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Light-emitting diodes (LED) are widely employed in display applications and lighting systems. Further research on LED that incor-

porates carbon nanostructures and metal nanoparticles exhibiting surface plasmon resonance has demonstrated a significant

improvement in device performance. These devices offer lower turn-on voltages, higher external quantum efficiencies, and lumi-

nance. De facto, plasmonic nanoparticles, such as Au and Ag have boosted the luminance of red, green, and blue emissions. When

combined with carbon nanostructures they additionally offer new possibilities towards lightweight and flexible devices with better

thermal management. This review surveys the diverse possibilities to combine various inorganic, organic, and carbon nanostruc-

tures along with plasmonic nanoparticles. Such combinations would allow an enhancement in the overall properties of LED.

Review
Introduction

Nanomaterials have engendered the miniaturization of devices,
bringing about advances in a variety of fields, such as biomedi-
cine, environmental technologies, optoelectronics, and photo-
catalysis [1,2]. In particular, light-emitting diodes (LED) have
shown the most significant technological progress in display ap-
plications. They are incorporated into smart phones, TVs, traffic
signals, and medical devices [3]. Similarly, lighting systems
employing LED have longer life times (>50000 h), much lower

heating effects, ultrafast response times, and a wider choice of
emission wavelengths compared to conventional lighting

systems.

Inorganic LED consist of inorganic semiconductor materials in
the active region, for example thin films of GaAs that emit in
the red to near-infrared (>700 nm) region [4]. Ga-based LED

belong to the III-V group of semiconductors and emit from the
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UV to the red region of the visible spectrum via bandgap tuning
(i.e., on alloying with In and Al [5-7]). Similarly, other active
materials for quantum dot light-emitting diodes (QLED), such
as the II-VI semiconductor family include ZnO, CdSe, CdS,
CdTe, ZnSe, ZnS, ZnTe, and their core—shell structures with
Zn-based compounds possessing higher bandgaps than
Cd-based compounds [8-12]. The wide bandgap of Zn-based
compounds has provided an opportunity to produce blue-emit-
ting ‘all ZnO’-based LED, following the successful fabrication
of p-type ZnO [13].

Organic light-emitting diodes (OLED) possess several interest-
ing properties and are therefore gaining popularity [14]. Their
low-cost and facile fabrication routes, wider viewer angle,
higher resolution, lower-power consumption, lightweight,
higher contrast, and faster switching characteristics give them
leverage over inorganic LED in display applications. Organic
light-emitting diodes (OLED) consist of photoactive polymers,
such as PPV and MEH-PPV that can be deposited as highly
ordered crystalline thin films [15,16]. Despite several advan-
tages, OLED have certain drawbacks, such as lower lifetime,
high cost, early degradation, and a low overall performance in-
cluding poor external quantum efficiencies (EQE) as compared
to inorganic LED. A combination of LED and OLED or hybrid
LED (HyLED) overcame some of these drawbacks. Neverthe-
less, HyLED presently may not be the most popular LED for
the display market as they suffer from energy losses due to total

internal reflection at the emitter/air interface.

Several methods have been proposed to tune the properties of
LED. To that end, multiwall carbon nanotubes (MWNT) and
single-wall carbon nanotubes (SWNT) have been applied to
various layers in LED, such as the emissive layer (EML), the
hole transport layers (HTL), the electron transport layers (ETL),
the cathode, and the anode [17-21]. Enhancement in LED prop-
erties via surface plasmon resonance (SPR) of metal nanoparti-
cles (MNP) such as Au and Ag have also been reported [22,23].
This manifests as an increment in the photoluminescence (PL),
conductivity, and electroluminescence (EL) of the LED [24,25].
Other MNP with SPR properties include Al, Pt, Pd, and Cu [26-
29]. In general, SPR not only increases the radiative recombina-
tion lifetime values, but also the quantum yield whereupon the
luminous and internal quantum efficiencies of the device
increase. However, SPR is very sensitive to the shape and size
of MNP, which in turn directly influence the overall properties
of LED.

This manuscript reviews the effect of carbon nanostructures,
such as carbon nanodots, carbon nanotubes (CNT), and
graphene (GR) towards producing cost-effective and efficient

LED. A second strategy consisting of enhancing the optical and
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electrical properties of LED via SPR of MNP is also surveyed.
The LED covered in this review include inorganic LED, OLED,
inorganic/organic LED, and HyLED. The feasibility of incorpo-
rating GR and CNT in large-scale devices is also discussed.
Even though plasmonic nanoparticles (NP) are a developing
field, their applications are nonetheless promising. The effect of
these nanostructures on the performance of LED when included
in individual layers (i.e., anode, HTL, EML, ETL, and cathode)
is analyzed. Subsequently, various characteristics of LED con-
taining carbon nanostructures and plasmonic NP are discussed
in terms of EQE, internal quantum efficiency, luminance, EL,
and current—voltage (I-V) characteristics. A list of various
abbreviations employed in this review is available in Table 1.

Table 1: List of abbreviations mentioned in this review.

Abbreviation Full name

CNT carbon nanotubes

cQb carbon quantum dots

EBL electron blocking layer(s)

EIL electron injection layer(s)

EML emissive layer(s)

EL electroluminescence

ETL electron transport layer(s)

EQE external quantum efficiency
FTO fluorine-doped tin oxide(s)

HBL hole blocking layer(s)

HIL hole injection layer(s)

HOMO highest occupied molecular level
HTL hole transport layer(s)

HyLED hybrid light-emitting diode(s)
IFOLED inverted fluorescent OLED
IPOLED inverted phosphorescent OLED
ITO indium tin oxide(s)

LED light-emitting diode(s)

LUMO lowest unoccupied molecular level
MNP metal nanoparticles

MWNT multiwall carbon nanotubes

NP nanoparticles

OLED organic light-emitting diode(s)
PL photoluminescence

QD quantum dots

QLED quantum dot light-emitting diode(s)
SACNT super-aligned carbon nanotubes
SWNT single-wall carbon nanotubes
TCO transparent conducting oxide(s)

Enhancing the anode characteristics
For LED, the general strategy is to use a current-spreading layer
(anode) with a high electrical conductivity and a high trans-

parency ranging from the UV to the red region. Additionally, it

1079



should also be cost-effective and producible on a large scale.
For this purpose, transparent conducting oxides (TCO), such as
thin films of InyO3, SnO;, ZnO, and their mixtures have been
extensively studied [30-34]. The most widely studied TCO is
indium tin oxide (ITO), which possesses good physical proper-
ties, such as high optical transmittance (>80% in the visible
region) and low sheet resistance (=20 /sq). Typically, ITO
consists of 90% In,O3 and 10% SnO, by weight. Kim et al.
have grown ITO on glass substrates with varying Sn concentra-
tions [35]. Although ITO is a conventional favorite current-
spreading layer, it nevertheless suffers from certain limitations,
including high processing temperatures, cracking upon bending,
and poor transparency in the blue and UV regions. In addition,
ITO is expensive owing to the fact that it is deposited by high-
vacuum thin-film deposition methods and the price of indium
has escalated by almost 900% since the last decade. These
disadvantages can be surmounted by the addition of a current-
spreading layer composed of carbon-based nanomaterials, such
as GR and CNT [36].

Carbon-based nanostructures play a dual role at the anode.
Light-emitting diodes are self-heating, current-sensitive, and
luminously intensive light sources. They are also highly de-
pendent on ambient temperatures. The lifetime of LED, in par-
ticular OLED, is on an average reduced by 30-50% for each
10 °C rise in temperature. Further, self-heating in LED causes
degradation of the active region, which further affects the effi-
ciency and the operational lifetime of LED. Therefore, in order
to obtain adequate performances from LED, proper thermal
management of the device is required. In this regard, graphene
at the anode tends to alleviate self-heating issues as it disperses

the heat away from the active layer. This in turn also reduces
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the thermal resistance between the device layers [37,38].
Furthermore, the transmittance of large-area few-layer graphene
used as a current-spreading layer in InGaN-based UV LED
is similar to the transmittance of ITO in the blue region
(Figure 1a) [39]. Furthermore, the /-V results in Figure 1b show
an increase of the maximum current value from 2.3 to 5 mA at
10 V, when graphene is present.

Guo et al. also reported an increase of about 40% in the EL in-
tensity under a 5 mA current injection at room temperature in
AlGalnP LED, after the deposition of graphene onto the anode
or the GaP surface [40]. Roll-to-roll techniques and chemical
vapor deposition, both industrially viable techniques, are
capable of producing 30 inch wafers of graphene, thereby
demonstrating the viable upscaling of its production [41]. Other
carbon-based nanomaterials such as SWNT have also been em-
ployed as current-spreading layers. The optoelectronic proper-
ties of SWNT thin films make them ideal for transparent con-
ducting flexible electrodes in LED. In Figure 2, Aguirre et al.
pre-fabricated vertical sheets of SWNT and then transferred
them onto a glass substrate [21]. The maximum brightness
and efficiency achieved in these SWNT-based devices are
2800 cd/m? and 1.4 cd/A, respectively, at a turn-on voltage of
6.6 V. These values are however not as satisfactory as the
ITO-based device: 6000 cd/m? and 1.9 cd/A at a turn-on voltage
of 6.2 V. One reason for lower SWNT device performance is
associated with its lower transmittance of 44% compared to
90% of ITO. A higher transmittance is nonetheless possible by
optimizing the interface between HTL and SWNT via a pary-
lene layer, which tends to increase the transparency of SWNT.
Table 2 lists the polymers and their acronyms mentioned in this

study.
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Figure 1: (a) Transmittance from 300-800 nm of ITO (150 nm), two-layer (2L) and four-layer (4L) graphene and (b) the /I-V characteristics of UV LED
with and without few-layer graphene-based conductive electrodes. Figure 1a and Figure 1b were adapted from [39], with the permission of AIP

Publishing. This content is not subject to CC BY 4.0.
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SWNT Sheet

Figure 2: Cross-sectional scanning electron microscopy (SEM) image of the layers of the OLED. The various layers in the device are clearly visible
including the vertical SWNT sheet. Figure 2 was adapted from [21], with the permission of AIP Publishing. This content is not subject to CC BY 4.0.

Table 2: List of polymers and their acronyms mentioned in this review.

Acronyms Full name

Algs tris(8-hydroxyquinoline)aluminum

BCHA-PPV poly[2,5-bis(cholestanoxy) phenylene vinylene]

CuPc copper(ll) phthalocyanine

DCM 4-(dicyanomethylene)-2-tert-butyl-6-[2-(1,1,7,7-tetramethyljulolidin-4-yl)vinyl]-4H-pyran

F8BT poly(9,9-dioctylfluorene-alt-benzothiadiazole)

HAT-CN 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile

MEH:PPV poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene]

M3EH-PPV poly[2,5-dimethoxy-1,4-phenylene-1,2-ethenylene-2-methoxy-5-(2-ethylhexyloxy)-(1,4-phenylene-1,2-
ethenylene)]

MDMO-PPV poly(3',7'-dimethyloctyloxy phenylene vinylene)

NPB N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4'-diamine

NSD N-(3-aminopropyl)propane-1,3-diamine

PBD 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole

PBD-PMMA 2-(4-biphenyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole in poly(methyl methacrylate)

PEDOT:PSS poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

PET polyethylene terephthalate

PFO polydioctylfluorene

PmPV poly[(m-phenylene vinylene)-co-(2,5-dioctoxy-p-phenylene vinylene)]

PMMA poly(methyl methacrylate)

PPV poly(p-phenylene vinylene)

PPE-PPV poly(2,5-dialkoxy-1,4-phenylene ethynylene)

PVK poly(9-vinylcarbazole)

spiro-OMeTAD  2,2',7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene

TAD 1,2,4-triazoline-3,5-dione

TCTA 4,4' 4-tris(carbazol-9-yl)triphenylamine

TmPyPB 1,3,5-tri(m-pyridin-3-ylphenyl)benzene

TPD poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)benzidine

The anode can be supplemented with various metal nanostruc-
tures for improved performance. Figure 3 presents optical
images of GaN-based blue LED and UV LED with different
current-spreading layers (ITO, Ni on graphene, and graphene)
[42]. For a particular injection current value, the turn-on volt-
ages for blue LED recorded on various anodes were 3.5 (ITO),
6.2 (graphene), and 4.8 V (Ni on graphene). However, for UV

LED, the observed operating voltage reduced significantly from
13.2 (graphene) to 7.1 V (Ni on graphene). Even though the
ITO anode remained superior, the Ni—graphene nanocomposite
nevertheless displayed 83% of the EL intensity of ITO. Further-
more, a decrease in sheet resistance (from 500 to 30 Q) when
Ag nanowires are added to graphene increases the ability of

graphene to function as a current-spreading layer [43].
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UV LEDs

Figure 3: Optical images of light emission of (a) blue and (b) UV LED under different current-spreading layers (ITO, Ni on graphene, and graphene) at
1 and 20 mA current injections, respectively. Figure 3a and Figure 3b were adapted from [42], with the permission of AIP Publishing. This content is

not subject to CC BY 4.0.

Equivalent to Ag, SPR of AuNP can also be applied to the
anode in order to enhance the overall EL of the LED. Both of
these MNP tend to increase the quantum efficiency of the LED.
However, owing to the differences in the ranges of their SPR
energies, different emission wavelengths are enhanced. In
general, SPR of AgNP favors the quantum efficiency of the
blue emission. On the other hand, Tanaka et al. reported that the
SPR of AuNP positively influences the quantum efficiency of
the red emission [44]. In addition, the shape of the MNP exhib-
iting SPR also plays a crucial role in the enhancement of the
wavelength emanating from the LED. They studied the effect of
Au nanorods (AuNR) and nanospheres (AuNS) in the device
configuration of glass/ITO/AuNR and AuNS/CuPc/Alq; +
DCM/Alqs/LiF/Al red LED. The SPR absorption of Au nano-
rods and nanospheres were approx. 650 and 520 nm, respective-
ly. Therefore, Au nanorods were able to enhance the red emis-
sion from the LED with an EQE of 6.8 x 107 at 10 V com-
pared to the device with Au nanospheres (EQE = 2.4 x 1079).

In addition to the shape of AuNP, their size also influences the
performance of LED. To that end, AuNP of diameters 2 and
5 nm were combined with CNT and deposited onto a p-GaN-
based anode in a multiquantum-well LED [45]. The EL spectra
of these devices at current injections of 100 mA have shown
clear enhancements for both types of AuNP in Figure 4a and
Figure 4b. Surface plasmon resonance absorbance tends to
blueshift with decreasing sizes of the NP. Therefore, the 2 nm
AuNP were able to enhance the blue emission from the LED. A

similar effect was also observed with super-aligned carbon

nanotubes (SACNT) decorated with AuNP (2 nm) [46]. The
hybrid material was employed as a current-spreading layer in
AlGalnP LED. At a current injection of 2 mA, a decrease in the
forward voltage from 2.18 (without SACNT) to 2.03 V (with
Au-coated SACNT) was noted. A decrease in the forward
voltage and an increase in the optical power (=10%) also indi-
cated a reduced sheet resistance. In addition, AlGalnP LED
emanating red emissions in the range of 560—650 nm are
boosted via SPR of AuNP by varying the AuNP size as ex-
plained above. Table 3 provides a list of various LED proper-
ties as a function of carbon-based nanomaterials and plasmonic

NP incorporated into different layers.

Based on the data listed in Table 3, Figure 5 was plotted to
compare the turn-on voltage and maximum luminance values of
different OLED in order to evaluate the effectiveness of plas-
monic nanoparticles and carbon-based nanostructures in the
device architecture. Six types of OLED with AgNP, AuNP, GR,
MWNT, SWNT, and GR + AuNP in the device structure were
compared. In general, plasmonic nanoparticle-based OLED
demonstrate lower turn-on voltages and higher luminance com-
pared to the graphene or CNT-based ones. However, CNT and
graphene tend to provide better thermal management and elec-
trical properties; therefore, their integration into LED is of
growing importance. Out of the three OLED-incorporating car-
bon-based nanostructures, OLED + GR possessed the lowest
turn-on voltage; however, the luminance was rather low. Never-
theless, combing graphene with plasmonic nanoparticles

(OLED + GR + Au) demonstrated a low turn-on voltage, equiv-
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Figure 4: (a) EL spectra of LED having 2 and 5 nm Au—CNT system with an injection current of 100 mA measured at room temperature, using a
planar LED as reference. The inset shows the optical images (a) without AuNP, (b) 5 nm Au—CNT system, and (c) 2 nm Au—-CNT system. (b) Room
temperature PL spectra of GaN LED with a 2 and 5 nm Au—CNT system and a planar LED as reference. Figure 4a and Figure 4b were adapted from
[45] (“Enhanced optical output power of blue light-emitting diodes with quasi-aligned gold nanoparticles®, © 2014 Y. Jin et al., distributed under the

terms of the Creative Commons Attribution 2.0 International License, https://creativecommons.org/licenses/by/2.0/).

Table 3: EQE, turn-on voltage, and maximum luminance of various LED with carbon nanostructures, plasmonic, and metal oxide NP in the device

Emissive layer Graphene/CNT

layers.

LED

OLED Algs

OLED Algs

OLED Algz + DCM
OLED Algs + DCM
OLED Algs

OLED Algs

OLED Algs

OLED Algs

OLED Ir(ppy)2(acac)
OLED SWNT
OLED MEH-PPV
OLED MEH-PPV
Inorganic LED AlGalnP
Inorganic LED GaN
Inorganic LED InGaN/AlGaN
Inorganic LED GaN

QLED CdSe/ZnS
QLED MgZnO
QLED Green QD
HyLED CdSe
HyLED F8BT
HyLED Imidazole

MWNT in HIL

SWNT as the anode
SWNT in HTL
graphene oxide as HIL
SWNT as EML
graphene in EML
graphene in anode
graphene as the anode
graphene as the anode

Plasmonic NP/metal oxide

NP

Au in the anode

Ag in HIL

Ag in HIL

Au/Ag in the anode/HTL
Au in HIL

Agin ZnO EIL

TiO» in HIL

Ni in the anode

Ag in the anode

Au in the anode

Ga doped ZnO as ETL
Auin ZnO EIL

Yb and Ag in the cathode

Ag in the cathode
ZnO as ETL
Ag-doped ZnO as EIL

EQE
(%)

0.00068
0.05

2.08
0.77
21.2

4.626
9.8
0.52

15.2

Turn-on  Maximum  Ref.
voltage luminance

(V) (cd/m?2)

8.3 6800 [18]
6.6 2800 [21]
- - [44]
- - [47]
5 782 [48]
5 4000 [49]
3/5 9000/8665 [50]
3 3520 [51]
35 — [52]
1.3 — [53]
6 480 [54]
25 — [55]
1.5 — [40]
4.8/71 — [42]
4.48 — [43]
2.7 — [45]
3 44000 [56]
6 10206 [57]
2.2 — [58]
— 2000 [59]
2 13100 [60]
1.75 10982 [61]
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Figure 5: Comparison of turn-on voltage and maximum luminance of OLED with AgNP, AuNP, graphene, MWNT, and SWNT in the device structure.

alent to OLED + Au but a much lower luminance. Therefore, an
ideal ratio between carbon-based nanostructures and plasmonic

nanoparticles in OLED needs to be determined.

Enhancing hole mobility: hole injection and

transport layers

The optimization of charge carrier injection also consists of
reducing the driving voltage of the LED. For achieving this,
holes should be readily injected from the high-work-function
anode surface (e.g., ITO, SWNT), while the electrons should be
injected from the low-work-function metal cathode surface.
Therefore, HTL should possess excellent charge mobility and
maintain morphological stability. Moreover, it should have an
appropriate highest occupied molecular level (HOMO),
ensuring a low energy barrier for hole injection from the anode
into the EML. A suitable lowest unoccupied molecular level
(LUMO) should be capable of blocking electron injection from
the EML to the HTL. Thus, HTL play a very important role in
OLED and HyLED.

With regards to carbon-based nanocomposites, Kim et al. have
synthesized SWNT-PVK nanocomposites for HTL in OLED
with the configuration ITO/PEDOT:PSS/SWNT-PVK nano-
composite/DCM-doped Alqs/Li:Al [47]. An efficient electron
transport was also obtained from the Li:Al cathode (with work
function of 2.9 eV) to the Alqs layer due to its higher LUMO
level (3.2 eV) in comparison to the Li:Al work function. There-

fore, this results in an efficient electron—hole recombination in

the DCM-based EML. Moreover, the EQE of the device with
SWNT-PVK with 0.2 wt % CNT shows twice the enhance-
ment as compared to the device without SWNT. In addition,
MWNT also enhance hole-injection capabilities [62]. Certain
concentrations of MWNT were studied in PET/ITO/
MWNT-PEDOT:PSS (80 nm)/Alq3/Al (40 nm) devices. At
particular MWNT concentrations, higher current values
(10 mA) and lower turn-on voltages (5 V) were noted. An
optimal MWNT concentration of 0.6 wt % was deduced at
which the EL intensity increased and the operating voltage de-
creased by a significant amount. However, a major concern
regarding the reduction of the electron-blocking capability of
PEDOT:PSS due to the addition of metallic MWNT needed
further insight. Therefore, additional work by the same group
[18] reported that the addition of MWNT in appropriate concen-
trations (0.4 wt %) improved the hole-injecting ability of
PEDOT:PSS. Incorporation of 0.005 wt % of SWNT in PVK
HTL resulted in 55% increment in hole mobility, which was
initially 2.5 x 1070 cm2/V-s [63].

Other carbon-based nanostructures for HTL include graphene
oxide. However, an optimum thickness of graphene oxide is re-
quired based on the device configuration. Shi et al. obtained
similar results with an excellent luminance of 53000 cd/m?,
demonstrating its explicit applicability in flexible OLED [64].
Combinations of graphene oxide with polymers and metal
oxides have also been evaluated. Lin et al. obtained an optimum
concentration of 0.03 wt % of graphene in PEDOT:PSS [65]. A
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combination of MoS; and graphene sheets has also displayed
good HIL tendencies due to the high surface coverage, work
function, and low LUMO levels of graphene [66].

With regards to SPR of MNP, green emission enhancement in
OLED has also been reported owing to the SPR of AgNP with
an average size of 80 nm [48]. Silver nanoparticles were em-
bedded in a PEDOT:PSS layer within the follwing device con-
figuration: ITO (150 nm)/PEDOT:PSS (60 * 10 nm)/AgNP/
Algs (100 nm)/LiF (1 nm)/Al (100 nm). The PL emission inten-
sity at 535 nm from the device with AgNP increased by 30%
compared to the device without AgNP. Choi et al. have used a
scattering layer of AgNP in order to study the SPR effect, which
increased the EQE by 24% in the flexible OLED [49].

Au and AgNP have also been embedded at the interface of the
anode and the HTL in OLED [50]. Depending on the surface
coverage of the plasmonic NP, an increment in the current den-
sity by a factor of two as compared to a device without plas-
monic NP has been observed. The presence of Au and Ag
reduces the work function of ITO due to the formation of
dipoles at the interface and, therefore, reduces the hole injec-
tion barrier, which in turn creates a more efficient transfer to the
HTL. In the device configuration of Figure 6a, a graphene
oxide—Au nanocomposite HIL inserted between ITO and NPB
was used to enhance the EL of Alqs-based OLED [51]. The
correlation between the wavelength absorbed (=540 nm) by
AuNP and the PL emission of the Alqj thin film (=530 nm)
implies a suitable plasmonic coupling with the NPB HTL
(Figure 6b). In Figure 6c¢, the SPR coupling radius for a 20 nm
AuNP was estimated to be ~10 nm. This implies that the exci-
tonic recombination occurs very close to the NPB and Alqs
interface. The study reports that the devices with 10% graphene
oxide—Au nanocomposites show approx. 45% improvement in
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their maximum luminance, maximum current efficiency, and
maximum EQE. Similar results were also obtained for AgNP in
other studies [67].

Enhancing electron mobility: electron

transport and injection layers

Similar to HTL and HIL, ETL and EIL play very crucial roles
in optimizing charge carrier injection in OLED and HyLED.
The latter follows an inverted OLED architecture (i.e., the EIL
is in contact with the cathode followed by ETL). In order to en-
hance the OLED performance, ETL should have a high reduc-
tion potential and appropriate HOMO and LUMO values rela-
tive to the p-type emitter and HTL [68]. Other factors affecting
their performance include a high electron mobility, an amor-
phous morphology, a high glass transition temperature, and the
ability to be deposited as a uniform thin film. Some of the com-
monly used polymers and metal oxides for ETL are PBD, PBD-
PMMA, BND, ZnO, SnO;, and TiO, [69-71].

Improvements in the device performance have been reported,
when using polymer—-MWNT nanocomposite-based ETL. For
example, Fournet et al. have investigated the role of MWNT by
varying their concentration from 0-32% in PmPV [19]. They
investigated a series of devices with configurations ITO/M3EH-
PPV/Al (SL), ITO/PVK/M3EH-PPV/Al (DLH), ITO/M3EH-
PPV/MWNT-PmPV/Al (DLE), and ITO/PVK(HTL)/M3EH-
PPV(EML)/MWNT-PmPV (ETL)/Al (TL). The TL devices
with 8 wt % of MWNT (Figure 7) present the best results in
terms of luminance and EL emission. In addition, the electron
conductivity of the device is increased by four orders of
magnitude. Concerning graphene—polymer nanocomposites,
Choudhary et al. have inserted MoS, and graphene oxide NP
into a polyaniline ETL [72]. The conductivity of the nanocom-

posite was enhanced by 185% as compared to pure polyaniline.
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Further, the role of carbon quantum dots (CQD) in the ETL has
also been examined in the device ITO/PEDOT:PSS/PFO/CQD/
LiF/Al [73]. The turn-on voltage with CQD in the device
configuration reduced from 8 to 6 V with enhancements in
performance, efficiency, and lifetime compared to a pristine
PFO device. In a work by Park et al., a remarkable enhance-
ment in the electron mobility of ZnO ETL was reported on
dispersing 0.08 wt % of n-doped CNT on its surface [74]. The
effective electron mobility of the device without CNT was
1.5 x 107° cm?/Vs. In contrast, the device with n-doped CNT
showed an effective electron mobility of 7.0 x 1070 cm?/Vs,
which corresponds to a five-fold improvement.

Zn0O

50 nm

Incorporation of plasmonic NP in the ETL or EIL has further
manifested a significant enhancement in the overall perfor-
mance of LED. For example, Zhou et al. have used Ag-modi-
fied ZnO NP film as EIL in inverted fluorescent OLED
(IFOLED) and inverted phosphorescent OLED (IPOLED) [52].
As a result, the IFOLED and IPOLED show very high current
efficiencies of 8.4 and 95.3 cd/A and EQE of 4% and 21%, re-
spectively, at a current density of 20 mA/cm?2. Similarly, the
roles of Ag-doped ZnO and pristine ZnO as EIL in the imida-
zole organic EML-based HyLED were compared [61]. The
transmission electron microscopy (TEM) images of Figure 8
illustrate that the pristine ZnO NP are larger (=50 nm) than

Ag-ZnO

Figure 8: Transmission electron microscopy images for (a) pristine ZnO and (b) 2-3% Ag-doped ZnO. Figure 8a and Figure 8b were adapted from
[61], J. Photochem. Photobiol. A, vol. 325, by J. Jayabharathi; A. Prabhakaran; V. Thanikachalam; M. Sundharesan,“Hybrid organic-inorganic light-
emitting diodes: Effect of Ag-doped ZnO”, pages 88-96, Copyright (2016), with permission from Elsevier. This content is not subject to CC BY 4.0.
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the Ag-doped ZnO (=15 nm). In addition, the device with
2-3% Ag-doped ZnO EIL shows maximum luminance of
10982 cd/m?2, maximum current efficiency of 41.0 cd/A, and
EQE of 15.2%. The addition of AgNP to PBD-based ETL
enhances the green emission [75]. Kandulna et al. have
addressed the effect of plasmonic NP on hybrid metal
oxide—polymer nanocomposites [76]. They investigated
Ag-doped ZnO (Ag:Zn0O) and Ag:ZnO/PMMA nanocompos-
ites for ETL applications in OLED. The pristine Ag:ZnO has an
average particle size of #57 nm and the PMMA capping layer
was ~8 nm. Consequently, an increased rate of electron-hole
recombination and an enhanced current density of ~85% were
obtained for optimized 10% Ag:ZnO/PMMA nanocomposite as
compared to pristine Ag:ZnO.

Enhancing the emissive layer

The emissive layer is also known as the active luminescent
region of an LED, where electron—hole recombination occurs.
Light-emitting diodes and OLED are capable of emitting in the
entire visible spectrum: GaAsP (red), GaN (green, blue/green),
PPV (yellow/green), MEH-PPV and BCHA-PPV (yellow/
orange), PPE-PPV (blue), and MDMO-PPV (red) [77-84].
Among these polymers, PPV appears to be the most popular
light-emitting polymer. Burroughes et al. have reported on the
first OLED using PPV that produces a yellow/green emission
[80]. However, PPV has drawbacks, such as low-intensity PL
emission and a high conversion temperature. Nevertheless, the
derived versions of PPV, such as MEH-PPV, in which the emis-
sion shifts to orange from yellow/green in the unsubstituted
PPV polymer, show improved properties.

More recently, QD-based LED have shown an increase in the
overall performance and longer lifetime values than OLED [85-
89]. Furthermore, facile tuning of the emission wavelength by
adjusting the particle size, their low fabrication cost, and satu-
rated colors with a narrow bandwidth of EL (full width at half
maximum ~30 nm) have made the QLED attractive [90,91]. In
effect, owing to the quantum confinement of CdSe QD, a de-
crease in particle size blueshifts the emission. Thus, their emis-
sion can be tuned to the entire visible spectrum by varying their
sizes [92]. Generally, a QD-based EML is sandwiched between
a polymer-based ETL and HTL.

Carbon-based nanomaterials such as SWNT have also been in-
vestigated as EML in OLED. Firstly, a SWNT p-n junction on
a Si substrate has been investigated by Lee et al. [93]. Further,
Mueller et al., with some modifications to the design of Lee et
al., were able to produce a significantly narrower (=35 meV) EL
spectrum in the red region [17]. Wang et al. improved the
device design of Mueller et al. by using a polymer layer of
PMMA instead of split gates [53]. The device of Wang et al.
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has several advantages: it is doping-free and cost-effective, it
can be operated using a single bias, and it emanates a narrow
EL spectrum of ~30 meV. Similarly, white light LED can
also consist of CQD at the EML along with metal oxides
in the charge transport layers [94]. In addition, a maximum
EQE of 0.083% has been obtained from CQD-based devices
with configuration ITO/PEDOT:PSS (40 nm)/CQD (20 nm)/
TPBI (40 nm)/LiF/Al [95]. These results clearly suggest that
CQD are potential phosphors in the fabrication of white LED
[96-100].

Prasad et al. have incorporated graphene nanosheets in MEH-
PPV in order to evaluate the optimum quantity (0-0.1 wt %) for
the luminance of the device [54]. They observed an approxi-
mate six-fold increase in the PL emission for 0.005 wt % of
graphene nanosheets. The reason for the increased PL emission
is attributed to the higher charge carrier mobility in graphene
nanostructures, which balances out the charge carrier concentra-
tion in the EML.

InGaN-based LED have also benefited from the incorporation
of AgNP in the EML. Consequently, a 14-fold PL enhancement
and a seven-fold internal quantum efficiency have been re-
ported [101]. A similar work reported an increase in the optical
output power by 32% for an injection current of 100 mA [102].
By incorporating AgNP in F8BT, the current efficiency in-
creased by a factor of 75, along with an approximate two-fold
enhancement in the EL intensity [103]. You et al. have exam-
ined the PL emission from a ZnMgO alloy with a surface-
capping of PtNP with thickness values ranging from 2 to 8§ nm
and with AgNP of 6 nm of thickness [104]. A six-fold and a
two—fold enhancement in the PL emission has been observed by
capping the ZnMgO alloy with Pt and AgNP, respectively.
Figure 9a is the PL spectra of the ZnMgO, Pt/ZnMgO, Ag/
ZnMgO and PtNP at room temperature showing a clear increase
in the PL emission. Besides Ag nanorods and nanospheres,
other plasmonic nanostructures, such as Ag nanocubes and
nanostars tend to enhance LED properties owing to their sharp
facets and edges [105,106]. Yu et al. have incorporated Ag
nanocube core coated with SiO; shell in the EML of blue light-
emitting diode [107]. A very high improvement in the current
efficiency compared to the device without Ag nanocubes was
noted. Shi et al. in a report, have introduced AuNP in the
MgZnO QD layer with a device structure of p-NiO/CsPbBrs/
MgZnO/AuNP/n-ZnO film/n-GaN (Figure 9b) [57]. They
further optimized the thickness of the MgZnO layer to 10 nm in
order to control the distance between the CsPbBrj layer and
AuNP. The EQE increased from 3 to 4.5% as the thickness of
the MgZnO layer increased from 0 (no MgZnO layer) to 10 nm.
The enhancement in the EQE and overall device performance

has been associated with the spontaneous emission rate induced
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by SPR coupling when an optimal distance of separation exists

between the plasmonic and active layers.

New possibilities for cathode materials

The performance parameters of OLED, for example, turn-on
voltage, operating voltage, current/power efficiency, and life-
time are strongly dependent on the physical parameters of the
cathode material [108]. A cathode material should generally
have a low work function as compared to the adjacent layer
(generally ETL) in the device. The efficiency of electron trans-
port depends on the energy difference between the Fermi level
of the cathode material and the LUMO level of the adjacent ma-
terial in which electrons have to be transported. Therefore, de-
creasing the energy barrier between the cathode and the adja-
cent layer can increase the electron injection efficiency and,
hence, the device efficiency. Despite the high work function of
Al (4.31 eV), it is among the most suitable cathode materials
due to its high stability in ambient conditions. Alkali and alkali-
rare earth metals have lower work function (2.8-3.7 eV) but are
unstable in ambient conditions.

There are a few examples where plasmonic NP are used at the
cathode to enhance the overall emission of the LED. Plasmonic
AgNP have been inserted in Al (150 nm)/LiF (1 nm) cathode
layer and a PL enhancement was observed [109]. In fact, the
presence of AgNP tuned the carrier injection rate between

cathode and Alq3 EML. Carbon nanomaterials, such as

graphene and SWNT present interesting alternatives to over-
come the drawbacks of metal and metal nanocomposite cath-
odes in OLED. Klain et al. have reported one possibility by
doping graphene with n-type Ca [110]. The 1 nm Ca layer
deposited by evaporation onto the surface of graphene reduced
its work function by nearly 1 eV. Furthermore, the /-V charac-
teristics of the device with Ca-doped graphene/Alqs/Ag mani-
fest a two-fold increase in current (at 2 V bias) as compared to
only graphene. Similarly, Chang et al. have doped graphene
with n-type CsF or CspCO3 on a SiO, substrate, thus reducing
the work function of graphene from 4.4 to 3.2 eV, which was
used to fabricate blue light-emitting OLED with maximum
brightness of 1034 cd/m2 [111]. On the other hand, very few
works have been reported where SWNT are employed as cath-
odes in fully transparent OLED. Chien et al. have achieved
highly efficient electron injection from SWNT-based films by
modifying the surface of SWNT with a thin layer of Pd/Al/LiF
while maintaining the transparency of the layer [112]. However,
the device was ineffective as no emission was visible and the
turn-on voltage was unusually low. The lack of emission was
attributed to the charge unbalance in the EML due to high elec-
tron injection from the SWNT. Further efforts towards
balancing electron-hole injection in the EML could also result
in light emission from such devices. This could be brought
about by optimizing the quantity of SWNT, functionalizing
them, and combining them with other polymers. Nevertheless,

this work demonstrates that SWNT can be used as cathode ma-
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terials in LED, if improved. The successful implementation of
such an electrode would open new possibilities to fabricate fully
transparent OLED.

Conclusion

This article has provided an overview of the combination of
various nanostructures that enhance the overall properties of
various types of LED. In particular, CNT and MNP exhibiting
SPR improve several characteristics of LED, such as lower
turn-on voltages, higher EQE, and high luminance. The versa-
tility of these nanomaterials lies in the fact that they can be
accommodated into one or several layers of the LED. For exam-
ple, carbon-based nanostructures can be added to the anode,
hole injection, and transport layers as well as the EML. On the
other hand, SWNT are still being tested as a viable cathode ma-
terial. Depending upon the layer, these carbon-based nanostruc-
tures are able to enhance current spread, injection, and recombi-
nation lifetime values. Similarly, plasmonic NP, such as Au and
Ag clearly enhance LED properties and can be integrated in all
the layers of the device structure. Furthermore, incorporation of
metal oxides, such as TiO,, ZnO, SnO, in combination with
Ag, Au, and PtNP has shown increment in the luminance and
reduction in the operating voltages of the devices.

For several decades, inorganic LED based on III-V group semi-
conductors (i.e., GaAs, GaP, InGaAs, InGaP, GaN, InGaN, and
AlGalnP) have been extensively studied and improved. More
than 50% EQE for AlGalnP (red) and InGaN/GaN (blue/green)
emitters has already been achieved with a future possibility of
reaching up to 80%. Moreover, achievement in the device
stability of up to 20000 h is remarkable for inorganic LED.
However, these inorganic LED have poor color quality and they
are fabricated with rare, costly, and non-flexible materials,
which hinder their wide scale applications in wearables and
display technologies. In addition, the self-heating of such struc-
tures is unavoidable. Carbon nanotubes and plasmonic NP ex-
hibiting SPR have shown their superiority in enhancing the
color quality of these inorganic LED by enhancing the PL, EL,
current efficiency, and density. Moreover, graphene and SWNT
incorporated into the anode have opened opportunities for ther-
mal management in flexible inorganic LED.

Currently, OLED and QLED are dominating the display market.
Light sources in OLED mainly consist of Alqs and derived
version of PPV polymer, whereas QD based on Cd, Zn, Se, and
S are mainly used for QLED. Both technologies have many
advantages over traditional inorganic LED and liquid crystal
displays in terms of low power consumption, wider view angle,
higher resolution and cost-effectiveness. However, device deg-
radation is common in both OLED and QLED due to charge
accumulation in the layers. In the case of red QLED, HTL is
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rather stable and the device degradation rate is therefore low.
On the other hand, in the blue QLED, their poor lifetime is
caused by the quicker degradation of ETL. A similar degrada-
tion in OLED has also been observed but mainly in the HTL;
the poor hole injection ability of polymers is also a cause for
concern. From a commercial point of view, the present OLED
displays are expensive as compared to QLED displays
consisting of Cd-based QD. Graphene and CNT could be viable
options in slowing or circumventing the degradation of HIL in
OLED and QLED when combined with polymer nanocompos-
ites.

In order to enhance the color purity of the OLED-based
displays, SWNT combined with an emissive polymer tend to
increase the luminance of the device and thereby achieve a
higher color saturation. Nevertheless, SWNT display an emis-
sion spectrum with full width at half maximum of approxi-
mately 30 nm, which is very close to the color saturation of
QLED displays (=25 nm). The blue/green emission from InGaN
LED, ZnO NP, and OLED is enhanced through the SPR effect
of AgNP, which in turn could counteract the high external lumi-
nance. Thus, the low brightness and short operation lifetime of
blue QLED could be improved by using CNT—polymer or
CNT-metal oxide nanocomposites as ETL and incorporating
AgNP in this layer. Further strategies to counteract the outdoor
luminance of 7000 cd/m? could also include a graphene oxide
HIL, in which a luminance of 56000 cd/m? has been reported in
such OLED. Doped ZnO in the ETL is also a suitable candidate
for high-luminance blue OLED. Since the degradation of these
nanocomposites is relatively slow as compared to pure CNT,
they could therefore provide a workable pathway to enhance the
lifetime of the blue QLED. Moreover, due to the localized SPR
of AgNP the brightness of blue QLED can also be improved
significantly. Enhancement of the red luminescence has been
possible by the addition of AuNP. Enhancing the green lumi-
nescence has not been widely studied in OLED and QLED.
However, AgNP has the potential to enhance the green emis-
sion through the engineering of its shape and size in order to

modify their SPR properties.

OLED- and QLED-based displays are commercially available.
Nonetheless, cost-effective and better quality displays are
constantly being developed. The combination of various poly-
mers with inorganic components or HyLED could very well
fulfill the future needs of the display and lighting market. Even
though HyLED is commercially available for lighting applica-
tions, further work still needs to be carried out in order to
implement them in display technologies. Nevertheless, a combi-
nation of organic, inorganic, carbon nanostructures, and plas-
monic NP could very well pave the way for future display tech-

nologies.

1089



Funding

This research has been supported by the European Regional De-
velopment Fund project EQUITANT TK134 (F180175TIBT)
and EMU bridge funding P200030TIBT.

ORCID® iDs

Keshav Nagpal - https://orcid.org/0000-0003-0040-9984
Erwan Rauwel - https://orcid.org/0000-0001-8950-1415
Frédérique Ducroquet - https://orcid.org/0000-0001-8770-9650
Protima Rauwel - https://orcid.org/0000-0001-5393-2352

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Salata, O. V. J. Nanobiotechnol. 2004, 2, 3.
doi:10.1186/1477-3155-2-3

Kolahalam, L. A.; Kasi Viswanath, I. V.; Diwakar, B. S.; Govindh, B.;
Reddy, V.; Murthy, Y. L. N. Mater. Today 2019, 18, 2182-2190.
doi:10.1016/j.matpr.2019.07.371

Gayral, B. C. R. Phys. 2017, 18, 453—461.
doi:10.1016/j.crhy.2017.09.001

Carr, W. N.; Pittman, G. E. Appl. Phys. Lett. 1963, 3, 173-175.
doi:10.1063/1.1753837

Steranka, F. M. Semicond. Semimetals 1997, 48, 65-96.
doi:10.1016/s0080-8784(08)62404-7

Kish, F. A.; Fletcher, R. M. Semicond. Semimetals 1997, 48, 149-226.
doi:10.1016/s0080-8784(08)62406-0

Nakamura, S. Proc. SPIE 1997, 3002. doi:10.1117/12.271048

Lin, Q.; Song, B.; Wang, H.; Zhang, F.; Chen, F.; Wang, L.; Li,L. S;
Guo, F.; Shen, H. J. Mater. Chem. C 2016, 4, 7223-7229.
doi:10.1039/c6tc01531j

Sahbudin, U. K.; Wahid, M. H. A.; Poopalan, P.; Hambali, N. A. M. A;
Shahimin, M. M.; Ariffin, S. N.; Saidi, N. N. A.; Ramli, M. M.

MATEC Web Conf. 2016, 78, 01114.
doi:10.1051/matecconf/20167801114

Jang, E.-P.; Han, C.-Y.; Lim, S.-W; Jo, J.-H.; Jo, D.-Y.; Lee, S.-H ;
Yoon, S.-Y.; Yang, H. ACS Appl. Mater. Interfaces 2019, 11,
46062—46069. doi:10.1021/acsami.9b14763

Rahman, F. Opt. Eng. (Bellingham, WA, U. S.) 2019, 58, 010901.
doi:10.1117/1.0e.58.1.010901

Neves, M. C.; Martins, M. A.; Soares-Santos, P. C. R.; Rauwel, P.;
Ferreira, R. A. S.; Monteiro, T.; Carlos, L. D.; Trindade, T.
Nanotechnology 2008, 19, 155601.
doi:10.1088/0957-4484/19/15/155601

Tsukazaki, A.; Kubota, M.; Ohtomo, A.; Onuma, T.; Ohtani, K.;
Ohno, H.; Chichibu, S. F.; Kawasaki, M. Jpn. J. Appl. Phys., Part 2
2005, 44, L643-1645. doi:10.1143/jjap.44.1643

Will, P.-A.; Reineke, S. Organic light-emitting diodes. In Handbook of
Organic Materials for Electronic and Photonic Devices (Second
Edition); Ostroverkhova, O., Ed.; Woodhead Publishing Series in
Electronic and Optical Materials; Elsevier, 2019; pp 695-726.
doi:10.1016/b978-0-08-102284-9.00021-8

He, Y.; Cheng, N.; Xu, X.; Fu, J.; Wang, J.-a. Org. Electron. 2019, 64,
247-251. doi:10.1016/j.0rgel.2018.10.012

Ahn, J. H.; Wang, C.; Pearson, C.; Bryce, M. R.; Petty, M. C.

Appl. Phys. Lett. 2004, 85, 1283—-1285. doi:10.1063/1.1776621
Mueller, T.; Kinoshita, M.; Steiner, M.; Perebeinos, V.; Bol, A. A.;
Farmer, D. B.; Avouris, P. Nat. Nanotechnol. 2010, 5, 27-31.
doi:10.1038/nnano.2009.319

18.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Beilstein J. Nanotechnol. 2021, 12, 1078-1092.

Wang, G.-F.; Tao, X.-M.; Wang, R.-X. Compos. Sci. Technol. 2008,
68, 2837—2841. doi:10.1016/j.compscitech.2007.11.004

. Fournet, P.; Coleman, J. N.; Lahr, B.; Drury, A.; Blau, W. J.;

O'Brien, D. F.; Horhold, H.-H. J. Appl. Phys. 2001, 90, 969-975.
doi:10.1063/1.1383023

Liu, G.; Johnson, S.; Kerr, J. B. MRS Online Proc. Libr. 2003, 796,
145-150. doi:10.1557/proc-796-v6.8

Aguirre, C. M.; Auvray, S.; Pigeon, S.; Izquierdo, R.; Desjardins, P.;
Martel, R. Appl. Phys. Lett. 2006, 88, 183104. doi:10.1063/1.2199461
Jeong, S.-H.; Choi, H.; Kim, J. Y.; Lee, T.-W. Part. Part. Syst. Charact.
2015, 32, 164—175. doi:10.1002/ppsc.201400117

Liu, F.; Nunzi, J.-M. Proc. SPIE 2012, 8424, 84243E.
doi:10.1117/12.927067

Lee, I.-H.; Jang, L.-W.; Polyakov, A. Y. Nano Energy 2015, 13,
140-173. doi:10.1016/j.nanoen.2015.01.050

Khadir, S.; Chakaroun, M.; Belkhir, A.; Fischer, A.; Lamrous, O.;
Boudrioua, A. Opt. Express 2015, 23, 23647—-23659.
doi:10.1364/0e.23.023647

Diallo, A. T.; Chakaroun, M.; Khadir, S.; Hamdad, S.;

Esparza-Villa, J. U.; Maitre, A.; Boudrioua, A. J. Nanophotonics 2019,
13, 016004. doi:10.1117/1.jnp.13.016004

Hong, S.-H.; Cho, C.-Y.; Lee, S.-J.; Yim, S.-Y.; Lim, W.; Kim, S.-T.;
Park, S.-J. Opt. Express 2013, 21, 3138-3144.
doi:10.1364/0e.21.003138

Chen, H.-S.; Yang, P.; Khan, Z. H.; Wu, J. M.; Li, G.; Kamali, A. R.

J. Nanomater. 2015, 2015, 371679. doi:10.3113/js0a.2015.0036
Bhaumik, S.; Ghosh, B.; Pal, A. J. Appl. Phys. Lett. 2011, 99, 083106.
doi:10.1063/1.3626855

Ameera, N.; Shuhaimi, A.; Surani, N.; Rusop, M.; Hakim, M.;

Mamat, M. H.; Mansor, M.; Sobri, M.; Ganesh, V.; Yusuf, Y.

Ceram. Int. 2015, 41, 913-920. doi:10.1016/j.ceramint.2014.09.009
Ling, B.; Sun, X. W.; Zhao, J. L.; Ke, C.; Tan, S. T.; Chen, R;;

Sun, H. D.; Dong, Z. L. J. Phys. Chem. C 2010, 114, 18390-18395.
doi:10.1021/jp106650p

Keller, J.; Stolt, L.; Edoff, M.; Térndahl, T. Phys. Status Solidi A 2016,
213, 1541-1552. doi:10.1002/pssa.201532883

Li, S.; Shi, Z.; Tang, Z.; Li, X. Vacuum 2017, 145, 262—-267.
doi:10.1016/j.vacuum.2017.09.011

Liu, H.; Avrutin, V.; Izyumskaya, N.; Ozgir, U.; Morkog, H.
Superlattices Microstruct. 2010, 48, 458-484.
doi:10.1016/j.spmi.2010.08.011

Kim, H.; Gilmore, C. M.; Piqué, A.; Horwitz, J. S.; Mattoussi, H.;
Murata, H.; Kafafi, Z. H.; Chrisey, D. B. J. Appl. Phys. 1999, 86,
6451-6461. doi:10.1063/1.371708

Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. C. Nat. Photonics
2010, 4, 611-622. doi:10.1038/nphoton.2010.186

Han, N.; Viet Cuong, T.; Han, M.; Deul Ryu, B.; Chandramohan, S.;
Bae Park, J.; Hye Kang, J.; Park, Y.-J.; Bok Ko, K.; Yun Kim, H,;

Kyu Kim, H.; Hyoung Ryu, J.; Katharria, Y. S.; Choi, C.-J.; Hong, C.-H.
Nat. Commun. 2013, 4, 1452. doi:10.1038/ncomms2448

Fu, Y.; Hansson, J.; Liu, Y.; Chen, S.; Zehri, A.; Samani, M. K.;
Wang, N.; Ni, Y.; Zhang, Y.; Zhang, Z.-B.; Wang, Q.; Li, M.; Lu, H.;
Sledzinska, M.; Torres, C. M. S.; Volz, S.; Balandin, A. A.; Xu, X.;
Liu, J. 2D Mater. 2019, 7, 012001. doi:10.1088/2053-1583/ab48d9
Kim, B.-J.; Lee, C.; Jung, Y.; Hyeon Baik, K.; Mastro, M. A.; Hite, J. K;;
Eddy, C. R., Jr.; Kim, J. Appl. Phys. Lett. 2011, 99, 143101.
doi:10.1063/1.3644496

Guo, X.; Feng, Y.; Liu, Q.; Hu, A.; He, X.; Hu, Z. J. Appl. Phys. 2018,
123, 175701. doi:10.1063/1.5018156

1090


https://orcid.org/0000-0003-0040-9984
https://orcid.org/0000-0001-8950-1415
https://orcid.org/0000-0001-8770-9650
https://orcid.org/0000-0001-5393-2352
https://doi.org/10.1186%2F1477-3155-2-3
https://doi.org/10.1016%2Fj.matpr.2019.07.371
https://doi.org/10.1016%2Fj.crhy.2017.09.001
https://doi.org/10.1063%2F1.1753837
https://doi.org/10.1016%2Fs0080-8784%2808%2962404-7
https://doi.org/10.1016%2Fs0080-8784%2808%2962406-0
https://doi.org/10.1117%2F12.271048
https://doi.org/10.1039%2Fc6tc01531j
https://doi.org/10.1051%2Fmatecconf%2F20167801114
https://doi.org/10.1021%2Facsami.9b14763
https://doi.org/10.1117%2F1.oe.58.1.010901
https://doi.org/10.1088%2F0957-4484%2F19%2F15%2F155601
https://doi.org/10.1143%2Fjjap.44.l643
https://doi.org/10.1016%2Fb978-0-08-102284-9.00021-8
https://doi.org/10.1016%2Fj.orgel.2018.10.012
https://doi.org/10.1063%2F1.1776621
https://doi.org/10.1038%2Fnnano.2009.319
https://doi.org/10.1016%2Fj.compscitech.2007.11.004
https://doi.org/10.1063%2F1.1383023
https://doi.org/10.1557%2Fproc-796-v6.8
https://doi.org/10.1063%2F1.2199461
https://doi.org/10.1002%2Fppsc.201400117
https://doi.org/10.1117%2F12.927067
https://doi.org/10.1016%2Fj.nanoen.2015.01.050
https://doi.org/10.1364%2Foe.23.023647
https://doi.org/10.1117%2F1.jnp.13.016004
https://doi.org/10.1364%2Foe.21.003138
https://doi.org/10.3113%2Fjsoa.2015.0036
https://doi.org/10.1063%2F1.3626855
https://doi.org/10.1016%2Fj.ceramint.2014.09.009
https://doi.org/10.1021%2Fjp106650p
https://doi.org/10.1002%2Fpssa.201532883
https://doi.org/10.1016%2Fj.vacuum.2017.09.011
https://doi.org/10.1016%2Fj.spmi.2010.08.011
https://doi.org/10.1063%2F1.371708
https://doi.org/10.1038%2Fnphoton.2010.186
https://doi.org/10.1038%2Fncomms2448
https://doi.org/10.1088%2F2053-1583%2Fab48d9
https://doi.org/10.1063%2F1.3644496
https://doi.org/10.1063%2F1.5018156

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.-S.; Zheng, Y.;
Balakrishnan, J.; Lei, T.; Ri Kim, H.; Song, Y. I.; Kim, Y.-J.; Kim, K. S.;
C")zyilmaz, B.; Ahn, J.-H.; Hong, B. H.; lijima, S. Nat. Nanotechnol.
2010, 5, 574-578. doi:10.1038/nnano.2010.132

Shim, J.-P.; Hoon Seo, T.; Min, J.-H.; Mo Kang, C.; Suh, E.-K_;

Lee, D.-S. Appl. Phys. Lett. 2013, 102, 151115.
doi:10.1063/1.4802800

Hoon Seo, T.; Kyoung Kim, B.; Shin, G.; Lee, C.; Jong Kim, M.;

Kim, H.; Suh, E.-K. Appl. Phys. Lett. 2013, 103, 051105.
doi:10.1063/1.4817256

Tanaka, T.; Totoki, Y.; Fujiki, A.; Zettsu, N.; Miyake, Y.;

Akai-Kasaya, M.; Saito, A.; Ogawa, T.; Kuwahara, Y.

Appl. Phys. Express 2011, 4, 032105. doi:10.1143/apex.4.032105
Jin, Y.; Li, Q.; Li, G.; Chen, M,; Liu, J.; Zou, Y.; Jiang, K.; Fan, S.
Nanoscale Res. Lett. 2014, 9, 7. doi:10.1186/1556-276x-9-7

Guo, X.; Guo, C. W.; Jin, Y. H.; Chen, Y.; Li, Q. Q.; Fan, S. S.
Nanoscale Res. Lett. 2014, 9, 171. doi:10.1186/1556-276x-9-171
Kim, J.-Y.; Kim, M.; Kim, H.; Joo, J.; Choi, J.-H.

Opt. Mater. (Amsterdam, Neth.) 2003, 21, 147-151.
doi:10.1016/s0925-3467(02)00127-1

Shin, J. B.; Baek, S.-W.; Lee, S. M.; Kim, M.; Lee, J.-Y.; Choi, K. C.
IEEE Photonics Technol. Lett. 2016, 28, 371-374.
doi:10.1109/Ipt.2015.2496600

Choi, J.; Kim, S.; Park, C. H.; Kwack, J. H.; Park, C. H.; Hwang, H.;
Im, H.-S.; Park, Y. W.; Ju, B.-K. ACS Appl. Mater. Interfaces 2018, 10,
32373-32379. doi:10.1021/acsami.8b07026

Jesuraj, P. J.; Jeganathan, K.; Navaneethan, M.; Hayakawa, Y.
Synth. Met. 2016, 211, 155—160. doi:10.1016/j.synthmet.2015.11.024
Feng, J.; Sun, D.; Mei, S.; Shi, W.; Mei, F.; Zhou, Y.; Xu, J.; Jiang, Y.;
Wu, L. Front. Mater. 2018, 5, 75. doi:10.3389/fmats.2018.00075
Zhou, L.; Xiang, H.-Y.; Zhu, Y.-F.; Ou, Q.-D.; Wang, Q.-K.; Du, J.;
Hu, R.; Huang, X.-B.; Tang, J.-X. ACS Appl. Mater. Interfaces 2019,
11, 9251-9258. doi:10.1021/acsami.8b21355

Wang, S.; Zeng, Q.; Yang, L.; Zhang, Z.; Wang, Z.; Pei, T.; Ding, L.;
Liang, X.; Gao, M.; Li, Y.; Peng, L.-M. Nano Lett. 2011, 11, 23-29.
doi:10.1021/nl1101513z

Prasad, N.; Singh, |.; Kumari, A.; Madhwal, D.; Madan, S.; Dixit, S. K.;
Bhatnagar, P. K.; Mathur, P. C. J. Lumin. 2015, 159, 166—170.
doi:10.1016/j.jlumin.2014.11.012

Nam Nguyen, P. H.; Nguyen, N. D.

Adv. Nat. Sci.: Nanosci. Nanotechnol. 2013, 4, 025013.
doi:10.1088/2043-6262/4/2/025013

Cao, S.; Zheng, J.; Zhao, J.; Yang, Z.; Li, C.; Guan, X.; Yang, W.;
Shang, M.; Wu, T. ACS Appl. Mater. Interfaces 2017, 9,
15605—15614. doi:10.1021/acsami.7b03262

Shi, Z.; Li, Y.; Li, S.; Li, X.; Wu, D.; Xu, T.; Tian, Y.; Chen, Y.;

Zhang, Y.; Zhang, B.; Shan, C.; Du, G. Adv. Funct. Mater. 2018, 28,
1707031. doi:10.1002/adfm.201707031

Lee, C.-Y.; Chen, Y.-M,; Deng, Y.-Z.; Kuo, Y.-P.; Chen, P.-Y,; Tsai, L.;
Lin, M.-Y. Nanomaterials 2020, 10, 663. doi:10.3390/nano10040663
Coe, S.; Woo, W.-K.; Bawendi, M.; Bulovié, V. Nature 2002, 420,
800-803. doi:10.1038/nature01217

Huang, C.-Y.; Lai, J.-H. Org. Electron. 2016, 32, 244-249.
doi:10.1016/j.orgel.2016.02.031

Jayabharathi, J.; Prabhakaran, A.; Thanikachalam, V.;

Sundharesan, M. J. Photochem. Photobiol., A 2016, 325, 88—96.
doi:10.1016/j.jphotochem.2016.04.007

Wang, G.-F.; Tao, X.-M.; Chen, W.; Wang, R.-X.; Yang, A. J. Lumin.
2007, 126, 602—606. doi:10.1016/j.jlumin.2006.10.006

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Beilstein J. Nanotechnol. 2021, 12, 1078-1092.

Yang, J.; Lee, J.; Lee, J.; Park, T.; Ahn, S. J.; Yi, W.

Diamond Relat. Mater. 2017, 73, 154—160.
doi:10.1016/j.diamond.2016.09.005

Shi, S.; Sadhu, V.; Moubah, R.; Schmerber, G.; Bao, Q.;

Silva, S. R. P. J. Mater. Chem. C 2013, 1, 1708-1712.
doi:10.1039/c3tc00707¢c

Lin, C.-H.; Chen, K.-T.; Ho, J.-R.; Cheng, J.-W. J.; Tsiang, R. C.-C.

J. Nanotechnol. 2012, 2012, 942629. doi:10.1155/2012/942629
Park, M.; Nguyen, T. P.; Choi, K. S.; Park, J.; Ozturk, A.; Kim, S. Y.
Electron. Mater. Lett. 2017, 13, 344-350.
doi:10.1007/s13391-017-1612-3

Jung, M.; Mo Yoon, D.; Kim, M.; Kim, C.; Lee, T.; Hun Kim, J.; Lee, S.;
Lim, S.-H.; Woo, D. Appl. Phys. Lett. 2014, 105, 013306.
doi:10.1063/1.4890135

Jenekhe, S. A.; Zhang, X.; Chen, X. L.; Choong, V.-E.; Gao, Y.;
Hsieh, B. R. Chem. Mater. 1997, 9, 409-412. doi:10.1021/cm960474q
Tardy, J.; Khalifa, M. B.; Vaufrey, D. Mater. Sci. Eng., C 2006, 26,
196-201. doi:10.1016/j.msec.2005.10.061

Park, M.; Song, J.; An, M.; Lim, J.; Lee, C.; Roh, J.; Lee, D. RSC Adv.
2020, 70, 8261-8265. doi:10.1039/d0ra00653j

Strukelj, M.; Miller, T. M.; Papadimitrakopoulos, F.; Son, S.

J. Am. Chem. Soc. 1995, 117, 11976—11983.
doi:10.1021/ja00153a018

Choudhary, R. B.; Mandal, G. J. Mater. Sci.: Mater. Electron. 2020,
31, 1302—1316. doi:10.1007/s10854-019-02643-9

Alam, M. B.; Yadav, K.; Shukla, D.; Srivastava, R.; Lahiri, J.;

Parmar, A. S. ChemistrySelect 2019, 4, 7450-7454.
doi:10.1002/slct.201901551

Park, J. S.; Lee, J. M.; Hwang, S. K;; Lee, S. H.; Lee, H.-J.; Lee, B. R.;
Park, H. I.; Kim, J.-S.; Yoo, S.; Song, M. H.; Kim, S. O.

J. Mater. Chem. 2012, 22, 12695-12700. doi:10.1039/c2jm30710c
He, X.; Wang, W.; Li, S.; Wang, Q.; Zheng, W.; Shi, Q.; Liu, Y.
Nanoscale Res. Lett. 2015, 10, 468. doi:10.1186/s11671-015-1176-9
Kandulna, R.; Choudhary, R. B.; Maji, P.

J. Inorg. Organomet. Polym. Mater. 2017, 27, 1760—1769.
doi:10.1007/s10904-017-0639-0

Ozdemir, O.; Mucur, S. P.; Tekin, E.; Boudiba, S.; Ulbricht, C.;

Egbe, D. A. M.; Deneb Menda, U.; Kavak, P. A.; Kutlu, K. Proc. SPIE
2013, 8829, 8829B. doi:10.1117/12.2025395

Juhari, N.; Majid, W. H. A.; Ibrahim, Z. A. In 2006 IEEE International
Conference on Semiconductor Electronics, Kuala Lumpur, Malaysia,
Oct 29-Dec 1, 2006; pp 112—115. doi:10.1109/smelec.2006.381030
Zhao, X.; Zhan, X. Chem. Soc. Rev. 2011, 40, 3728-3743.
doi:10.1039/c0cs00194e

Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; Marks, R. N_;
Mackay, K.; Friend, R. H.; Burns, P. L.; Holmes, A. B. Nature 1990,
347, 539-541. doi:10.1038/347539a0

Han, D.-P.; Ishimoto, S.; Mano, R.; Lu, W.; lwaya, M.; Takeuchi, T.;
Kamiyama, S.; Akasaki, |. Phys. Status Solidi A 2020, 217, 1900713.
doi:10.1002/pssa.201900713

Lee, M.-L.; Wang, S.-S.; Yeh, Y.-H.; Liao, P.-H.; Sheu, J.-K. Sci. Rep.
2019, 9, 3243. doi:10.1038/s41598-019-40095-7

Ozen, Y.; Sertel, T.; Cetin, S. S.; Ozcelik, S. J. Electron. Mater. 2018,
47, 7129-7133. doi:10.1007/s11664-018-6643-5

Salcedo-Reyes, J. C.; Vazquez, J.; Jiménez, L. C.;

Méndez-Pinzén, H. Proc. SPIE 2017, 10101, 101010D.
doi:10.1117/12.2253743

Coe-Sullivan, S.; Steckel, J. S.; Woo, W.-K.; Bawendi, M. G;
Bulovié, V. Adv. Funct. Mater. 2005, 15, 1117-1124.
doi:10.1002/adfm.200400468

1091


https://doi.org/10.1038%2Fnnano.2010.132
https://doi.org/10.1063%2F1.4802800
https://doi.org/10.1063%2F1.4817256
https://doi.org/10.1143%2Fapex.4.032105
https://doi.org/10.1186%2F1556-276x-9-7
https://doi.org/10.1186%2F1556-276x-9-171
https://doi.org/10.1016%2Fs0925-3467%2802%2900127-1
https://doi.org/10.1109%2Flpt.2015.2496600
https://doi.org/10.1021%2Facsami.8b07026
https://doi.org/10.1016%2Fj.synthmet.2015.11.024
https://doi.org/10.3389%2Ffmats.2018.00075
https://doi.org/10.1021%2Facsami.8b21355
https://doi.org/10.1021%2Fnl101513z
https://doi.org/10.1016%2Fj.jlumin.2014.11.012
https://doi.org/10.1088%2F2043-6262%2F4%2F2%2F025013
https://doi.org/10.1021%2Facsami.7b03262
https://doi.org/10.1002%2Fadfm.201707031
https://doi.org/10.3390%2Fnano10040663
https://doi.org/10.1038%2Fnature01217
https://doi.org/10.1016%2Fj.orgel.2016.02.031
https://doi.org/10.1016%2Fj.jphotochem.2016.04.007
https://doi.org/10.1016%2Fj.jlumin.2006.10.006
https://doi.org/10.1016%2Fj.diamond.2016.09.005
https://doi.org/10.1039%2Fc3tc00707c
https://doi.org/10.1155%2F2012%2F942629
https://doi.org/10.1007%2Fs13391-017-1612-3
https://doi.org/10.1063%2F1.4890135
https://doi.org/10.1021%2Fcm960474q
https://doi.org/10.1016%2Fj.msec.2005.10.061
https://doi.org/10.1039%2Fd0ra00653j
https://doi.org/10.1021%2Fja00153a018
https://doi.org/10.1007%2Fs10854-019-02643-9
https://doi.org/10.1002%2Fslct.201901551
https://doi.org/10.1039%2Fc2jm30710c
https://doi.org/10.1186%2Fs11671-015-1176-9
https://doi.org/10.1007%2Fs10904-017-0639-0
https://doi.org/10.1117%2F12.2025395
https://doi.org/10.1109%2Fsmelec.2006.381030
https://doi.org/10.1039%2Fc0cs00194e
https://doi.org/10.1038%2F347539a0
https://doi.org/10.1002%2Fpssa.201900713
https://doi.org/10.1038%2Fs41598-019-40095-7
https://doi.org/10.1007%2Fs11664-018-6643-5
https://doi.org/10.1117%2F12.2253743
https://doi.org/10.1002%2Fadfm.200400468

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Zhao, J.; Zhang, J.; Jiang, C.; Bohnenberger, J.; Basché, T.; Mews, A.
J. Appl. Phys. 2004, 96, 3206—3210. doi:10.1063/1.1784611

Xu, J.; Wang, L.; Zhao, X.; Shi, Y.; Shi, Y.; Liu, T. Nanomaterials
2021, 71, 959. doi:10.3390/nano11040959

Su, Q.; Zhang, H.; Chen, S. npj Flexible Electron. 2021, 5, 8.
doi:10.1038/s41528-021-00106-y

Shin, J. S.; Kim, T. Y.; Heo, S. B.; Hong, J.-A.; Park, Y.; Kang, S. J.
RSC Adv. 2021, 11, 4168-4172. doi:10.1039/d0ra10422a

Bakueva, L.; Musikhin, S.; Hines, M. A.; Chang, T.-W. F.; Tzolov, M.;
Scholes, G. D.; Sargent, E. H. Appl. Phys. Lett. 2003, 82, 2895-2897.
doi:10.1063/1.1570940

Chaudhary, S.; Ozkan, M.; Chan, W. C. W. Appl. Phys. Lett. 2004, 84,
2925-2927. doi:10.1063/1.1699476

Choi, M. K.; Yang, J.; Hyeon, T.; Kim, D.-H. npj Flexible Electron.
2018, 2, 10. doi:10.1038/s41528-018-0023-3

Lee, J. U.; Gipp, P. P.; Heller, C. M. Appl. Phys. Lett. 2004, 85,
145-147. doi:10.1063/1.1769595

Paulo-Mirasol, S.; Martinez-Ferrero, E.; Palomares, E. Nanoscale
2019, 71, 11315-11321. doi:10.1039/c9nr02268f

Wang, F.; Chen, Y.-h.; Liu, C.-y.; Ma, D.-g. Chem. Commun. 2011, 47,
3502—-3504. doi:10.1039/c0cc05391k

Guo, X.; Wang, C.-F.; Yu, Z.-Y.; Chen, L.; Chen, S. Chem. Commun.
2012, 48, 2692—-2694. doi:10.1039/c2cc17769b

Li, X.; Liu, Y.; Song, X.; Wang, H.; Gu, H.; Zeng, H.

Angew. Chem., Int. Ed. 2015, 54, 1759-1764.
doi:10.1002/anie.201406836

Cui, B.; Feng, X.-t.; Zhang, F.; Wang, Y.-I; Liu, X.-g.; Yang, Y.-z.;

Jia, H.-s. New Carbon Mater. 2017, 32, 385—401.
doi:10.1016/s1872-5805(17)60130-6

Ghosh, D.; Sarkar, K.; Devi, P.; Kim, K.-H.; Kumar, P.

Renewable Sustainable Energy Rev. 2021, 135, 110391.
doi:10.1016/j.rser.2020.110391

100.Masha, S.; Oluwafemi, O. S. Mater. Lett. 2021, 283, 128790.

doi:10.1016/j.matlet.2020.128790

101.0kamoto, K.; Niki, |.; Shvartser, A.; Narukawa, Y.; Mukai, T.;

Scherer, A. Nat. Mater. 2004, 3, 601-605. doi:10.1038/nmat1198

102.Kwon, M.-K.; Kim, J.-Y.; Kim, B.-H.; Park, I.-K.; Cho, C.-Y;

Byeon, C. C.; Park, S.-J. Adv. Mater. (Weinheim, Ger.) 2008, 20,
1253-1257. doi:10.1002/adma.200701130

103.Chen, S.-H.; Huang, C.-L.; Yu, C.-F.; Wu, G.-F.; Kuan, Y.-C;

Cheng, B.-H.; Li, Y.-R. Opt. Lett. 2017, 42, 3411-3414.
doi:10.1364/01.42.003411

104.You, J. B.; Zhang, X. W.; Dong, J. J.; Song, X. M,; Yin, Z. G.;

Chen, N. F.; Yan, H. Nanoscale Res. Lett. 2009, 4, 1121.
doi:10.1007/s11671-009-9366-y

105.Deng, L.; Yang, J.; Zhan, N.; Yu, T.; Yu, H.; Chen, S. Opt. Lett. 2019,

44, 983-986. doi:10.1364/01.44.000983

106.Munkhbat, B.; P6hl, H.; Denk, P.; Klar, T. A.; Scharber, M. C.;

Hrelescu, C. Adv. Opt. Mater. 2016, 4, 772-781.
doi:10.1002/adom.201500702

107.Yu, T.; Deng, L.; Xia, P.; Lu, Y.; Zhan, N.; Chen, S. Org. Electron.

2019, 75, 105388. doi:10.1016/j.orgel.2019.105388

108.Veinot, J. G. C.; Marks, T. J. Acc. Chem. Res. 2005, 38, 632—-643.

doi:10.1021/ar030210r

109.Yang, K. Y.; Choi, K. C.; Ahn, C. W. Appl. Phys. Lett. 2009, 94,

173301. doi:10.1063/1.3125249

110.Klain, C.; Linde, S.; Shikler, R.; Sarusi, G. Carbon 2020, 157,

255-261. doi:10.1016/j.carbon.2019.10.028

Beilstein J. Nanotechnol. 2021, 12, 1078-1092.

111.Chang, J.-H.; Lin, W.-H.; Wang, P.-C.; Taur, J.-I.; Ku, T.-A;;

Chen, W.-T.; Yan, S.-J.; Wu, C.-I. Sci. Rep. 2015, 5, 9693.
doi:10.1038/srep09693

112.Chien, Y.-M.; Shih, I.; Izquierdo, R. ECS Trans. 2019, 35 (25), 69-74.

doi:10.1149/1.3655513

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular
requires that the author(s) and source are credited and that
individual graphics may be subject to special legal

provisions.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano/terms)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.12.80

1092


https://doi.org/10.1063%2F1.1784611
https://doi.org/10.3390%2Fnano11040959
https://doi.org/10.1038%2Fs41528-021-00106-y
https://doi.org/10.1039%2Fd0ra10422a
https://doi.org/10.1063%2F1.1570940
https://doi.org/10.1063%2F1.1699476
https://doi.org/10.1038%2Fs41528-018-0023-3
https://doi.org/10.1063%2F1.1769595
https://doi.org/10.1039%2Fc9nr02268f
https://doi.org/10.1039%2Fc0cc05391k
https://doi.org/10.1039%2Fc2cc17769b
https://doi.org/10.1002%2Fanie.201406836
https://doi.org/10.1016%2Fs1872-5805%2817%2960130-6
https://doi.org/10.1016%2Fj.rser.2020.110391
https://doi.org/10.1016%2Fj.matlet.2020.128790
https://doi.org/10.1038%2Fnmat1198
https://doi.org/10.1002%2Fadma.200701130
https://doi.org/10.1364%2Fol.42.003411
https://doi.org/10.1007%2Fs11671-009-9366-y
https://doi.org/10.1364%2Fol.44.000983
https://doi.org/10.1002%2Fadom.201500702
https://doi.org/10.1016%2Fj.orgel.2019.105388
https://doi.org/10.1021%2Far030210r
https://doi.org/10.1063%2F1.3125249
https://doi.org/10.1016%2Fj.carbon.2019.10.028
https://doi.org/10.1038%2Fsrep09693
https://doi.org/10.1149%2F1.3655513
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano/terms
https://doi.org/10.3762/bjnano.12.80

	Abstract
	Review
	Introduction
	Enhancing the anode characteristics
	Enhancing hole mobility: hole injection and transport layers
	Enhancing electron mobility: electron transport and injection layers
	Enhancing the emissive layer
	New possibilities for cathode materials

	Conclusion
	Funding
	ORCID iDs
	References

