copyright 2020 IEEE). The applications of MoS2 FET in (e) logic
circuits (reprinted/adapted with permission from Ref. [22]. Copyright 2020 American Chemical
Society); (f) radio-frequency circuits (reprinted/adapted with permission from Ref. [23]. Copyright
2014 American Chemical Society); (g) optoelectronic devices (reprinted/adapted with permission
from Ref. [24]. Copyright 2021 American Chemical Society); (h) biosensors (reprinted/adapted with
permission from Ref. [25]. Copyright 2021 Elsevier); (i) piezoelectric devices (reprinted/adapted
with permission from Ref. [26]. Copyright 2020 American Chemical Society); (j) synaptic transistors
(reprinted/adapted with permission from Ref. [27]. Copyright 2022 American Chemical Society).

2. Performance Improvement Strategy of MoS2 FETs

2.1. Optimizing Contact Behavior

A metal electrode and traditional 2D electrode are usually directly deposited by chem-
ical or physical deposition methods on MoS2 surfaces, which damages the contact interface,
resulting in the Schottky barrier and Fermi-level pinning effect, between the MoS2/metal
electrode, and the MoS2/traditional 2D semiconductor in MoS2 FETs [28], which could
reduce electrical performance [29]. Therefore, it is very important to find suitable electrode
materials to form ohmic contact and eliminate the Fermi pinning effect [30]. Recently, the
van der Waals contact has been an indirect method of preparation into MoS2, which does
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not use direct chemical bonding, avoiding the damage of the deposition process and the
diffusion at the contact interface, Here, we review the methods for obtaining ultra-low
contact resistance in both 2D and non-2D contacts.

Shen et al. prepared a back-gated monolayer MoS2 FET, where bismuth, nickel,
and titanium were used as electrodes to explore the contact barrier. The results showed
that the Bi-MoS2 FET had the lowest contact barrier (123 Ω μm at a carrier density of
1.5 × 1013 cm−2), attributed to the suppression of metal-induced interstitial states by the
semi-metallic bismuth contact with MoS2. This mechanism also contributes to good ohmic
contact in other TMDs FETs, i.e., the Ion/Ioff ratios are as high as (107) at low voltages
(1.5 V) [21].

Samori et al. prepared an asymmetric Schottky diode by self-assembled monolayers
(SAMs) of pre-functionalized gold electrodes, then transferring them to MoS2 by the
dry method [14]. Figure 2a shows the MoS2 FETs structure, where the drain/source
electrodes are 2, 3, 4, 5, 6-pentafluorobenzenethiol (PFBT)-functionalized electrodes and
the source 4-(dimethylamine) benzenethiol (DABT) functionalized electrode, respectively.
The output curve of the Schottky diode is shown in Figure 2b. The Vgs of the device is
reduced from 90 to −30 V, and the rectification ratio reaches a maximum of 103 at −30 V in
Figure 2c. Figure 2d–f show the band structure of devices under different bias voltages.
This strategy can be adjusted to control the electrode and different chemisorption SAMs
functionalization to reduce (increase) the charge injection barrier, thus providing a strategy
for the manufacture of asymmetric charge injection devices [14].

 

Figure 2. (a) Structure diagram of asymmetric MoS2 FETs. (b) Semilogarithmic plot of the Ids-Vds.
(c) Rectification ratio. (d–f) Energy band diagram at thermodynamic equilibrium, positively biased
source–drain, and negatively biased source–drain, respectively. (Reprinted/adapted with permission
from Ref. [14]. Copyright 2022 Wiley).

Recently, experiments have found that graphene materials as the electrodes of MoS2
FETs can also achieve good ohmic characteristics [31]. Yu et al. fabricated graphene/MoS2
heterojunction FETs, by adjusting the Fermi level of the graphene electrode to modulate
the height of the Schottky barrier between heterojunctions, where the short-channel effect
with a channel length less than 30 nm was successfully eliminated, and at the same time,
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the drain-induced barrier lowering of the device was 0.92 v/v and the Ion/Ioff ratio was
as high as 108 [31]. Kim et al. reported high properties of monolayer MoS2 FETs with
a nitrogen-doped graphene (NGr) electrode [15], as shown in Figure 3. Compared to
undoped graphene electrodes, the device current increased 214% and the field-effect
mobility increased fourfold. Figure 3c,f illustrates that the Fermi level of MoS2 FET was
improved by employing the NGr electrode. Therefore, this is one of the effective means
to reduce contact resistance, which will provide a new idea for the development of high-
performance devices.

 

Figure 3. Electrical characteristics of MoS2/pristine Gr contact device: (a) Transfer characteristic
(left axis) and semilogarithm (right axis). (b) Output characteristic. (c) Schematic diagram of band
alignment. Electrical characteristics of MoS2/NGr contact device: (d) Transfer characteristic (left axis)
and semilogarithm (right axis). (e) Output characteristic. (f) Schematic diagram of band alignment.
(Reprinted/adapted with permission from Ref. [15]. Copyright 2019 American Institute of Physics).

Two-dimensional Mxenes contain transition metal carbides, carbonitrides, and nitrides,
and have graphene-like surface structures and good electrical conductivity [32], which
show great application potential in barriers, capacitors, and electrodes of electrochemical
systems [33]. Dai et al. calculated the contact barrier of MoS2 FETs with Ta2C, Ta2CF2, and
Ta2C(OH)2 as the electrode material, using density functional theory. The results showed
that the N-type Schottky barrier was created by a Ta2C electrode. However, using a Ta2CF2
or Ta2C(OH)2 electrode can form ohmic contact, and the resistance of MoS2/Ta2C(OH)2
was 2 times smaller than that of MoS2/Ta2CF2. This study provides theoretical guidance
for the application of MXene materials in MoS2 FETs [30]. Du et al. first studied the
contact characteristics between MoS2 and M3C2(OH)2 (M = Ti, Zr, Hf) by first principles,
which found that Ti and Hf are more suitable for ohmic contact as electrode materials. The
subthreshold swing (SS) range of devices was 100~200 mV/decade, and the Ion/Ioff ratio
was as high as 106, in the sub-10 nm range [34].

To sum up, in the modification of the MoS2 FET electrode, the selection of an ap-
propriate metal electrode or other excellent electrode materials can reduce the Schottky
barrier, especially the combination of the above new two-dimensional material, and MoS2
can better achieve a high-performance, low-power-consumption FET, which will also be a
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significant attraction for the development of electronic devices in the future. In addition,
2D MoS2 could produce unique quantum effects by contacting with the metal, such as
quantum transport, superconductors, and valley transport [35].

2.2. Boosting Conductive Channel

MoS2 with the good direct bandgap (~1.8 eV) when the bulk MoS2 is stripped to
monolayer MoS2 sets the stage for MoS2 FETs with high mobility and high Ion/Ioff ratio [36].
As is well known, doping is one of the most prevalent techniques to regulate the band
structure of semiconductor materials [37], which have both metal ion doping and nonmetal
ion doping. An oxygen uniformly doped monolayer MoS2 can be prepared directly by in
situ chemical vapor deposition on a 2-inch sapphire substrate. The results showed that the
bandgap of MoS2 was regulated (from 2.25 eV (intrinsic) to 1.72 eV (heavily doped). The
mobility of the MoS2-XOx FET was 78 cm2/Vs, and the Ion/Ioff ratio was 3.5 × 108 [38].
Shi et al. developed a one-step CVD method to achieve the growth of centimeter-level
monolayer MoS2 film [16]. Unidirectionally Fe-doped MoS2 domains (domain size up to
250 μm) were prepared on 2-inch commercial c-plane sapphire, which achieved very low
contact resistance (≈678 Ω μm) and good ohmic contact with the electrode, as shown in
Figure 4a–c. MoS2 FETs obtained electron mobility (54 cm2V−1s−1 at room temperature,
94 cm2/Vs at 100 K, and Ion/Ioff ratio (108)). The electron mobility of monolayer Fe-MoS2
was decreased with increasing temperature, as observed in Figure 4d,e, which indicated
that it can inhibit the scattering of impurities. Figure 4f shows the energy barriers of pristine
MoS2 and Fe-MoS2.

 

Figure 4. (a) Schematic diagram and OM graph of monolayer Fe-MoS2 device. (b) Transfer character-
istic of MoS2-based devices. (c) Temperature vs. transfer characteristic. The inset shows the MIT area.
(d) Electron mobility vs. temperature. (e) Arrhenius plots. (f) Energy barriers and energy band of the
monolayer Fe-MoS2. (Reprinted/adapted with permission from Ref. [16]. Copyright 2022 Wiley).
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Wang et al. first synthesized a Ta-doped p-type monolayer MoS2 by NaCl-assisted
CVD, which has the advantages of large area, controllability, high quality, and controllable
doping concentration [39]. With the addition of Ta, MoS2 FET devices showed bipolar
properties and changed from N type to P type with increasing concentration. The p-type
MoS2 active layer was applied with heavy niobium doping by mechanical stripping on the
Si substrate. Then, the p-type MoS2 FETs with the Pt electrode obtained a 0.13 eV contact
barrier, output current of −10 μA, and drain voltage of −1 V when the channel length was
~1 μm [40]. Han et al. reported a strategy for the controllable transformation of n-type MoS2
into p-type MoS2 by low energy (100 eV) He+ irradiation, as shown in Figure 5. Through
theoretical calculation and characterization, it was found that this method increases the
band size through the migration of the topmost S atom, and electron capture transforms
n-type MoS2 into p-type MoS2 [41].

 
Figure 5. (a) Schematic diagram of the conversion of n-type MoS2. The negative binding energy
shifts of Mo 3d, S 2p, and valence band photoemission spectra depend on (b) the ion energy band,
and (c) irradiation time of He+ ion irradiation. (Reprinted/adapted with permission from Ref. [41].
Copyright 2022 Springer Nature).

Doping can effectively improve the performance of MoS2 films, but in the case of thin
atom thickness or few layers, traditional doping strategies such as ion implantation or
high-temperature diffusion could not improve the performance, because these methods
tend to destroy the lattice and produce defects. Therefore, it is particularly important to
find new doping methods, which provides inspiration for future research and development
of more processes suitable for less layer MoS2 doping.

2.3. Rationalizing Dielectric Layer

As for the MoS2 FET, the surface accumulation of charges and charge traps on the
dielectric are big issues leading to high leakage current, which is observed by using a
scanning tunneling microscope [42,43]. Therefore, an appropriate dielectric layer with high
permittivity should be used to effectively reduce the influence of impurity scattering at
the interface on carrier transport in the channel layer, while avoiding the possible short-
channel effect and reducing gate leakage current [44,45]. It is noted that a high-K dielectric
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layer (HfO2, ZrO2, HfZrO, etc.) can effectively shield the scattering of charged impurities
and boost the gate control ability on the channel carriers, thus effectively improving the
electrical performance of MoS2 FETs [46–49]. However, the high-K dielectric layer will also
generate trap charges and surface optical phonons to offset its advantages [49].

To solve these problems, Song et al. found that adding Al to the ZrO2 dielectric layer
in a certain proportion (Zr:Al = 1:1) could effectively improve the electrical performance of
MoS2 FETs, due to the moderate Al reducing the oxygen vacancy, and optimize leakage
current, as well as improve the interface state density [50]. Zhao et al. demonstrated
HfO2 with treatment by NH3 plasma and added Al2O3 as a high-K dielectric layer of
the top-gate MoS2 FETs. That significantly reduced the leakage current and provided a
high carrier mobility ~87 cm2/Vs, Ion/Ioff ~2.1 × 107, and SS of 72 mV/dec [51]. Li et al.
reported MoS2 FETs with the self-limiting epitaxy technology, employing a monolayer
molecular crystal of perylene-tetracarboxylic dianhydride as a buffer layer, graphene as a
gate, and HfO2 as a gate dielectric layer, which obtained good dielectric properties, low
leakage current, and high breakdown power. The device has SS ~73 mV/dec, Ion/Ioff > 107,
and is not affected by short-channel effects [52]. Liao et al. designed high-performance
MoS2 FETs with the double-layer gate dielectric structure, as shown in Figure 6a,b. A
high-K vinylidene fluoride-trifluoroethylene (P(VDF-TrFE)) dielectric is used to provide
high carrier concentrations, and a low-K polymethyl methacrylate (PMMA) dielectric
provides device stability, as shown in Figure 6d,e. MoS2 FETs with low operating voltage,
no hysteresis, and high stability were achieved through combining high-K and low-K
dielectrics, as shown in Figure 6f [17].

 

Figure 6. (a) Structure diagram of MoS2 transistor. (b) The OM graph of MoS2 transistor. (c) Ferro-
electric characteristics of the different dielectrics. (d–f) Transfer properties of the MoS2 transistors
with different gate dielectrics, at VD = 1 V (Red), 0.5 V (black), and 0.1 V (blue), receptively. The insets
are the enlarged figure of the transfer curve with VD = 1 V. (Reprinted/adapted with permission
from Ref. [17]. Copyright 2020 IEEE).
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Therefore, an excellent dielectric layer is important to obtain nonhysteresis, low
voltage, and stable operation for MoS2 FETs. A high-K dielectric can effectively suppress
the scattering of charge impurities and the other problems. However, when the 2D MoS2
material as the channel layer is very thin, the interface state problem will be more significant.
Therefore, finding suitable single-layer/multi-layer dielectric materials and their high-
quality deposition methods, or adding possible buffer layers, etc., can play a role in
reducing these negative effects of monolayer MoS2 FETs.

3. Logic and Radio-Frequency Circuits

3.1. Logic Circuits

Logical computation is an important part of a computer. Silicon complementary
metal oxide semiconductor (CMOS) circuits are widely used at present, and they have
complementary features to ensure data transmission will not produce problems, such
as loss threshold voltage, accurate logic transmission, high Ion/Ioff, and easy integration.
The application of graphene in logic devices is limited by the zero bandgap. Therefore,
the MoS2 with a suitable bandgap provides a basis for the future application in logic
computing devices [53]. Simulations revealed that monolayer MoS2 FETs showed a 52%
smaller drain-induced barrier lowering, and a 13% smaller SS, than the 3 nm thick-body Si
FETs at a channel length of 10 nm [54]. Therefore, MoS2 FETs are expected to improve the
performance, and obtain new functions of devices in the field of electronics and display
technology [55].

For voltage switching and high-frequency operation, logic devices need to achieve
some performance, such as a high Ion/Ioff ratio (>103) and moderate mobility [18]. Ang et al.
prepared a top-gate MoS2 FETs. The monolayer MoS2 was grown on sapphire substrates
by CVD and employed HfO2 as a high-K dielectric layer. The inverter was fabricated by
direct-coupled FET logic technology to obtain a high voltage gain ~16. When VDD = 3 V,
the total noise margin was 0.72 VDD [56]. Pan et al. proposed a double-gate MoS2 FETs to
overcome the difficulty in regulating the threshold voltage and SS under the condition of a
single gate. The device obtained an ultralow SS value of 65.5 mV/dec in the large current
range above 104, when the dual gate was operating simultaneously in the inverter [57].

Multiple inverters require FETs with a stable resistance ratio to ensure constant output
voltage. Kim et al. prepared cross-type FETs and the WSe2/MoS2 PN heterojunction surface
was treated with PMMA-co-PMAA, so the channel current and anti-bipolar transistor
region characteristics improved. Figure 7c,d shows that PMMA-co-PMAA can increase the
current and ensure the stability of the inverter by doping effect-inducing charge transfer.
Applying a cross-type p−n heterojunction WSe2/MoS2-based FET into a ternary inverter,
three stable logic states of 1, 1/2, and 0 were realized [22], as shown in Figure 7a,b.

Zhou et al. fabricated MoS2 FETs with a double-gate structure and double surface
channel, where the top gate and the back gate serve as two input signals. Logic (OR,
AND) was successfully implemented in a single cell [58]. MoS2-based FETs will replace
the traditional silicon device to achieve a higher degree of integration of logic devices, but
only simple logic can be achieved at present. On the one hand, the development of P-type
MoS2 FETs still has a low performance and complex process problems, so its application in
CMOS circuits still has a long way to go. On the other hand, mass production of large-size
monolayer MoS2 is also a difficulty. However, we still believe that MoS2-based FETs will be
applied to complex and scalable large-scale integrated circuits in the future.
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Figure 7. (a) Schematic diagram of ternary inverter by cross-type p–n heterojunction WSe2/MoS2-
based FETs. (b) Logic circuit for ternary inverter. (c) Vout vs. Vin characteristic curves. (d) Character-
istics of ternary inverter (red markers). Transfer characteristic curves of device (blue markers) and
WSe2-based FETs (green markers). (Reprinted/adapted with permission from Ref. [22]. Copyright
2020 American Chemical Society).

3.2. Radio-Frequency Circuits

With the advent of the 5G communication era, the position of RF devices is increasingly
prominent and comparable to the importance of logic devices and memory devices. Facing
the problem of bandwidth growth, promoting the working frequency of RF transistors
is inevitable [53]. The maximum frequency of oscillation (fmax) based on III-V materials
has exceeded 1 THz [59]. To further improve the operating frequency and bandwidth,
optimizing the device processes or finding materials with higher mobility such as graphene
is an effective strategy. Although the RF devices made of graphene can reach the operating
frequency of mainstream RF devices, the gain cannot be further improved, due to the
restriction of the zero bandgap. However, MoS2 with a sizable bandgap can solve this
bottleneck effectively [60].

Cheng et al. demonstrated a high-performance MoS2 RF device on a flexible substrate
with an intrinsic cut-off frequency of 42 GHz and fmax up to 50 GHz, and an intrinsic gain
over 30 [61]. Wu et al. reported a microwave circuit with a MoS2 self-switching diode.
Ten layers of MoS2 were grown on an Al2O3/Si substrate to realize the audio spectrum
of an amplitude-modulated microwave signal in the 0.9~10 GHz band [62]. Modreanu
et al. fabricated RF transistors with a double-layer MoS2 channel structure, and the RF
performance of the device was improved by electrostatic doping of the back gate. For MoS2
RF transistors with a 190 nm gate length, at VBG = 3 V, the external natural cutoff frequency
was 6 GHz, the internal natural cutoff frequency was up to 19 GHz, and the maximum
oscillation frequency was 29.7 GHz [63].

Among the flexible electronic devices, the fT and fmax of MoS2 RF transistors were
higher than or comparable to those based on flexible electronic materials such as silicon
film and InGaZnO [59]. Gao et al. transferred the bilayer MoS2 onto a flexible polyimide
substrate to prepare high-performance RF transistors. The different gate lengths (0.3 μm,
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0.6 μm, and 1 μm) affected the performance of MoS2 RF transistors. It was found that fT
and fmax increased with the decrease in the gate length, and with the gate length of 0.3 μm,
the external fT was 4 GHz and fMax was 10 GHz [64].

Dresselhaus et al. formed a (1T/1T’-2H) phase heterostructure of MoS2, and a Schottky
diode flexible rectifier was fabricated by ohmic contact with palladium and Au electrodes,
as shown in Figure 8d. Figure 8a–c show that the rectifier voltage increased with the
increase in RF power, the maximum power efficiency could reach 40.1% at the 2.4 GHz
band, and fT was 10 MHz. A radio-frequency energy collector was prepared by integrating
with a flexible Wi-Fi antenna, as shown in Figure 8e. The radio-frequency energy collector
at 2.5 cm produced an output voltage of 250 mV at 5.9 GHz. These provided a universal
energy-harvesting building block, which could also be integrated with various flexible
electronic systems [65].

 

Figure 8. MoS2 phase-junction rectenna as a wireless RF energy harvester: (a) Output voltage vs.
input RF power. (b) Power efficiency of MoS2 rectifiers vs. input power. (c) Output voltage vs.
frequency. (d) Flexible MoS2 wireless energy harvesting. The illustrative I–t curves correspond to the
a.c. (blue arrow) and d.c. (red arrow) currents. (e) MoS2 rectenna on Kapton. (Reprinted/adapted
with permission from Ref. [65]. Copyright 2019 Springer Nature).

Most MoS2-based RF transistors have been concentrated in bilayer structures because
bilayer MoS2 typically has higher mobility and saturation speed than single-layer MoS2,
providing a better power gain and cutoff frequency for the device. However, the high-
frequency performance of MoS2 RF transistors is still lower than that of silicon transistors.
Therefore, it is important to optimize the device structure or process (such as optimizing
gate structure and edge contact). In addition, MoS2 with excellent mechanical properties
can be used to manufacture flexible devices and, combined with RF, logic, and other fields,
can achieve flexible electronic systems such as wearable devices, flexible sensors, and
medical equipment.
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4. Photodetectors

A photodetector is a device that converts photons into current by the photogenerated
voltage effect of semiconductor materials. When a light source with strong radiation energy
illuminates a semiconductor, the semiconductor material will absorb photons and generate
electron–hole pairs to generate photocurrent [66]. MoS2 has a wide bandgap, layered
structure, strong photoluminescence characteristics, and excellent mechanical properties.
Photodetectors made of MoS2 have strong light response characteristics in the terahertz,
mid-infrared, visible light, and near-infrared ranges [67]. Widely used photodetector
performance indicators include responsivity, time response, specific detection rate, and
spectral selectivity [68].

Zhang et al. developed a method for rapid synthesis of multilayer MoS2 films from
1 L to more than 20 L with good quality using NaCl as a promoter. Then, a monolayer-
to-multilayer MoS2 photodetector was constructed, as shown in Figure 9a. Figure 9b,c
illustrates the output curve of the monolayer–multilayer MoS2 heterojunction device and
the outstanding rectifying ratio (103). Figure 9d depicts the band diagram of the mono-
layer MoS2 under high performance. In order to explore photoresponsivity, the transfer
characteristic curve (Figure 9e) of the device under light and dark conditions and the light
response ability under different voltages were investigated. Figure 9f shows that the device
could achieve a maximum sensitivity of 104 A/W at 0 V (VGS) [69].

Figure 9. (a) Schematic of the monolayer−multilayer (1L–25L) MoS2 heterojunction device. (b) Ids-
Vds characteristics. (c) Rectification ratio as Vgs. (d) Band diagram of the 1 L-ML MoS2 heterojunction
in the off state (Vgs = 0; Vds = 0). (e) Ids-Vgs characteristics. The inset is the OM graph of the device.
(f) Vgs vs. photoresponsivity. (Reprinted/adapted with permission from Ref. [69]. Copyright 2019
American Chemical Society).

Wu et al. prepared a photodetector by combining MXene nanoparticles with a 2D
MoS2 in a hybrid plasma structure. This strategy could improve the optical response of
MoS2 and make it more sensitive to visible light. The experimental results showed that
the response rate of the device was 20.67 A/W, the detectivity was 5.39 × 1012 Jones, and
the external quantum efficiency was up to 5167% [70]. Wang et al. grew a gate dielectric
heap (Al2O3/HZO/TiN) on a Si substrate and transferred multilayer MoS2 to prepare an
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ultra-sensitive negative-capacitance MoS2 phototransistor. The HZO film could signifi-
cantly enhance the optical gating effect, suppress dark current, and improve the ratio of
light to dark current through a ferroelectric local electrostatic field and the ferroelectric NC
effect. The experiment demonstrated that the prototype device had a high detection rate of
4.7 × 1014 cm Hz1/2W−1 and a high response rate of 96.8 AW−1 at low operating voltages
of Vds = 0.5 V and Vg = 1.6 V at room temperature [71]. Walila et al. grew a 3.5 μm GaN
on a sapphire substrate, and the MoS2 was mechanically stripped as the active layer. Fig-
ure 10a,b show the highly sensitive photodetector with gold and chromium as the electrode.
Compared with bare GaN photodetectors, the responsivity and EQE of the photodetectors
improved by 5 times, as shown in Figure 10d,e. Under the condition of 1 V bias and 365 nm
excitation at 1 mW/cm2, the highest response rate and EQE were obtained, which were
1.8 × 104 A/W and 6.19 × 106%, respectively [24]. The GaN/MoS2 heterojunction laid a
foundation for wide bandgaps and excellent photoelectric performance.

Figure 10. (a) Device structure of MoS2/GaN photodetector. (b) OM graph of the hybrid device.
(c) Equivalent circuit diagram of the hybrid device. Photoresponse measurements of (d) GaN devices
and (e) MoS2/GaN devices. (Reprinted/adapted with permission from Ref. [24]. Copyright 2021
American Chemical Society).

At present, the MoS2 photodetector mainly focuses on two aspects: the change in
layer number and the construction of a heterojunction. The monolayer MoS2 has a low
absorption surface and low quantum yield, which limits its development in photoelectric
devices. In contrast, the multilayer MoS2 has a small bandgap and can improve the
absorption efficiency. Especially, the MoS2-based heterojunction photodetector could
achieve faster charge transfer and optical response. Optoelectronic devices require trade-
offs between responsiveness and response time to meet practical needs. Although MoS2-
based photodetectors have some difficulties, they still have great advantages in flexible
photodetectors and integrated nano-optoelectronic systems.
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5. Biosensors

Biosensors are widely used in clinical and disease treatment as a powerful tool to detect
biochemical processes. The great demand for detection has promoted the development
of new nanomaterials as a sensing platform [72,73]. The global spread of COVID-19 has
warned people to protect their own health, and biosensors with rapid, real-time, and
accurate detection can effectively contain the spread of the virus and remind people
to treat themselves in a timely manner [73,74]. MoS2 attracted new interest with the
multidimensional structures and structure-dependent unique electronic, electrocatalytic,
and optical properties [75]. Therefore, MoS2 has been widely applied in biosensors that can
detect DNA, proteins, metal ions, and other compounds [76].

Arshad et al. modified Au nanoparticles on MoS2 nanosheets to prepare bottom-gate
FETs for the detection of the low-concentration C-reactive protein. The detection limit and
sensitivity of BG-FETs were 8.38 fg/mL and 176 nA/g·mL−1, respectively [77]. Dai et al.
prepared MoS2 on a 300 nm SiO2/Si substrate and functionalized MoS2 by combining five
different DNA sequences into a DNA tetrahedron, as shown in Figure 11a. Figure 11b
shows that the biosensor is extremely sensitive to the target protein (prostate-specific
antigen, PSA). In phosphate-buffered brine, the detection limit was 1 fg/mL and the linear
range was 1 fg/mL~100 ng/mL. Figure 11c shows that the Ids decreases as the concentration
increases, and bovine serum albumin (BSA) is used as an interference signal for comparison
of detection effects. Figure 11d shows that the biosensor is extremely sensitive to the target
protein (prostate-specific antigen, PSA) [25].

Figure 11. (a) Schematic diagram of 3D MoS2 biosensor. (b) Real-time detection (Vds= 0.5 V) of
different concentrations. (c) Response time curve. (d) Response variation vs. PSA concentrations.
(Reprinted/adapted with permission from Ref. [25]. Copyright 2021 Elsevier).

He et al. prepared a surface plasmon resonance (SPR) biosensor with Au nanoparticles-
modified MoS2 nanoflowers for IgG detection. The flower-like structure can provide more
active sites for metal particles to react with target substances. The sensitivity of the MoS2-
Aunps-modified sensor was 0.0472 nm/(μg/mL), which is about 3 times higher than
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that of an unmodified sensor (0.016 nm/(μg/mL)). The limit of detection of IgG was
reduced 2.7 times (from 0.16 to 0.06 μg/mL) [78]. Kim et al. prepared MoS2 biological
FETs with a nanoporous structure. Nanoporous structures could increase the edge area,
using block copolymer photolithography. The surface area of the nanocycle was selectively
functionalized by the newly formed suspended groups at the edge of the nanocycle. The
biosensor exhibited superior detection performance in human serum and artificial saliva
and resulted in a limit of detection of 1 ag/mL for cortisol [79].

This section mainly introduces the MoS2-based biosensor and the biocompatibility
of the MoS2 material with biological cells, and the portability, sensitivity, and low power
consumption of FETs have been widely studied and applied in biological monitoring.
During the background of COVID-19, the development of wearable biosensors for rapid
monitoring has become an urgent need.

6. Piezoelectric Devices

Piezoelectric properties exist in materials with centrosymmetric fractures. When strain
was applied, the center of gravity of the cation and anion did not coincide, which resulted
in a voltage potential at the interface between the semiconductor and the metal [80]. The
mechanical flexibility and piezoelectric and photoelectric effects of MoS2 materials can
meet the needs of pressure sensors, micro-electro-mechanical systems, and active flexible
electronic devices [81]. A layered MoS2 material could be modified to obtain piezoelectric
properties and could be applied to piezoelectric nanogenerators [82]. The piezoelectric effect
can be used to collect micro-mechanical energy and convert it into electrical energy [83].

Hone et al. first reported the piezoelectric properties of monolayer MoS2 in 2014 [84].
Kim et al. prepared a monolayer MoS2 piezoelectric nanogenerator (PNG) by sulfur vacancy
passivation. The output peak current and voltage of the PNG monolayer MoS2 nanoflakes
treated by S increased by 3 times (100 pA) and 2 times (22 mV), respectively. In addition,
the maximum power increased by nearly 10 times [85]. Hu et al. fabricated a single-layer
butterfly MoS2 piezoelectric device on a polyethylene terephthalate substrate. Figure 12a,d
shows the piezoelectric properties of the MoS2 single crystal (SC-MoS2) and MoS2 with
grain boundaries (GB-MoS2) under external strain. Figure 12b,c shows that under the
action of external stress, the current value generated by the direction of “armchair” was
higher than that of the direction of “Zigzag”. Figure 12e,f shows that the GB-MoS2 current
density is higher than that of SC-MoS2. It was found that the piezoelectric effect induced by
the grain boundary (~ 50%) could be applied to a self-powered sensor to monitor changes
in human blood pressure [26].

Xue et al. reported a new self-powered NH3 sensor, which employed monolayer MoS2
materials on PET and covered polydimethylsiloxane films, and deposited an Au electrode.
The sensor could be worn on different parts of the body and was responsive with a fast
response/recovery time of 18 s/16 s [86]. Willatzen et al. first calculated the piezoelectric
coefficient of 3R-MoS2. Here, the 5-layer 3R-MoS2 structure had the highest piezoelectric
constant in all MoS2 multilayer structures. The maximum piezoelectric constant was about
13% higher than that of the monolayer MoS2 structure [87].

The discovery of piezoelectric effects could utilize a lot of neglected energy. At present,
the application of MoS2 piezoelectric properties is not mature enough. It is necessary to
systematically study the piezoelectric properties, piezoelectric coefficients, and deformation
direction of MoS2 with different layers to help develop high-performance piezoelectric
devices. Hence, MoS2 piezoelectric sensors will realize their great potential in nanoscale
electromechanical systems, micro-flexible wearable devices, and other fields in the future.
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Figure 12. Schematic of a piezoelectric device based on (a) single-crystal MoS2 flake and (d) grain
boundaries of MoS2 flake. Recorded current outputs of the SC-MoS2 devices are (b) zigzag and
(c) armchair, and that of the (e) GB-MoS2 piezoelectric device is perpendicular. (f) Statistical data
for the current density of different monolayer MoS2-based piezoelectric devices (reprinted/adapted
with permission from Ref. [26]. Copyright 2020 American Chemical Society).

7. Synaptic Transistors

After the concept of artificial intelligence appeared, neuromorphic electronics, which
simulate human brain function and information processing, have been proposed as an
effective method to solve complex data processing problems [88]. The foundation of this
technology is to make artificial synapses, which have low power consumption, small size,
and simple structure. A MoS2 material is appropriate for the construction of artificial
synapses due to its excellent electrical properties and optical response. At present, a MoS2-
based artificial synapse has been applied in memory devices, programmable logic circuits,
and other fields.

Roy et al. fabricated a MoS2 vertical synaptic transistor with a titanium and Au
electrode. The device exhibited extremely low cycle-to-cycle variability and device-to-
device variability and stability in the SET voltage and RESET power distributions. The
results showed that there are 26 different conductance states in the device, and each state is
maintained for at least 300 s. These devices maintained a consistent on/off ratio during
the 1000 DC SET–RESET cycles [89]. Wang et al. proposed a phototransistor based on a
MoS2/graphene heterostructure and an integrated triboelectric nanogenerator to simulate
mechanical photon artificial synapses. Synaptic plasticity can be realized by modulating the
channel conductivity of the phototransistor by regulating the mechanical displacement of a
TENG. The simulation results showed that the image recognition accuracy of the artificial
neural network was improved by 92% with the help of mechanical plasticizing [90].

Im et al. fabricated multilevel memory based on van der Waals heterostack (HS)
N-MoSe2/N-MoS2 FETs and extended it to synaptic memory. Figure 13a shows that the
synaptic stacked channel FET was used to simulate a biological synapse. Figure 13b,c
illustrates that using a voltage pulse could simulate synaptic behavior. HS memory utilized
the capture/de-capture phenomenon induced by VGS for programming/erasing functions.
Due to the existence of a heterojunction energy barrier between MoS2 and MoS2, it could
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maintain a long retention time of 104 s. Based on the P-D characteristics of the device
under multiple 60 s short VGS pulses, the simulated recognition rate could reach 94% on
average [27], as shown in Figure 13.

 

Figure 13. Synaptic memory behavior of stack channel FETs. (a) Schematic of a biological synapse
in neuron system and synaptic stack channel FETs for neuromorphic function. (b) Illustration of a
VPre pulse train. (c) Monitored P-D plots vs. the diverse amplitude. (d) Two P-D conductance plots
with GMax/GMin values. (e) Schematics of multilayer perceptron neural network for classification of
MNIST handwritten digits. (f) Circuit diagram of artificial neural network. (g) Simulation results vs.
actual P-D behavior. (Reprinted/adapted with permission from Ref. [27]. Copyright 2022 American
Chemical Society).

The successful fabrication of artificial synapses based on MoS2 has proved the possibil-
ity of its application in non-von Neumann computing. MoS2 synaptic transistors with high
performance, low power, and large-scale integration characteristics will be widely used in
the brain-like chip, logic circuit, and simulated artificial neuromorphic system. However,
there are still significant challenges in the fabrication technology and the structure of MoS2
synaptic transistors.

8. Conclusions

Two-dimensional MoS2 FETs have attracted wide and in-depth attention as a suitable
candidate for optoelectronic devices and next-generation large-size flexible electronics.
This benefited from the natural atomic layer thickness and large specific surface area of
MoS2, but it can impact the influence quality, which mainly contains a contact interface
and dielectric interface, and they both can then influence the performance of the MoS2
FET. Thus, in order to obtain higher-performance MoS2 FETs, it is necessary to focus on
its main performance improvement strategies, including optimizing the contact behavior,
regulating the conductive channel, and rationalizing the dielectric layer.

To optimize the contact behavior of MoS2 FETs, this paper reviewed metal, graphene,
Mxene, and other new electrodes materials contacting with MoS2, which can adjust the
Fermi level and reduce the Schottky barrier. Self-assembling monolayer functionalized
electrodes are also a novel way to improve the contact barrier, which can significantly
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reduce the Ion/Ioff required by the device. In addition, a 2D/2D van der Waals contact
is also the ideal way to optimize the contact behavior. Meanwhile, the intrinsic MoS2
is a typical N-type semiconductor, so it is difficult to prepare high-performance P-type
MoS2 FETs. At the same time, the defect sites on the surface of the film will produce high
resistance and hinder its electrical performance. Therefore, doping is an effective method to
improve the performance of conductive channels. Metal doping and non-metal doping can
improve the device mobility. More importantly, several different doping methods, such as
tantalum, niobium, and He+ irradiation methods, can realize the transformation of a MoS2
FET from N-type to P-type. In addition, surface charge accumulation and leakage current
due to trap charges are also key challenges for MoS2 FETs. A reasonable dielectric layer is
significant to reduce leakage current and optimize stability. Although the high-K dielectric
is a common solution, it can also produce trap charge. Doping dielectric layers, plasma
treatment, double-K dielectric layers, etc., are proposed to improve the performance of the
dielectric layer.

Functional 2D MoS2 FETs have been widely used in key and emerging fields such as
logic, RF circuits, optoelectronic devices, biosensors, piezoelectric devices, and synaptic
transistors. However, there are some important challenges. For example, how to obtain
high-performance P-type MoS2 FETs on a large scale and build complementary circuits in
logic circuits. The strong photoluminescence properties of the MoS2 material promote its
application in optoelectronic devices, but its effective mechanism in photoluminescence
devices and electroluminescence devices remains to be explored, and wearable high-
performance biosensors are of great help to solve the current global epidemic detection.
Thus, a MoS2 artificial synapse can be desired for real-time monitoring. Although its
research has been very hot in recent years, there is still a long way to go in the application
of a brain-like microarray and artificial neuromorphology. However, we still believe that
molybdenum sulfide FETs can be used to construct novel functionalized devices and even
super-large scale flexible electronic systems.

Two-dimensional MoS2 is a very suitable channel layer material for the high-performance
FETs, and 2D MoS2 FETs are the promising candidate for downscaling electronics with
short channels, low thickness, small volume, high speed, high sensitivity, light weight,
etc. Especially, a MoS2 FET array based on a high-quality MoS2 channel will have a large
degree of application in the next generation of integrated circuits and flexible electronics.
However, monolayer MoS2 can better meet the high-performance requirements of short
channels and even ultra-short-channel FETs. Thus, it is of great practical significance to
develop the preparation process of monolayer MoS2 and MoS2 FETs performance. Thus,
we believe it to be necessary to continue to extensively study in-depth fewer-layer MoS2
and MoS2-based FETs.
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Abstract: The excellent luminescence properties of perovskite quantum dots (PQDs), including wide
excitation wavelength range, adjustable emission wavelength, narrow full width at half maximum
(FWHM), and high photoluminescence quantum yield (PLQY), highly match the application re-
quirements in emerging displays. Starting from the fundamental structure and the related optical
properties, this paper first introduces the existing synthesis approaches of PQDs that have been and
will potentially be used for display devices, and then summarizes the stability improving approaches
with high retention of PQDs’ optical performance. Based on the above, the recent research progress
of PQDs in displays is further elaborated. For photoluminescent display applications, the PQDs
can be embedded in the backlighting device or color filter for liquid crystal displays (LCD), or they
may function as the color conversion layer for blue organic light-emitting diodes (OLED) and blue
micro-scale light-emitting diodes (μLED). In terms of next-generation electroluminescent displays,
notable progress in perovskite quantum-dot light emitting diodes (PeQLED) has been achieved
within the past decade, especially the maximum external quantum efficiency (EQE). To conclude, the
key directions for future PQD development are summarized for promising prospects and widespread
applications in display fields.

Keywords: perovskite; quantum dots; synthesis; photoluminescent displays; electroluminescent
displays

1. Introduction

Photoluminescence (PL) and electroluminescence (EL) are two fundamental excitation
modes for current self-emissive displays. EL displays are commonly driven by a given
electron current [1,2], whereas the PL type [3] is enabled by down-conversion luminescence
materials [4], such as phosphors [5] and quantum dots (QDs) [6,7]. These luminescence
materials can be flexibly integrated into light sources, backlight components, functional
films, or display panels. They, to a great extent, determine the display performance, and
thus need to provide high luminescence efficiency, high color purity, and good stability.
The well-known YAG:Ce3+ was initially used as the basic material of display phosphor
for backlighting devices [8]. However, the wide emission width of this phosphor provides
a limited color gamut of merely ~72% according to the National Television System Com-
mittee (NTSC) standard [9]. This can be markedly improved by narrow-band red and
green-emitting phosphors [10–12], such as the popular green phosphor Beta SiAlON:Eu2+
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(~525 nm/~50 nm), red phosphor K2SiF6:Mn4+ (~630 nm/~5 nm), etc. Even so, they are
still not qualified for next-generation high-resolution and wide-color-gamut displays.

In display fields, a new luminescence material is gradually replacing phosphors due
to its narrow emission width, saturated color, and tunable emission [13,14]. This material is
named QDs because of its quantum confinement effect and nanoscale dimension [15]. There
are roughly three kinds of QD materials for display application: II–VI semiconductor QDs,
III–V semiconductor QDs, including perovskite QDs (PQDs), of which the corresponding
representatives are shown in Figure 1a–c. Cadmium chalcogenide CdSe-based QDs with a
core-shell structure have been successfully commercialized in displays because of their high
PL quantum yield (PLQY, ~100%), color quality (FWHM, ~20 nm), and good stability [16,17].
However, the constituent toxic element, Cd, has raised environmental and health concerns.
For this reason, InP-based QDs with comparable efficiency and slightly lower color purity
have been developed as an alternative [18,19]. To guarantee their performance, the typical
InP QD structure is required, which consists of an InP/ZnSe/ZnS core–buffer shell–outer
shell structure. This causes the complex and time-consuming synthesis process. In addition,
raw materials, especially phosphorus precursor, are expensive.

As a novel kind of QDs, PQDs has gained increasing attention. Compared with
the above-mentioned QDs, PQDs exhibit inherent superiorities, including excellent lumi-
nescence performance, ease of synthesis, and conveniently tunable emission [20]. These
characteristics originate from their unique structural attributes and make them a promising
candidate in current and future displays. However, their intrinsic drawbacks also deserve
close attention, especially instability and large-scale synthesis [21]. These unresolved issues
hinder the breakthroughs in the display industry.

Figure 1. (a) CdSe-based QDs. (b) InP-based QDs. (c) PQDs. Adapted with permission from [22].
Copyright 2020, American Chemical Society. (d) The octahedral unit and (e) network structure of
perovskite ABX3.
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Therefore, this review focuses on the critical demands in display fields, and provides a
comprehensive discussion to bridge the gap between fundamental knowledge and display
applications. The key content of this review can be divided into three parts. Firstly, the
basic synthesis methods of PQDs are concluded, which are deeply discussed from the
perspective of PQD’s structure and performance. Secondly, we summarize and clarify
the strategies for the stability improvement of PQDs in display applications, which is the
most difficult issue for display applications. Finally, the latest research progress of PQDs
in display fields is described, and the future development direction of PQDs and their
display applications are prospected. Beyond other reviews on PQDs, this review provides
inspiration for PQDs optimization in display fields, and promotes their application in
current and future displays.

2. Fundamental Structure and Optical Properties of PQDs

2.1. Fundamental Structure of PQDs

Halide perovskites have a general formula of ABX3, where A and B are, respectively,
monovalent and divalent cations, and X is a monovalent halide (Cl, Br, I) anion. The basic
structural unit of metal halide perovskites is shown in Figure 1d,e, where B-site cations,
usually Pb and Sn, will form inorganic octahedra with the six surrounding halide ions.
However, when the B site is a mixed cation such as B + and B’ 3+, the whole structure
will form a double-calcite structure with larger crystals. Cubic-phase perovskite (the most
regular perovskite) has a corner-sharing structure, which means that the cation at site A is
shared by eight neighboring cells, with the location of A at the apex of the cell [23].

The common metal halide perovskites can be further classified into either organic–
inorganic (hybrid perovskite quantum dots, HPQDs) or all-inorganic perovskite quantum
dots (IPQDs), depending on whether the A cation is an organic molecule such as methy-
lammonium (CH3NH3

+) and formamidinium (FA+), or an inorganic cation (commonly
Cs+). The optical and electronic properties of perovskites can be tunable by varying the
composition of constituted halide ions and the size of the cations [24,25]. In addition, the
dimensionality of perovskites can also be used to tune their optical properties, similar to
conventional metal chalcogenide semiconductors [26,27]. Moreover, the reported dimen-
sionality of perovskite can range from the 3D to 0D. Compared with the high-dimensional
one, the low-dimensional perovskite nanocrystals (NCs) exhibit very high PLQY partly
due to their defect tolerance [25–30], high exciton binding energy [31–33], high optical
absorption coefficient [34,35], and tunable carrier diffusion length [36–38].

2.2. Optical Properties of PQDs

After PQDs are excited by external energy, the electrons in the valence band leap into
the conduction band, and therefore holes are generated in the valence band. The three
types of luminescence are as follows [39]. (1) The electrons return to the valence band and
recombine with the holes to emit photons. (2) Electrons are trapped by a defect energy
band to emit light. (3) Electrons are trapped by a doped energy level and then emit light.

Four basic optical parameters, including emission stability [40], luminous inten-
sity [40–42], color diversity [43,44], and color purity [45], can be used to characterize
the luminescence properties of PQDs. It is remarkable that these basic characteristics
also determine their application feasibility in display devices. Among them, emission
stability is related to the crystal lattice of PQD materials, and luminous intensity is mainly
determined by PLQY. Color diversity can be regulated by changing the PQDs’ particle size,
composition, and type of ionic elements, while color purity is associated with the FWHM
of the emission spectrum.

Compared with organic fluorescent dyes and rare-earth-doped phosphors, PQDs
show excellent optical properties in the following four aspects: wide excitation wavelength
range [22,40], high PLQY [40–42], adjustable emission wavelength [43,44], and narrow
emission FWHM [45].
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(1). Wide excitation wavelength range. The excitation spectra of both organic fluores-
cent dyes and rare-earth-doped phosphors are relatively narrow and may require the use
of excitation sources in specific bands to obtain a desired emission spectrum. By contrast,
the excitation spectrum of PQDs is continuous and can be excited by arbitrary light higher
than the bandgap energy. Therefore, the same excitation light source can simultaneously
excite PQDs with different band gaps, resulting in different fluorescent colors.

(2). High PLQY. PQDs with a high molar absorption coefficient have excitation
overlap regions so that they can absorb large amounts of excitation light for light conversion.
In addition, the defect energy levels caused by internal or surface defects in PQDs can be
eliminated by optimizing synthesis methods, modified ligands, and coating, so as to obtain
high quantum yield by radiation recombination.

(3). Adjustable emission wavelength. Due to the quantum confinement effect [46],
the energy band of the semiconductor is split into discrete energy levels, resulting in
different sizes of PQDs having different band gaps. In other words, by regulating the
particle size, the light-emitting color of PQDs can be easily tuned to the required wavelength
range for various applications. Different from other QDs, the luminescence color of PQDs
can also be changed by controlling the components of the halogen anions, which has the
potential to cover the entire visible spectrum.

(4). Narrow emission FWHM. For PQDs, the relaxation rate of electrons and holes in
the band is much higher than the composite rate of thermal excitons. It is hard to have
recombination between high-level electrons and holes. Thus, the luminescence spectra
of monodispersed PQDs are basically symmetrical. The FWHM is comparable to the
low-energy edge of the first exciton absorption peak, and the luminescence peak energy is
slightly lower than the first exciton absorption peak.

Based on the above excellent optical properties, PQDs show outstanding performance
to better meet the need in emerging display, as shown in Figure 2.

Figure 2. Schematic diagram of the research direction of PQD displays.
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3. Synthesis Methods of PQDs

The synthesis of CsPbX3 PQDs showing bright emission and a wide color gamut
was first reported by Loredana et al. in 2015, and it is widely known as the hot injection
method [47]. The Cs-oleate precursor was prepared in advance, and then injected into a
PbX2 (X = Cl, Br, I) solution dissolved in oleic acid (OA), oleylamine (OAm), and octadecene
(ODE) at high temperature and in a nitrogen atmosphere. After a few seconds, the tempera-
ture of the reaction system was quickly dropped to room temperature and the PQDs could
be obtained via centrifugation. By using this method, the cubic CsPbX3 QDs with a PLQY
of 50~90% and an FWHM of 12~42 nm were successfully synthesized (Figure 3a), which
paved a new way for the development of perovskite. The hot injection method introduces
OA, and OAm ligands, providing potential for subsequent studies of ligand modification.
In addition, this method facilitates the introduction of ions into perovskite lattice, laying
the foundation for the study of ion doping. In the same year, Nedelcu et al. [48] prepared
IPQDs by introducing different halogen elements into CsPbX3 QDs for an anion exchange
reaction (Figure 3b), and finally realized the full spectral luminescence (410~700 nm) with
the PLQY of 20~80%.

Figure 3. (a) Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) covering the whole visible spectral
region with narrow and bright emission. Adapted with Open Access from [26]. Copyright 2015,
American Chemical Society. (b) The anion exchange diagram and X-ray diffraction diagram of PQDs.
Adapted with permission from [48]. Copyright 2015, American Chemical Society.

Due to strict reaction conditions and a complex process, the hot injection method is
still difficult for mass production at present. In 2016, the room-temperature reprecipita-
tion method was proposed based on the differences in the solubility of ions in different
solvents [49]. OAm and OA as surface ligands and PbX2 and CsX as ion sources were
dissolved in dimethylformamide (DMF) at room temperature to serve as precursors. The
precursor at a supersaturated state was injected into the toluene solution and a large
number of perovskite crystals were precipitated (Figure 4a). The resulting perovskite
had excellent optical properties, with a PLQY of 80%, 95%, and 70% and a FWHM of
35 nm, 20 nm, and 18 nm for red, green, and blue, respectively. In this method, ligands
function to passivate the QDs’ surface to reduce surface defects and inhibit nonradiative
recombination to improve the luminescence performance and lifetime. In addition, it is
simple to operate without high temperature and an inert gas environment, and it is less
affected by the environment. Therefore, it does have high repeatability compared with
the hot injection method. In the same year, Tong et al. [50] described a universal nonpolar
solvent ultrasound method which mixed precursors of cesium and lead halide with the
end-sealing ligand (OAm and OA) in ODE followed by sonication for 10 min (Figure 4b).
The PLQY of the prepared red, green, and blue perovskites, respectively, reached 90%, 92%,
and 10%, and the synthesized CsPbBr3 was highly monodisperse. This simple, fast, and
ligand-modifiable method is expected to achieve commercial production of perovskite.
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In 2017, the microwave-assisted synthesis of CsPbX3 NCs with different morphologies
was first reported by Pan et al. [51]. Cesium acetate, lead halide (PbX2, X = Cl, Br, I or their
mixtures), a certain amount of trioctylphosphine oxide (TOPO), OA, OAm, and ODE were
mixed in a microwave quartz tube and then put into a microwave reactor. Nanoplates
and nanocubes were obtained at low and high reaction temperature, respectively, while
nanorods could be formed by pre-dissolving precursors. This method provided uniform
particle size distribution, simple operation, no inert gas, and less environmental impact.
Compared with the hot injection method, it has a high repeatability and no other pre-
treatment. In the same year, the solvothermal method was proposed for the synthesis
of IPQDs [52]. Cs2CO3 and PbX2, used as precursors, were mixed with OA, OAm, and
ODE in the autoclave and maintained at 160 °C for a while (Figure 4c). CsPbX3 QDs and
ultrathin nanowires with uniform cubic phase were successfully prepared with the PLQY
reaching 80%. Although this simple preparation method could obtain high-quality IPQDs
with controllable morphology, the uncontrollable system temperature made it rarely used
in doping strategies and ligand modification.

The mechanochemical synthesis method was first proposed in 2017 [53]. Solid PbBr2,
ABr, and capping ligands were mixed and ground at room temperature for a while. Square
and rectangular (CsPbBr3), spherical (MAPbBr3), and parallelogram (FAPbBr3) nanopar-
ticles (NPs) were prepared through this solid-phase method. Although its PLQY of 13%
was significantly lower than in traditional liquid-phase method, it still showed certain
good characteristics such as high yield, simplicity, and fast synthesis process. Due to the
solid reaction system, the ligand modification strategy was hardly applied. For this reason,
the wet ball milling method for preparing colloidal nanocrystals was further proposed by
Kovalenko et al. in 2018 [54], which was composed of APbBr3 mixed with solvent and
oil-based ammonium bromide ligand. Figure 4d illustrates the working principle of the wet
ball milling method. In 2019, Palazon et al. [55] revealed the process mechanism, dynamics,
and possible side effects of dry ball milling. The changes of mechanochemical synthesis
with different time variations were studied in detail, and it was found that the drying and
rapid (5 min) process affected the excellent phase purity of IPQDs.

In 2018, Guo et al. [56] synthesized CsPbX3 microcrystals using chemical vapor depo-
sition (CVD) at room temperature. The working process was summarized as follows. PbX2
and CsX (X = Cl, Br, I) were mixed in a reaction chamber. The substrate could be made of
sapphire, SiO2, or Si. The products CsPbI3, CsPbBr3, and CsPbCl3 were grown at 580 ◦C,
620 ◦C, and 620 ◦C, respectively, with argon at the rate of 100 mL/min and the growth
time of 30 min. The fluorescence lifetime was 59.7 ns (CsPbI3), 36.9 ns (CsPbBr3), and
3.5 ns (CsPbCl3), respectively. By using this method, the white-light-emitting chips could
be successfully prepared on substrates. Though the large size (μm) and high precision of
the experimental equipment still limit its application, it does show a certain potential in
display backlights due to excellent performance of the crystal product.

In recent years, the synthesis of various kinds of nanocrystals with good homogeneity
using a fully automated microfluidic platform has become a hot research topic [57,58]. This
microfluidic platform allows the parameters of the synthesized nanocrystals to be varied
by changing the precursor molar ratio (e.g., Cs/Pb, FA/Pb, Cs/FA, and Br/I), growth
time (determined by flow rate and tube length), and temperature in a systematic and
independent way. Droplets are generated by adjusting the flow rates of the carrier phase
(50~200 μL/min) and that of the dispersed phase (1.2~50 μL/min) (Figure 4e left), and each
droplet can be viewed as a small hot-injection reaction system (Figure 4e right). In 2018,
Lignos et al. [58] further explored the synthesis of colloidal QDs in the near infrared using
a microfluidic platform. The synthesis results showed that untreated colloidal QDs had an
emission FWHM within 45~65 nm. The NCs could further narrow the PL FWHM to 40 nm
after a series of post-treatments (e.g., isolation, size selection, and purification), while the
synchrotron X-ray scattering clearly showed a cubic structure of CsxFA1−xPb(Br1−yIy)3
NCs. Finally, the electroluminescent devices prepared by this colloidal QDs obtained a
5.9% EQE.
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Figure 4. (a) Room-temperature precipitation method. Reproduced with permission from [49]. Copy-
right 2016, Wiley. (b) Ultrasonic method. Reproduced with permission from [50]. Copyright 2016,
Wiley. (c) Solvothermal method. Reproduced with permission from [52]. Copyright 2017, Wiley.
(d) Wet ball milling method. Adapted with Open Access from [54]. Copyright 2018, American Chem-
ical Society. (e) Automatic microfluidic method. Adapted with Open Access from [58]. Copyright
2018, American Chemical Society.

To sum up, efficient, convenient, and low-cost synthesis methods have been proposed
for PQDs, which lay a foundation for its potential applications in displays. Table 1 summa-
rizes the characteristics, advantages, and disadvantages of the existing perovskite synthesis
methods, with references attached.

Table 1. The existing synthesis methods of PQDs.

Methods Principle Results Drawbacks Reference

Hot injection High temperature
High yield, good properties,
suitable for ion doping and

ligand modification, widely used
Complex process [26]

Anion exchange Doping Full-spectrum luminescence,
easy X-position doping Multi-step process [47]

Room-temperature re-
precipitation Different solubility

Easy operation, high
repeatability, suitable for

ligand modification
Uneven size [48]

Ultrasonic method Ultrasonic treatment Easy operation, suitable for
ligand modification High cost [49]

Microwave-
assisted synthesis Microwave treatment

Easy operation, high
repeatability, suitable for

ligand modification
High cost [50]
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Table 1. Cont.

Methods Principle Results Drawbacks Reference

Solvothermal
synthesis

Mixed high
temperature

Easy to synthesize,
controllable morphology

System temperature unevenness,
not suitable for ion doping and

ligand modification
[51]

Mechanochemical
synthesis Mixed grinding High yield, easy to synthesize Not applicable to

ligand modification [52]

Wet ball milling Mixed grinding Easy to synthesize Low synthetic efficiency [53]

Dry ball milling Mixed grinding,
solvent-free Fast, high synthetic purity Easy to generate surface defects [54]

Chemical
vapor deposition

Chemical
reaction, deposition Excellent performance Large size, precise equipment [55]

Microfluidic platform Carrier
spacing reaction Automatic, homogeneity Immature [57]

4. Performance Improvement of PQDs

Although PQDs show high PLQY, low Auger recombination loss, and large exciton
binding energy, the poor humidity resistance and thermal stability of PQDs greatly limit
their practical application in the display field. Effective stabilization measures inevitably
result in a decline in optical performance. This section focuses on the strategies to improve
the stability and optical performance of PQDs.

4.1. Ion Doping of PQDs

An ion doping strategy has become an important way to improve the oxygen/moisture
resistance and luminescence properties of PQDs, which initially came from the doping
strategy of semiconductor QDs. ABX3 has three different lattice positions, and different
lattice positions have different effects on the material. Taking CsPbBr3 as an example, Cs
has little effect on its electronic structure. However, the 4p orbital of Br and the 6p orbital of
Pb contribute greatly to the valence band and conduction band of the crystal, respectively.
In addition, the excitation and recombination of electrons and holes are carried out in an
octahedron [58]. Therefore, inorganic octahedrals are very important for the luminescence
of PQDs, and different ionic doping will have different effects on the properties of PQDs.

The A-site has a great influence on the structure and stability of PQDs. Considering
the valence distribution of perovskite lattice, monovalent cations (such as BA+ [59]) are
mostly used as A-site doped ions. Because of the strong oxidation resistance, alkali metals
(Na+ [60], K+ [61,62], Rb+ [63], etc.) are regarded as ideal doping ions at the A-site. In
2018, Liu et al. [61] doped CsPbCl3 with K+. The introduction of K+ reduced the defects of
perovskite and narrowed the FWHM of the emission peak. With the increase of doping
concentration, the PLQY increased from 3.2% to 7.2%, and the average lifetime was also
improved. In the same year, Huang et al. [62] adopted Rb+ doping and found that when
the proportion of Rb+ was close to 75%, the PLQY of PQDs could be effectively improved.
Among them, the PLQY of blue PQDs changed most significantly, from 45% to 86%. Rb+

doping also effectively improved the UV light stability and thermal stability of perovskite.
The B-site contributes greatly to the conduction band of QDs, which mainly affects

their photoelectric properties. The strategy of B-site doping can reduce the lead content
to a certain extent, which is very important for PQDs. Commonly used doped ions
include Eu3+ [61], Bi3+ [64,65], Tm3+ [66], Cu2+ [67], Zn2+ [68], Fe2+ [69,70], Mn2+ [64,66,71]
(Figure 5a), CO2+ [72], etc. In 2018, Liu et al. [61] doped with Eu3+ to increase PLQY from
10.3% to 31.2%. In 2019, Bi et al. [67] doped Cu2+ ions into PQDs to improve its thermal
stability and optical properties. The prepared PQDs showed bright blue photoluminescence
(PL) at 450~460 nm, with a quantum yield of more than 80% and excellent thermal stability
(Figure 5b). In 2019, Hu et al. [69] doped with Fe2+ to improve the size uniformity and
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PLQY of CsPbCl3 QDs, which also could reduce the defect recombination and non-radiation
recombination of PQDs and prolong the average fluorescence lifetime. In 2021, Gualdrón-
Reyes et al. [73] used 7% Sr instead of Pb to achieve FAPb1−xSrxI3 PQDs with 100% PLQY
and high stability for 8 months under a relative humidity of 40~50%, and T80 = 6.5 months.
These are among the highest values reported for halide PQDs under air ambient conditions
until now. FAPb0.93Sr0.07I3 PQDs also showed light brightening enhancement under UV
irradiation for 12 h and the PLQY recovered to 100% in 15 days after synthesis. Among
many doped ions, Mn2+ was the most concerned. The doping of Mn2+ could bring new
energy levels and match the energy band structure of CsPbX3, which can realize the band
edge luminescence and doped luminescence of CsPbX3 QDs at the same time [71]. The
doped luminescence fluorescence lifetime of Mn2+ was up to milliseconds, which was an
important basis for display applications.

Figure 5. (a) Mn2+ doping. Reproduced with permission from [71]. Copyright 2019, Wiley. (b) Cu2+

doping. Adapted with permission from [67]. Copyright 2019, American Chemical Society. (c) Tm3+

doping. Adapted with permission from [66]. Copyright 2019, American Chemical Society.

Compared with IPQDs, organic perovskite prepared through a solution process could
well be integrated into the silicon-based wafer. Organic molecules in perovskite materials
show high polarizability, but larger molecules are required in the process of high polar-
ization, and need to increase the hole space of perovskite. Given this, (DCl)(NH4)(BF4)3
was synthesized by introducing a BF4

− group at the X-site, showing a linear photoelec-
tric coefficient of 20 pm V−1, which was 10 times higher than that of metal halide per-
ovskite [74]. The photoelectric response of organic perovskite materials was close to LiNbO3
(Reff ≈ 30 pm V−1).

Multiple ion doping is another effective way to adjust exciton dynamics and real-
ize white light emission. CsPbCl3 QDs doped with Bi3+ and Mn2+ were synthesized by
Shao et al. [64]. By strictly controlling the concentration of doped ions, the white light
emission was composed of blue QD band edge luminescence, green Bi3+ doped lumines-
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cence, and red Mn2+ doped luminescence. It was the first time to achieve the white light
emission with a single component; at the same time, the correlated color temperature (CCT)
could be adjusted from 4250 K to 19,000 K. In 2019, Luo et al. [66] synthesized doped
CsPbBr2.2Cl0.8 QDs with Tm3+ and Mn2+, and introduced the 1G4 level of Tm between
the conduction band of the QD and the 4T1 level of Mn, which effectively promoted the
energy transfer of exciton from the QD body to the Mn2+ doped level (Figure 5c). Sin-
gle component white-light QDs were obtained with a PLQY of 54%. The problem that
excessive Mn2+ led to a sharp decline in PLQY was solved. Doping Tm3+ significantly
improved the air stability and thermal stability of QDs, which was instructive for obtaining
single-component white-light QDs with high PLQY and further display application.

Table 2 summarizes the luminescence properties of PQDs realized by different types
of ion doping, including PL, FWHM, PLQY, and the lifetime after doping.

Table 2. Luminescence properties of different ion-doped PQDs.

Doping
Excitation

(nm)
PL

(nm)
FWHM

(nm)
PLQY

(%)
τ (ns) Stability Advantages Reference

A—site doping

BA+ − − − 49.44 24.58 Stable (50 days,
80% RH)

Reduced
dimensionality [59]

K+ 365 408 12.7 10.3 13.6 − Greatly
improved PLQY [61]

Rb+ 365 505–515 18–20 93 5.32 30% (100 ◦C, 24 h) Increased exciton
binding energy [63]

B—site doping

Eu3+ 365 408 11.3 31.2 15.24 − Greatly
improved PLQY [61]

Bi3+ 365 420–520 − 52 9.5 70% (30 days, air) Lead-free PQDs [64]

Tm3+ 365 − − 54 4.8–5 Stable (80 ◦C, 24 h) Introduction of new
energy level [66]

Cu2+ 365 450–460 15–26 >80% 2.3–5 90% (30 days,
60% RH, 25 °C)

Eliminating
halide vacancies [67]

Zn2+ 365/380 395–550 47 79.05 − 63.77% PLQY
(50 days, air) Lead-free PQDs [68]

Fe2+ − 401–403 13.8–14.6 6.2 14.6 − Size homogeneity
improvement [69]

Mn2+ 365 − − 65 − −
Toxic ions reduction

and PLQY
improvement

[71]

Co2+ 365 516 18–20 89 17.93 90% (50 days) Defect passivation [72]

Sr − 589,
583, 530 − 100 −

Stable for 8 months
(40–50% RH,
6.5 months)

Defect passivation [73]

X—site doping

BF4
− − 515 − − − − Increased hole space

of perovskite [74]

Multiple ion doping

Bi3+,
Mn2+ 365 420–520 − 52 9.5 70% (30 days, air) Wide range of CCT [64]

Tm3+,
Mn2+ 365 − − 54 4.8–5 Stable (80 ◦C, 24 h) Promotion of exciton

energy transfer [66]
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4.2. Ligand Modification of PQDs

As mentioned above, OA and OAm are mostly used as ligand materials during the
synthesis of PQDs. These long-chain organic ligands are attached to the surface of PQDs
and have a strong protective effect on PQDs. However, OA and OAm can easily fall off after
proton exchange, resulting in the degradation of the optical properties and color stability
of PQDs [75]. In addition, the insulation of long-chain organic ligands will hinder charge
transmission, leading to the poor conductivity of the material, which limits its application
in the display field. Therefore, choosing appropriate ligands to replace long-chain organic
ligands is an important way to ensure the stability and promote the application of PQDs.

The volume and chain length of ligands have a significant impact on the optical
properties and stability of PQDs. In 2018, Song et al. [76] utilized the synergy effect with
three short ligands: tetraoctylammonium bromide (TOAB), DDAB, and octanoic acid.
This effectively enhanced charge injection and transportation in QD films. The highest
EQE of the prepared LED devices reached 11.6%. In 2019, SCN− was used as ligands
to modify the surface of CsPbX3 [77], which reduced Pb2+ surface defects and improved
PLQY. The performance of LED devices prepared by modified IPQDs was improved by
25%. In the same year, Park et al. [78] found that small ligands surrounding the surface of
IPQDs could effectively passivate the surface and reduce aggregation (Figure 6a). Finally,
the IPQDs optimized by DDAB ligands was used to construct an efficient green LED
with the current efficiency (CE) of 31.7 cd/A and the EQE of 9.7%, which is 16 times
higher than the perovskite LED with traditional OAm ligands. In 2020, Huang et al. [79]
synthesized DDAB-capped CsPbI3 QDs. The introduced DDAB could firmly be combined
with the surface of PQDs and effectively passivate surface defects. The DDAB-CsPbI3 NCs
retained PLQY > 80% for at least 60 days. In 2021, Li et al. [80] explored the influence of
DDAB on the optical performance of CsPbBr3 QDs. They also studied DDAB-CsPbBr3
QDs synthesized from different molar ratios of Pb:DDAB (Figure 6b). In the same year,
Yang et al. [81] fabricated CsPbBr3 QDs using a one-step microwave method, where α-
phase poly(vinylidene fluoride) (PVDF) acted as the surface-capping ligands. The PLQY of
PVDF-CsPbBr3 QDs reached up to 98% (much higher than pristine PQDs with OA/OAm
as capping ligands). Moreover, these PQDs had excellent stability in the desired cubic
phase structure and enhanced PL stability under ambient conditions.

Replacing organic ligands with inorganic materials is also an effective measure to
improve the conductivity of IPQDs. In 2018, Song et al. [82] adopted an organic–inorganic
hybrid ligand (OIHL) to passivate IPQDs to control its surface state and subsequently
construct an efficient LED device. The inorganic ZnBr2 ligand could enhance the radiation
recombination and carrier transport of IPQDs. In addition, it was also found that other
metal bromides (MnBr2, GaBr3 and InBr3) could play the same role (Figure 6c). In 2020,
Yang et al. [83] introduced K+ to partially replace organic ligands, which not only inhibited
non-radiative recombination to obtain blue CsPb(Br/Cl)3 with the PLQY of 38.4%, but
also improved the charge carrier transport performance of IPQDs. They finally obtained a
stable and efficient blue perovskite LED with an EQE of 1.96%.

Compared with the direct substitution of ligands, the change in chemical bonds
between ligands is also worth considering. Jang et al. [84] found that the formation of
chemical bonds could effectively improve the stability of PQDs. They reported extremely
stable crosslinked perovskite NPs, in which the unsaturated hydrocarbons in both the acid
and base ligands of NPs were chemically crosslinked with a methacrylate-functionalized
matrix, preventing decomposition of the perovskite crystals. Counterintuitively, water
vapor permeating through the crosslinked matrix could chemically passivate surface
defects in the NPs and reduce non-radiative recombination. Green-emitting and white-
emitting flexible large-area displays were demonstrated which were stable in air and water
for >400 days. The design strategies provided a meaningful breakthrough toward the
commercialization of perovskite NPs in display applications.
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Figure 6. (a) Quaternary ammonium bromide ligand materials with different bulkiness and length.
Adapted with permission from [78]. Copyright 2019, American Chemical Society. (b) PLQY and
PL decay curves of DDAB-CsPbBr3 QDs with different molar ratios of Pb: DDAB. Reproduced
with permission from [80]. Copyright 2021, ELSEVIER. (c) OIHL passivation strategy for IPQDs.
Reproduced with permission from [82]. Copyright 2018, Wiley.

4.3. Coating of PQDs

The dynamic characteristics and low lattice energy of PQDs lead to their dissolution in
almost all polar solvents, even in water. This problem continues to plague researchers until
there is a strategy to completely encapsulate PQDs with inert shell materials. Compared
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with the ion doping and ligand modification strategies mentioned above, the coating
strategy is more straightforward to improve performance by isolating as much water
and oxygen as possible. So far, the silica (SiO2) coating method has been widely used in
traditional QDs [85–87], such as lanthanide-doped QDs and magnetic nanocomposites.
It is worth noting that SiO2 is an inorganic oxide with chemical stability and optical
transparency within the whole visible spectrum. Coating PQDs with SiO2 not only retains
the optical properties of luminescent materials, but also protects the materials from the
dissolution by polar solvents. The silica coating for CsPbX3 QDs is a typical process using
Stöber [88] or reverse microemulsion methods [89]. Hu et al. [90] proposed a simple and
easy method to grow silica shells on CsPbX3 QDs in situ without using any water. During
the preparation process, the amorphous SiO2 layer was rapidly formed on PQDs through
high-temperature injection of the silica precursor tetraethyl orthosilicate (TEOS). Compared
with pristine CsPbBr3 QDs, the performance of the prepared CsPbBr3/SiO2 composites
has been significantly improved, such as luminous intensity, nonblinking properties, and
optical stability.

In addition to the silica coating strategy, Chen et al. [91] prepared CsPbX3/ZnS het-
erostructures using a simple liquid-phase process in which QDs can be maintained in the
air for 12 days. Li et al. [92] proposed a method to obtain monodisperse CsPbBr3/TiO2
core/shell NCs. The prepared monodisperse CsPbBr3/TiO2 nanocomposites have excel-
lent water stability and PL intensity. In addition, atomic layer deposition (ALD) is an
advanced method of depositing single-atom thickness films to achieve high-quality thick-
ness control [93,94]. Xiang et al. [95] coated nanoscale alumina on the CsPbBr3 QDs-silica
luminescent sphere via atomic layer deposition (ALD) technology to selectively passivate
the surface defect sites of CsPbBr3 QDs (Figure 7a). The inorganic alumina coating layers
can effectively reduce the ion migration and crystal deformation of CsPbBr3 QDs.

At present, PQDs can be coated with various mesoporous materials, such as TiO2,
AlOX, SiO2, and so on. Wang et al. [96] mixed green CsPbBr3 PQDs with mesoporous silica
whose pore size was approximately 12~15 nm, as shown in Figure 7b. In addition, mixing
green QD-containing mesoporous silica nanocomposites with red PQDs can prevent the
anion-exchange effect, improve thermal and optical stability, and finally realize on-chip
LED devices with 113% NTSC. Dirin et al. [97] reported that PQDs were formed in situ
assisted with mesoporous silica. High-quality PQDs were obtained by infiltrating the
perovskite precursor solution into the mesoporous material and drying. Malgras et al. [98]
controlled the growth of the material and found that its emission spectrum under normal
environmental and light conditions remained almost unchanged.

Inorganic salts could be another choice to coat PQDs to improve their stability.
Yang et al. [99] selected NaNO3 as a coating material for CH3NH3PbBr3 QDs. The precur-
sor was dissolved in DMF solvent and then transferred to the toluene solvent. After that,
CH3NH3PbBr3/NaNO3 NCs were obtained through a one-step reprecipitation procedure,
and their thermal stability and photostability were greatly improved. Dirin et al. [100] used
a multi-step method to obtain effective and stable PQDs through a microcarrier-assisted
inorganic shell, in which PQDs were first anchored on a salt carrier and then coated with an
inorganic shell through the surface-mediated reaction of the precursor. The thermostability
could be significantly improved from the obtained powder. Wei et al. [101] integrated
CsPbBr3 into CaF2 NPs, which greatly improved the stability to moisture, light radiation,
and anion exchange.

Embedding PQDs into a polymer matrix to obtain stable QD films is one of the
most popular technologies, because it does not require expensive vacuum equipment.
Shen et al. [102] synthesized polymer-coated CsPbBr3 QDs in situ on a template. The con-
jugated linoleic acid (CLA) was used as a ligand to passivate the surface defects of QDs,
and the CLA crosslinking was triggered under light excitation to form polymer coating
and improve the stability of QDs. The FWHM of the prepared composite was narrow, and
the PLQY could reach 79.16%. More importantly, the PL intensity could be maintained at
77% after soaking in water for one week due to the protection of the hydrophobic polymer

124



Nanomaterials 2022, 12, 2243

layer. Cai et al. [103] reported an easy synthesis of water-resistant CsPbBr3 PQDs loaded
poly(methyl methacrylate) (PMMA) composite microspheres (CsPbBr3@PMMA). Tradi-
tional OA was replaced with methacrylic acid (MAA), and the double bonds from methyl
methacrylate (MMA) helped CsPbBr3 PQDs be polymerized into PMMA (see Figure 7c).
Furthermore, a wide-color-gamut (~129%) white LED was demonstrated by combining the
green-emitting CsPbBr3@PMMA composite microspheres and red-emitting K2SiF6: Mn4+

with a blue LED, which could be used as backlight for liquid crystal displays (LCD).

 
Figure 7. (a) Schematic diagram of selective surface passivation of CsPbBr3 QDs silicon luminescent
sphere (SALS) by ALD (left); thermal stability, and photostability of as-prepared CsPbBr3 QDs-SLS
and QDs-SALS (right). Adapted with permission from [95]. Copyright 2018, American Chemical
Society. (b) The synthesis process of mesoporous silica green PQDs nanocomposite (MP-PQDs).
Reproduced with permission from [96]. Copyright 2016, Wiley. (c) Illustration of the preparation
process of MAA-CsPbBr3@PMMA microspheres. Reproduced with permission from [103]. Copyright
2019, Wiley.

The glass embedding method is another feasible way to stabilize CsPbX3 QDs during
synthesis [104]. The size of the prepared CsPbX3 QDs can be regulated through melt
quenching and subsequent thermal treatment, and finally surrounded by a solid glass
matrix. These stable CsPbX3 NCs could be easily integrated into display or lighting
applications. Hou et al. [105] prepared a composite material based on a metal-organic
framework (MOF), zeolitic imidazolate framework (ZIF) glass, and all-inorganic perovskite.
It was proved that the interface development process during liquid-phase sintering played
an important role in stabilizing the optically active phase of CsPbX3. The rigid, hydrophobic
agZIF-62 provided protection for CsPbI3, leading to stable PL emission for (CsPbI3)0.25
(agZIF-62)0.75 after extended (~20 h) sonication in various nonpolar, polar protic, and polar
aprotic organic solvents. In addition, the composite also exhibited stability against 10,000 h
immersion in water, storage under ambient conditions for 650 days, mild heating, and
continuous laser excitation for >5000 s.

Table 3 summarizes the coating of PQDs realized with different encapsulation materi-
als and methods.
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Table 3. Luminescence properties of PQDs realized with different packaging materials and methods.

Wrapping
Excitation

(nm) PL (nm)
FWHM
(nm)

PLQY
(%) τ (ns) Stability Advantages References

CsPbBr3/SiO2 350 533 18 − 48.3 73.8% (75% RH, air, 12 h);
36.4% (60 ◦C, 15 h)

Anion exchange
prevention and

stability
improvement

[90]

CsPbX3/ZnS 365 − − 70 − − More stable, tunable [91]

CsPbBr3/TiO2 405 518 32 − 2.1 Stable for 12 weeks (water);
≈75% (UV, 24 h)

Suppress anion
exchange and

photodegradation
[92]

CsPbBr3/Al2O3 365 516 23 65 36.57 PL stable (96 h, water); 80%
(450 nm, 200 mW/cm2, 40 h) Defect passivation [95]

CsPbBr3/
Mesoporous

silica
365 457–698 13–35 − − 80% (365 nm, 6 W UV, 96 h) Prevent ion exchange

and increase stability [96]

MAPbBr3/NaNO3 365 525–526 24 42 155.5 30% (100 ◦C, 5 h); 80% (365
nm/6 W UV, 14 h) Improved stability [99]

CsPbBr3@SiO2/
Poly-CLA 365 511 20 79.16 218.11 77% (water, 1 week) Improved stability [102]

CsPbBr3@PMMA 395 514 26 32.8 122.2 91% (water, 7 days); stable
(water, 1 month)

Improved water
resistance and

storage stability
[103]

CsPbI3/ZIF glass − − 42 >65%
17.6

(aver-
age)

80% (water, 10,000 h) no CsPbI3
phases change (air condition)
active phase preserved (after

77 K) Over 80% (after 100 ◦C in
air or 80 ◦C in air for

1000 cycles) 90% (57 mW/cm2

over 5000 s)

Improved stability [105]

5. Progress of PQDs in Displays

PQDs has been used for LCD backlights as a semiconductor photoluminescent mate-
rial. The basic principle is similar to traditional QDs based on their PL characteristics [106].
The white backlight source could be obtained through PQD color conversion and blue LED
excitation, and then full-color display can be realized by the color filters inside the LCD
panel. PQDs can also be used in a QD color filter (QDCF), which is directly collocated with
blue light sources to realize a full-color display. In addition, using green and red QD color
conversion layers (QDCCLs) integrated into the display panel is another color realization
strategy for self-emissive displays [107–110]. The green and red emission can be obtained
with the excitation of the blue OLED or blue LED [111,112]. The display applications based
on the PL characteristic of PQDs are shown in Figure 8 for clear comparison. Electrically
driven QLED based on electroluminescent (EL) properties will be discussed further.

Figure 8. Photoluminescence display application of PQDs: (a) QD backlight; (b) QDCF; (c) full-color
OLED with QDCCLs; (d) full-color micro-LED with QDCCLs.
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5.1. Display Applications Based on PQD Photoluminescence
5.1.1. PQD Backlight

The LCD’s color gamut is mainly determined by the backlight and color filter, and the
FWHM of the light-emitting material determines the color coordinates of the backlight. In
traditional white LED backlights, the spectrum is composed of blue (~450 nm) and yellow
light (~580 nm) with a wide spectrum. However, in QD-based backlight, the spectrum is
composed of three narrow emission peaks of red, green, and blue (RGB).

Compared with most traditional luminous materials, PQDs have the characteristics of
higher efficiency and narrower FWHM, which would become a representative material in
displays in the future. Taking the edge-lit LED backlight as an example, the PQD’s backlight
technology can be divided into four types according to the encapsulation methods.

(1) On chip (chip direct contact). As shown in Figure 9a, PQDs replaces the tradi-
tional phosphor materials and are directly encapsulated on the blue LED chips to obtain a
white light source [113]. Although this structure has the merits of easy realization and low
cost, it requires a highly stable performance of PQDs to ensure efficient luminescence. This
is mainly because the PQDs have to be directly in contact with the LED chip. A normally
working LED chip will emit dramatically increased heat. The above PQDs have to main-
tain stability at a temperature even higher than 150°C, which is still a huge challenge to
PQDs currently.

Figure 9. Schematic diagram of PQD backlight structures. (a) On chip; (b) on edge; (c) on surface;
(d) in dot.

(2) On edge (glass tube encapsulation). As shown in Figure 9b, PQDs are encap-
sulated into a long glass tube, and placed on the side of a light guide plate with a blue
LED light bar. In this structure, PQDs are not in direct contact with a blue LED chip,
so the influence of thermal radiation and light radiation from LED chips can be greatly
reduced. It has been used for display backlights in 2013, which was called “QD optical tube
technology” developed by QD vision in the United States [114]. However, the existing QD
glass tube encapsulation technology has the problems of low luminous efficiency (LE) and
unfavorable assembly operation, which limits its large-scale application and development.
In addition, it is still uncertain whether the environmental isolation level of ordinary glass
can meet the need of PQDs.

(3) On surface (optical film or plate integration). As shown in Figure 9c, the PQD
film can be placed directly above the light guide plate, and the blue LED is placed on
the side of the backlight module. The blue light emitted by the LEDs is shaped into a
uniform blue surface light through the joint action of the light guide plate and the bottom
reflection film. The blue surface light source then excites PQD film to form a white backlight
source. Another on-surface configuration may be the PQD diffuser plate, which should be
used for direct-lit mini-LED backlights [115,116]. Because PQDs are far enough from blue
LED, they are hardly affected by the thermal radiation and light radiation of the LED chip.
Meanwhile, the multi-layer structure also provides a potential to isolate the PQD layer
from the environment. The key problem is how to balance the ratio of the three primary
colors for a white backlight with a higher stability and a wider color gamut.
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(4) In dot (micro-structure integration). As shown in Figure 9d, the micro-structure
is fabricated by a screen printing or an inkjet printing process which contains the mixture
of red/green QDs and ink, then the mixed QD slurry is printed on the bottom surface
of the light guide plate for light mixing and diffusion [94,106,117]. The red and green
emissions are converted by red and green QDs under the excitation of the edge-lit blue
LED. These micro-structural arrays can be optimized for better uniformity and extraction
efficiency [118]. Uniform white light could be achieved by adjusting the proportion of
the red and green QDs in the mixture. The current challenge is the ink configuration and
environmental exposure.

These photoluminescent PQD devices face their own respective problems. The “on
chip” solution is more straightforward and easier to prepare, so it has become the primary
choice for researchers. The “on chip” backlight can achieve good white light with color
mixing in a limited encapsulation space. In 2015, Zhang and co-workers [25] developed
white down-converted (DC) LEDs with a wide color gamut by using HPQDs MAPbBr3
(green-emitting) and rare-earth K2SiF6:Mn4+ phosphors (red-emitting) as color down-
converters. This device had CIE coordinates of (0.33, 0.27), 130% NTSC, and an LE of
48 lm/W at 4.9 mA, which could well match the need of display backlights. To further
improve the stability, Wang et al. [96] reported an “on chip” structure by introducing
mesoporous silica composites. It should be noted that the prepared white-light device
demonstrated 113% NTSC after passing through a color filter without the anion exchange
issue. In 2022, Wang et al. further showed that the PLQY improvement of full-visible-
spectrum IPQDs could be successfully attained by a renewable and low-cost anion exchange
resin. The PLQY of three-primary-color IPQDs could be dramatically improved to 93.69%,
89.99%, and 65.03%. Meanwhile, the prepared LED by “On chip” solution provides high
brightness and a wide color gamut simultaneously [115]. Although the important display
parameters, including the color restoration and stability improvement, have been the focus
of attention, the potential of different PQD photoluminescent devices still deserves to be
further explored.

5.1.2. PQD Color Conversion Layer

Color definition of LCD is realized through the backlight and color filter in the liquid
crystal panel. In addition to backlight, PQDs can also be introduced into a color filter as
CCLs, as shown in Figure 8b–d. By employing blue OLED or micro-LED as the excitation
source, almost all blue light is converted into desired red or green light by PQDCCLs to
realize full-color displays. The blue light should be absorbed as much as possible to reduce
eye damage. Therefore, by using PQDs as CCLs, the first consideration is how to maintain
the high PLQY while ensuring stability.

Yang et al. [119] compounded PQDs and thermoplastic elastomer into a stretchable
and self-healing filter film. Furthermore, they fabricated and sequentially stacked green
(MAPbBr3) and red (CsPbBr0.6I2.4) composite films, which can be excited by a blue LED
to realize white light. It is worth mentioning that PQDs’ polymer films with humidity
self-healing properties have been further discussed by Cai et al. to support the potential use
of polymer conversion films in displays [120]. Yin et al. [121] developed vacuum drying
perovskite film preparation technology, and successfully prepared micron-level perovskite
films with uniform thickness. The perovskite film with a thickness of 3.8 μm was excited
by using 463 nm blue OLED or micro-LED. The brightness of the generated green emission
could reach 200 cd/m2 when the brightness of the excitation source was at 1000 cd/m2.
In addition, only 2% brightness attenuation was observed after 18 days of exposure to the
environment. In 2020, Hu et al. [122] used inkjet printing and UV-induced polymerization
to obtain micron-thick QD films with uniform surface morphology. By combining QD films
with blue OLED or micro-LED displays, green displays were successfully realized via color
conversion. Due to the applicability of wet preparation, replacing traditional QDs with
PQDs is also feasible, which can support the development of PQDCCLs.
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Photoluminescence displays or backlights occupied an important position for the po-
tential application of PQDs. The studies on traditional QD photoluminescence application
are increasingly mature these days. The opportunity of PQD’s deeper permeation into
displays is the way to replace traditional color conversion material and find effective ways
to enhance stability.

5.2. Display Applications Based on PQD Electroluminescence

In terms of PQD electroluminescence, quantum-dot light-emitting diodes (QLED) have
aroused worldwide concern for decades. They are naturally compatible with attractive
flexible or bendable display devices. The booming development of QLED requires the
exploration of more efficient emitters, such as PQDs. The characteristics, including high
radiative recombination, high defect tolerance, and excellent optical properties, have
allowed them to be a rising star as QLED emitters. Numerous studies have been devoted to
perovskite QLED (PeQLED) to enhance performance through composition design, surface
engineering, and device structure modification [82,123,124].

The first PeQLED was fabricated with MAPbBr3 QDs in 2014 by Schmidt et al. [30].
The demonstrated luminance of this device was extremely low, which was even lower
than 1 cd/m2. Later on, Huang et al. [125] employed size-tunable MAPbBr3 QDs to
fabricate QLED, which exhibited improved performance with a maximum brightness of
2503 cd/m2, current efficiency (CE) of 4.5 cd/A, power efficiency (PE) of 3.5 lm/W, and
1.1% EQE. Xing et al. [126] adopted the device structure of ITO/PEDOT: PSS/MAPbX3
QDs/TPBi/Cs2CO3/Al and obtained superior performance with CE of 11.49 cd/A, PE of
7.84 lm/W, and 3.8% EQE. Yan et al. [123] presented an efficient QLED based on MAPbBr3
QDs by achieving charge balance and suppressing the Auger recombination under a low
driving voltage. This device showed a maximum luminance of 43,440 cd/m2, a PE of
30.3 lm/W, and 12.9% EQE.

As an effective strategy, mixing cations have been employed to construct high-efficiency
PeQLED. Cho et al. [127] first reported the synthesis of MA1−xCsxPbBr3 QDs and the corre-
sponding MA0.7Cs0.3PbBr3-based QLED, which had a maximum luminance of 24,510 cd/m2,
a CE of 4.1 cd/A, and 1.3% EQE. Zhang [128] exploited the mixed cation FA0.8Cs0.2PbBr3
to fabricate QLED, which achieved a high luminance of 55,005 cd/m2, a CE of 10.09 cd/A,
and 2.80% EQE. Red FA0.87Cs0.13PbI3 NCs with γ-butyrolactone was utilized as a solvent
to realize a QLED with a maximum luminance of 218 cd/m2 and a peak EQE of 15.8% in
2019 [129]. Pan et al. [130] incorporated Ni2+ ions into CsPbClxBr3−x QDs by a supersatu-
rated recrystallization synthetic method and modulated the Cl/Br element ratios to obtain
an efficient blue PeQLED. The corresponding device presented a maximum luminance of
612 cd/m2 and 2.4% EQE (Figure 10).

Actually, surface ligand engineering plays an important role in the performance en-
hancement of PeQLED. Although surface capping ligands could remove surface trap states
to improve the stability of PQDs, they also form an insulating film to hinder the charge injec-
tion and transport inside the light-emitting layer of PeQLED. Therefore, appropriate surface
ligand modification benefits the performance enhancement of PeQLED. Lee et al. [131]
utilized a short amine ligand to enhance the efficiency of FAPbBr3-based PeQLED. The
reported FAPbBr3−n-butylamine-based PeQLED had a high performance with CE of
9.16 cd/A, a PE of 6.4 lm/W, and 2.5% EQE. Han [124] exploited 3,3-diphenylpropylamine
bromide (DPPA-Br) as surface capping ligands to fabricate uniform FAPbBr3 QDs. The
resulting PeQLED demonstrated an excellent performance with a maximum luminance
of 13,970 cd/m2, a CE of 66.3 cd/A, and 16.3% EQE. Song et al. [82] explored an organic-
inorganic hybrid ligand to passivate the surface trap state and enhance the carrier in-
jection of PQDs, including the use of ZnBr2, MnBr2, GaBr3, and InBr3. As a result, the
ZnBr2-passivated PeQLED showed superior performance with a maximum luminance of
76,940 cd/m2, a CE of 66.7 cd/A, a PE of 65.9 lm/W, and 16.48% EQE, while the MnBr2-
passivated PeQLED presented a maximum luminance of 100,080 cd/m2, a CE of 60.6 cd/A,
and 15.6% EQE (Figure 11). In 2021, Li et al. [132] used FABr to compensate the surface
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Bromine vacancy of inorganic cesium lead halide PQDs. The corresponding PeQLED with
FABr-treated CsPbBr3 QDs (green-emitting) achieved a promising EQE of 7.94% and a
luminance of 14,790 cd/m2, which was much higher than those of the pristine (1.78%,
4640 cd/m2) and the DDAB-treated samples (3.91%, 167 cd/m2). This methodology is also
suitable for the surface defect passivation of blue-emitting CsPbBr1.3Cl1.7 and red-emitting
CsPbBrI2 QDs. The results clearly highlighted that heterogeneous post-passivation could
boost the PL and EL performance of inorganic cesium lead halide PQDs simultaneously.

Figure 10. (a,b) Schematic diagram and band level of the PeQLED based on 2.5% Ni2+ ion-doped
CsPbCl0.99Br2.01 QDs. (c) The EL spectra and photos of the PeQLED based on CsPbClBr2 QDs (black)
and 2.5% Ni2+—doped CsPbCl0.99Br2.01 QDs (red), respectively. (d–f) Current density, luminance,
and EQE of the corresponding devices. Adapted with permission from [130]. Copyright 2020,
American Chemical Society.

Surface ligand passivation can improve the PLQY of QD, but their insulating nature
impedes the charge injection in a QD film and further negatively impacts the PeQLED’s
performance. Hence, appropriate ligand choice and effective ligand exchange play impor-
tant roles in building a high-efficiency PeQLED. Moreover, optimizing device inter-layer
structures with matched energy levels to increase radiative recombination efficiency is
another major method in the achievement of efficient PeQLED. Recently, Khan et al. [133]
optimized the device architecture and energy level matching of CsPbBr3-based PeQLED
through the introduction of Li-doped TiO2 nanoparticles as an electron transport layer
(ETL). Compared with the untreated device (3 V turn-on voltage and 5.6 cd/A CE), the
resulting device exhibited 2V turn-on voltage and an enhanced CE of 15.2 cd/A with the
Li-doped TiO2 ETL.

Other effective measures are proposed to improve PeQLED. Dong et al. [134] reported
PQDs resurfacing to achieve a bipolar shell consisting of an inner anion shell, and an outer
shell comprised of cations and polar solvent molecules. The outer shell was electrostat-
ically adsorbed to the negatively charged inner shell. This approach produced strongly
confined PQD solids with improved carrier mobility (≥0.01 cm2 V−1 s−1) and reduced
trap density. Efficient blue and green PeLEDs can be fabricated by exploiting CsPbBr3
QDs with reduced trap density and improved mobility. Tsai et al. [135] demonstrated that
perovskite NCs stabilized in the MOF thin films could maintain decent PL and EL against
continuous ultraviolet irradiation, heat, and electrical stress. Bright and stable LEDs were
demonstrated with a maximum EQE of over 15% and a high brightness of over 105 cd/m2
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after stabilization. During PeLED operation, the nanocrystals can be well preserved, free of
ion migration or crystal merging through protection by the MOF matrix, leading to a stable
performance over 50 h.

 
Figure 11. (a) Schematic of radiative/nonradiative recombination of PQDs with and without OIHL.
(b) Illustration of multilayer PeQLED device and cross-sectional TEM image. (c–f) Luminance, CE,
PE, and EQE of the devices. Reproduced with permission from [82]. Copyright 2018, Wiley.

Figure 12 summarizes the development of EQE of full-color PeQLED devices. Up
to now, the maximum EQE values of red, green, and blue QLED have reached 21.6%,
23.4%, and 12.3%, respectively, which has increased by ~20% since 2015. However, so far,
the PeQLED’s lifetime is still far lower than the commercial standard of 10,000 h. The
main obstacle to the commercialization of PeQLED is its instability in the environment.
Consequently, improving the performance and stability of PQDs is still the main goal for
future development.
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Figure 12. Evolution curve of the peak EQE of perovskite QLED.

6. Conclusions

In this paper, we summarize the synthesis methods of PQDs and analyze the effects
of ion doping, ligand modification, and coating engineering on PQDs. Furthermore, the
applications of PQDs in photoluminescence and electroluminescence displays are described
in detail. It is believed that the following aspects require more attention as regards the dis-
play future: (1) large-area and pixelated preparation of PQDs with excellent homogeneity;
(2) use of ligand modification, ion doping, or coating strategies to synthetically improve the
environmental stability of PQD while retaining high PLQY; (3) development of physical
and chemical properties to realize more diverse PQD display devices, such as flexible and
bendable displays; (4) lead-free PQDs with excellent luminescence efficiency and high
environmental friendliness to meet the needs of sustainable development.
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