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Abstract: Flexible optoelectronic devices have a broad
application prospect in the field of wearable electronic
devices, among which the superior transparent electrode
is the core problem in achieving high-performance flexible
optoelectronic devices. The brittle indium tin oxide (ITO)
transparent electrode, which is currently commonly used,
is difficult to be compatible with the flexible substrate.
Multilayer dielectric/metal/dielectric (DMD) structure films
are attracting attention as next-generation ITO-free elec-
trodes. High optical transmittance, super electrical conduc-
tivity, and mechanical flexibility of DMD electrodes make
them promising for highly efficient optoelectronic devices.
Despite substantial research on the optimization of DMD
electrodes, a large gulf still exists in obtaining foldable and
transparent conductive electrodes and applying them to light-
emitting devices, including organic light-emitting diodes (LEDs),
quantum dot LEDs, and perovskite LEDs. In this perspective, we
review the superiority of DMD electrodes in terms of optical
and electrical performance, and mechanical flexibility, and
summarize their applications in LEDs. Furthermore, we also
give future research directions for DMD electrodes regarding
physical properties, mechanism stability, and application
reliability.

Keywords: dielectric/metal/dielectric structure, transparent
electrodes, light-emitting devices

1 Introduction

Recent development in foldable smartphones and wear-
able electronic devices have highlighted the need for foldable
displays. Organic light-emitting diodes (OLEDs), quantum dot
LEDs (QLEDs), and perovskite LEDs (PeLEDs) have unique
properties such as ultrathin, flexible, and highly efficient,
and are considered the most promising technology for fold-
able displays. One of the key challenges of foldable displays is
developing foldable and transparent conductive electrodes
(FTCEs). High optical transmittance, conductivity, and frac-
ture toughness are three requisites for FTCEs [1,2]. Indium
tin oxide (ITO), the most widely used transparent electrode
[3–5], has inherent drawbacks. For instance, ITO thin film has
weekly low intrinsic mechanical properties (Young’s modulus
= 89 ± 1 GPa, elongation = 0.34 ± 0.02%, and tensile strength =

293 ± 13 MPa) [6,7], which is not suitable for foldable devices.
In addition, indium, an essential elemental atom for ITO, is a
scarce metal. This makes them not affordable for increasing
market demand. Therefore, non-ITO electrode materials are
highly desired.

Several non-ITO electrode materials have emerged
over the years in the hope of improving the functionality
and flexibility of optoelectrical electrodes, including multi-
layer dielectric/metal/dielectric (DMD), metal grids, silver
nanowires (AgNWs) [8], carbon [9], and graphene [10].
Transparent and conductive electrodes are desired to be
evaluated using a figure of merit. As illustrated in Figure 1,
the transmittance and sheet resistance of several FTCEs
can be evaluated by Cook’s figure of merit FoMC, which
is expressed as follows [11]:

=
T

R
FoM ,C

sh

(1)

where transmittance T and sheet resistance Rsh simulta-
neously decrease with the increase in the electrode thick-
ness d. Even though carbon and graphene are highly
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bendable and transparent, their conductivity and FoMC’s
value are relatively low compared with ITO on glass or
DMD films. In 2018, Heo et al. proposed graphene films
based on polydimethylsiloxane [12]. Though they have a
transmittance of 92.5%, the sheet resistance is around 396
Ω/□, which hinders their application in electrodes. In gen-
eral, AgNWs show higher or similar conductivity and trans-
parency as that of ITO. However, they have high inherent
surface roughness, which leads to higher leakage current
in devices [13]. DMD is a multilayer structure, in which the
thin metal layer is sandwiched by adjacent dielectric layers.
The thin metal provides excellent electrical conductance and
mechanical flexibility for DMD, and the two adjacent dielectric

layers improve the overall transparency and chemical corro-
sion resistance of the entire structure. As shown in Figure 1,
multilayer DMD structure films have excellent high transmit-
tance with a low sheet resistance, realizing a high value of
FoMC (above 300) [14]. Thus, these superlative properties of
DMD films enable their applications in foldable optoelectrical
displays. In addition, Haacke proposed a formula with a pre-
ference for higher transmittance as follows [15]:

=
T

R
FoM ,H

10

sh

(2)

which can be used to calculate the optimal thickness at T

over 90%.
Over the years, DMD electrodes have been considered

the best potential candidates for FTCEs. Since it was first
reported in 1976 by Fan and Bachner, multilayer DMD
structures have been extensively studied to achieve high
transparency and conductivity [26]. The roadmap for devel-
oping DMD electrodes for light-emitting devices is shown
in Figure 2. ITO [27], zinc oxide (ZnO) [28], zinc sulfide
(ZnS) [29], molybdenum oxide (MoO3) [30], tungsten tri-
oxide (WO3) [31], and indium zinc tin oxide (InZnSnO)
[32] have been reported as dielectric materials. Besides,
from the perspectives of LEDs, the optical and electrical
properties of DMD electrodes have been optimized through
the adjustment of themultilayer structure. For example, Cho
et al. first systematically explored the optical characteristics
of OLEDs based on DMD electrodes. Specifically, near-Lam-
bertian emission and a 100% improvement in the luminous
efficiency of DMD-based OLEDs are achieved by careful con-
trol of the microcavity effect, the transmittance of DMD
electrodes, and their correlation with the emission spectrum
of the emitting molecule [33]. Concerning electrical properties,

Figure 1: Overview of state-of-the-art electrodes presenting the pub-
lished combination of transmittance and sheet resistance values: ITO
[12,16,17], graphene [18], metal grid [19], CNTs [20], PEDOT:PSS [21],
AgNWs [22–24], carbon [25], and multilayer DMD structure films [14].

Figure 2: The roadmap of the DMD electrodes applied in LEDs.
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Tian et al. achieved efficient electron injection of MoO3/Ag/
MoO3 cathodes into organic layers by reducing the thickness
of the dielectric layer on bathophenanthroline (Bphen) doped
with 10wt% cesium carbonate (Cs2CO3) to form ohmic con-
tacts [34]. In addition, the performance of DMD electrodes can
be optimized by changing the refractive index, thickness, and
growth conditions of metal and dielectric [35,36]. After that,
researchers combined DMD electrodes with flexible substrates
in recent years, such as polyethylene terephthalate (PET), to
obtain DMD structure with flexible modules used in foldable
devices [14].

Until now, the rapid development of optoelectronic
devices has prompted a variety of DMD electrode config-
urations. High-performance DMD electrodes have always
been in the spotlight both in science and industry [37–41].
In particular, the growth of ultrathin films [41], the selec-
tion of materials and structures [40], and their application
in the photovoltaic scene [37] have been reviewed else-
where. Notably, in 2023, Guo et al. comprehensively dis-
cussed the optoelectronic properties of ultrathin metal
films in terms of electrostatic rate scattering models and
other aspects, and reviewed in detail the mechanical proper-
ties of brittle/ductile hybrid structures [42]. The outstanding
work provided guidance for enhancing the intrinsic optoe-
lectronic properties of ultrathin metal films used for trans-
parent guide applications. However, the application of DMD
electrodes in LEDs has been rarely concluded, notably in the
still-emerging field of foldable LEDs. It is crucial to stress
that foldable devices are unique explorations and have
exceptional effects in LED applications, such as touch dis-
plays. The review highlights the latest progress and identi-
fies key challenges of DMD electrode design and their
application in foldable light-emitting devices. Due to the
small amount of DMD foldable devices, we also review
DMD flexible devices due to the inclusion relationship
between “flexible” and “foldable.”We begin by briefly intro-
ducing the optical and electrical properties of multilayer
DMD structure films. According to Haacke’s FoMH, various
DMD electrodes including ITO/metal/ITO, ZnO/metal/ZnO,

TiO2/metal/TiO2, and MoO3/metal/MoO3 are evaluated. Like-
wise, we discuss the limitations and modification methods
of multilayer DMD structure for practical application in
foldable devices. After that, the progress of flexible sub-
strates is provided. Moreover, we present the multilayer
DMD structure films used as bottom or top electrodes in
OLEDs, QLEDs, and PeLEDs. Finally, an outlook of DMD
electrode application in LEDs is given, along with the diffi-
culties and intriguing future possibilities.

2 Multilayer DMD structure films’
optical and electrical properties

The outstanding optical transmission and electrical con-
duction are two noteworthy benefits of multilayer DMD
structure films. The unique electrical property of DMD films
is governed by the thin metal layer sandwiched between the
top and bottom dielectric components. Metals are good con-
ductors, and the electron transport greatly influences the
resistivity of DMD films [41]. The resistance of the thick
metal is summarized in Table 1. The sheet resistance of
the monolayer metal film is further reduced by increasing
the film thickness to mitigate the parasitic electrical loss.
However, the transmittance of metal films decreases with
the increase in the thickness by changing the film’s reflec-
tion and absorption of light.

There is a very large refractive index mismatch between
the metal electrode and the external environment (the air),
that is, the impedance mismatch during electromagnetic
wave transmission. This mismatch causes the electromag-
netic wave to be reflected to a certain extent, thus reducing
the transmittance. Based on Beer–Lambert law, light exhibits
exponential attenuation with increasing film thickness and
has a finite penetration depth in transparent electrodes [43].
The length at which the propagating light's intensity is dimin-
ished by more than 99% is referred to as the penetration

Table 1: Resistivity (ρ), complex refractive index ( kn‒i ), work function, and the ability of adhesion on the dielectric substrate of several metals [51–54]

Material Resistivity, ρ
(Ω m) @ 20℃

Complex refractive
index, n − ik @ 550nm

Work function
(ø/eV)

Eadh (mJ/m2) γm (mJ/m2)

Silver (Ag) 1.59 × 10−8 0.15 − i3.2 4.64 174 814–926
Copper (Cu) 1.70 × 10−8 0.68 − i2.6 5.10 474 1,233
Gold (Au) 2.44 × 10−8 0.42 − i2.3 5.47 227–246 1,125
Aluminum (Al) 2.82 × 10−8 0.97 − i6.4 4.20 844 844
Nickel (Ni) 6.99 × 10−8 1.9 − i3.6 5.22 803–942 1,883
Iron (Fe) 1.00 × 10−7 2.9 − i2.9 4.68 913 1,673
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depth [44]. Metal films with a thickness above the penetra-
tion depth have high reflectivity and opacity [45,46]. There-
fore, the thickness of the metal in transparent electrodes is
desired to be <10 nm [47,48]. The optical transmittance in
thick metals is hindered by the metal's absorption of light. As
light travels throughmetals, the widely distributed electronic
states in metals combined with photons cause Joule heat and
optical absorption loss. The absorbed photon energy is
proportional to nkd λ/( ) , where λ is the wavelength of the
incident light, k is the extinction coefficient, and n is the
refractive index of the metal [49]. The formula shows that
the absorbed photon energy increases with the complex
refractive index n ik– . Table 1 shows some specifications
on the complex refractive index of metals. Silver (Ag, ρAg =
1.59 × 10−8 Ω/□ @ 20℃, nAg = 0.15 − i3.2 @ 550nm) and gold
(Au, ρAu = 2.44 × 10−8 Ω/□ @ 20℃, nAu = 0.42 − i2.3 @ 550nm)
with low complex refractive index and high resistivity stand
as promising candidates for metal layer [50]. However, the
optical constants of metals, n and k , change with wavelength,
and generally speaking, they rise monotonically with wave-
length λ in the visible range. With an increase in λ, the order
of magnitude of the metal optical constants can go from 10 to
102, and the metal film transmittance considerably decrease.

The metal absorption loss occurs when the photon
frequency is greater than the metal plasma frequency. In
comparison, when the photon frequency is equal to the
plasma frequency, the surface plasmon polaritons (SPPs)
are resonantly excited by the coupling between the eva-
nescent light traveling along the metal surface and inci-
dent light [55,56]. For the far field transmittance, the
excitation of SPPs means the loss of the light out-coupling
energy, as shown in Figure 3(a). The dispersion of SPPs
can be calculated by conventional Maxwell’s equation as
follows:

=
+

k k
ε ε

ε ε
,SPP 0

d m

d m

(3)

where kSPP represents the propagation constant of the SPPs,
k0 is the wave vector of a photon in a vacuum, and εd and
εm are relative constants of the dielectric and metal, respec-
tively [57]. According to reports, at frequencies close to the
resonant frequency, the propagation constant of SPPs will
tend to infinity, and SPPs exhibit the characteristics of the
surface plasmons (SPs) [58]. Any interface with real compo-
nents of the two complex dielectric constants that have the
opposite signs is where SPs exist, for example, the interface
between a metal with the negative dielectric constant and
dielectric material with the positive one. Thus, the dielectric
with a large negative relative constant is the vital cause for
suppressing the loss of SPPs as shown in Figure 3(b). For
example, bottom-emitting OLEDs can theoretically lose up to
10% of their light due to SPPs loss [59], which can be
decreased by translucent silver electrodes with WO3 thin
film encapsulation [60].

Moreover, when photons with frequencies lower than
the metal plasma frequency are encountered, metal films
exhibit strong reflection due to the high electron density.
The surface of translucent metal partially reflects the inci-
dent light, which causes significant reflection loss as seen
in Figure 3(a). Considering the film thickness of Dielectric1,
the optical path difference of reflected light is

=n d
λ

2
2

.1
(4)

The refracted light of the DMD film causes destructive
interference as plotted in Figure 3(b) [44]. In this case,
the reflection loss of the metal surface is forbidden. The
DMD structure with the ultrathin metal layer coated by
high-refractive index dielectric films has admittance dia-
grams as sketched in Figure 3(b). When the conductivity
path from the substrate to the air is uninterrupted, according
to the admittance diagram, there is a zero-reflection condi-
tion. Hence, we can detect the anti-reflective effect in the
visible region by placing the last dielectric layer on the metal

Figure 3: (a) Three types of optical losses in multilayer DMD structure films; (b) optimized DMD structures maximize optical transmittance.
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film to complete the conduction channel. The admittance of
the DMD film starts from the substrate (nsub, 0) and ends near
the air (nair, 0) to obtain zero-reflection conditions [55].

One of the key challenges in obtaining high conduc-
tivity is fabricating ultrathinmetal films. As far as nanoscale
metals are concerned, high transmittance and conductivity
are associated with the surface morphology of metal
films. During the metal preparation progress, the lattice
mismatch between metals and substrates gives rise to
aggregated island metal clusters before a homogeneous
layer [61]. Sytchkova et al. [62] and Guske et al. [63] both
reported that the thickness of metal films should be >10 nm
to be continuous. Because the thickness of metal inter-
layers in DMD structures should be less than 10 nm, the
surface roughness of metals is of decisive importance. The
ultrathin metal layer with a rough surface inspires strong
SPPs, which represents a further optical loss [56]. Mean-
while, the boundary effect in ultrathin films enhances
obvious electron scattering at grain boundaries and sur-
faces, which causes highly reduced electron mobility and
suppressed conductivity [64]. Nonetheless, it has been reported
that the thickness of the continuous metal film can be < 10 nm
by lowering the permeation threshold of the metal film [65].
Once reaching the percolation threshold, the separate metal
island boundaries merge and form a continuous closed layer
[45]. Dramatic reduction in surface roughness of the contin-
uous closed layer steeply improves ultrathin metal film con-
ductivity and reduces scattering and SPPs. Therefore, the film
thickness can be optimized by minimizing the permeation
threshold of the metal. The permeation threshold is reduced
by adjusting mismatched surface energy between metal and
dielectrics [66]. With aminimum permeation threshold, optical
transmission improvement and electrical resistance reduction
targets of the ultrathin metal film can be realized simulta-
neously [47].

It is noteworthy that DMD electrodes based on viable
dielectric materials can be used as anodes and cathodes in
light-emitting devices. A bandgap of above 3.1 eV (allowing
>80% transmittance in the visible region), and carrier den-
sity of about 1020–1021 cm−3 are required of dielectrics used
in FTCEs [67]. Moreover, the charge injection characteristic
is the priority concern for dielectric components between
metals and organics. The energy barrier for the charges to
transfer hardly is formed between metals and organics,
caused by the mismatched work function and molecular
orbital (HOMO or LUMO) energy level. In devices using
DMD anodes (cathodes), the approach to reduce the barrier
height for charge injection increases (decreases) the work
function of the dielectric between metals and organics in
DMD anode (cathode), toward the ultimate goal of achieving

Ohmic contacts. WO3 (4.8 eV) [68] and MoO3 (6.6 eV) [69]
have been reported in optoelectronic devices. However, the
dielectric between metal and substrate first focuses on high
refractive index and surface energy instead of an injection
of charge. High refractive index dielectrics coated on metals
give the antireflective effect, and high surface energy dielec-
trics improve the uniformity of metal-deposited films. ZnS
(surface energy of about 76 dynes/cm and refractive index
nZnS = ∼2.3) [70], WO3 (surface energy of about 69 dynes/cm
and refractive index nWO3 = ∼1.95) [71,72], and MoO3 (surface
energy of about 74 dynes/cm and refractive index of nMoO3 =

∼2.1) [73,74] have been reported as high surface energy
dielectrics.

Table 2 lists various multilayer DMD structure films
and their optical and electrical properties. As we can see,
sheet resistances of reported the multilayer DMD structure
films are generally below 20Ω/□. Some multilayer DMD
structure films have a sheet resistance of fewer than
10Ω/□, which meets the requirements of large-area device
electrodes. In addition, it is by the law of film transmit-
tance that the transmittance of multilayer DMD structure
film decreases with the increase in the metal thickness. The
values of FoMH of some multilayer DMD structure films
catch up with those of monolayer ITO films.

Furthermore, new structures of multilayer metal-dielec-
tric films are derived from the DMD structures. Figure 4
illustrates three structures, which are asymmetric multi-
layer DMD structure [33], multilayer dielectric/metal/dielec-
tric/metal/dielectric (DMDMD) structure [6], and multilayer
metal/dielectric/metal (MDM) structure [88]. Asymmetric
multilayer DMD structure films, which are considered to
be effective waveguides, exist in a plasmonic quasi-bandgap
(PQB) region [89]. SPPs are forbidden in the PQB region. For
instance, a blue OLED based on asymmetric DMD electrodes,
which effectively suppressed SPPs loss in the wavelength
region of 390–470 nm, was introduced by Lee et al. [90].
Besides, multilayer DMDMD structure films, which have
another coat of dielectric/metal on DMD films, can obtain
better conductivity without a metal thickness increase.
Destructive interference by the interface reflective beam
and constructive interference by the interlayer transmitted
beam still control the optical transmission of multilayer
DMDMD structure film [91,92]. Therefore, color conversion
of light can be realized by adjusting the reflection and trans-
mission coefficients in DMDMD films. A good example is that
Choi et al. analyzed the feasibility of multilayer DMDMD
structural films for color conversion electrodes, and pro-
duced multilayer WAW electrodes applied in red and green
ultra-high resolution OLED displays [93]. Following is the
multilayer MDM structure, in which a significant change
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in the dispersion relation occurs due to four metal inter-
faces. MDM films are proposed to be filter electrodes in
light-emitting, considering that Biring et al. obtained high
color purity optoelectronic devices by using MDM electrodes
in 2021 [88].

3 Multilayer DMD structure films’
mechanical properties

A flexible object with a reduced bending radius is said to be
foldable. The ability of an object to bend without rupturing

Table 2: Comparison of parameters of various DMD structures

Substrate Multilayer structure Thickness [75] Rsh (Ω/□) λ [75] T (%) Haake FOMH (×10−3 Ω−1) Ref.

Glass ITO — 18.9 450–600 96 35.2 [76]
PET ITO/Au/ITO 45/7/45 — 550 — 24 [77]
PET ITO/Au/ITO 20/8/20 16.7 550 88 16 [78]
PET ITO/Ag/Au/ITO 20/7/7/20 6.7 550 84 24 [78]
Glass ITO/Ag/ITO 35/10/20 6 550 90 ∼85 [79]
PET ITO/Cu/ITO 35/6/35 11.8 550 73.9 4.12 [80]
PET ZnO/Ag/ZnO 25/8/25 16.7 550 77 4 [78]
PET ZnO/Au/ZnO 25/8/25 16.7 550 82 8 [78]
PET ZnO/Ag/Au/ZnO 25/8/9/25 10 550 83 15 [78]
Glass ZnO/Ag/ZnO 30/8/30 6.1 400–700 — 8.6 [81]
Glass ZnO/Ag/ZnO 30/10/30 5.4 400–700 — 22.4 [81]
Glass AZO/Ag/AZO 30/8/30 5.6 400–700 — 29.2 [81]
Glass AZO/Ag/AZO 30/10/30 5.3 400–700 — 45.5 [81]
PET AZO/Au/AZO 40/7/40 — 550 — 8 [77]
Glass ZnS/Ag/ZnS(annealing temperature@25℃) 35/17/35 19 550 55.6 0.15 ± 0.02 [82]
Glass ZnS/Ag/ZnS(annealing temperature@100℃) 35/17/35 12 550 65.1 1.14 ± 0.2 [82]
Glass ZnS/Ag/ZnS(annealing temperature@200℃) 35/17/35 8 550 79.2 12 ± 2.7 [82]
PET WO3/Ag/WO3 (WAW) 30/10/50 12.2 400–700 80.9 9.84* [83]
PET WAW 25/11/25 20 400–750 82.5 7.3* [84]
Glass MoO3/Ag/MoO3 20/7.5/20 48.3 300–700 66.1 — [85]
Glass MoO3/Ag/MoO3 20/10/20 — 300–700 68.9 3.1 [85]
Glass MoO3/Ag/MoO3 20/7.5/20 8 300–700 79 12 [85]
PET MoO3/Ag/MoO3 17.5/11/35 13 350–700 74 4.21 [86]
PET MoO3/Ag film/MoO3 40/10/40 6.12 550 69.8 4.47 [87]
PET MoO3/Ag grid/MoO3 40/10/40 5.88 550 76.5 11.6 [87]
Glass TiO2/Ag/TiO2 35/8.5/35 5.62 450–650 85 35 [76]
Glass TiO2/Ag/TiO2 35/10/35 4.33 450–650 85 40.4 [76]
Glass TiO2/Ag/TiO2 35/13/35 3.74 450–650 84 13.2 [76]
Glass TiO2/Ag/TiO2 42/8.5/42 5.95 450–650 85 33.1 [76]
Glass TiO2/Ag/TiO2 42/10/42 4.48 450–650 89 69.6 [76]
Glass TiO2/Ag/TiO2 42/13/42 3.50 450–650 82 39.3 [76]
PET TiO2/Au/TiO2 30/7/30 — 550 — 1 [77]
PET Bi2O3/Au/Bi2O3 120/7/120 — 550 — 0.5 [77]

* Calculated from available data Rsh and T% from graphs.

Figure 4: Three new multilayer metal-dielectric structures: (a) asymmetric multilayer DMD structure; (b) multilayer DMDMD structure; and (c)
multilayer MDM structure.
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atomic bonds is known as flexibility, and it is often mea-
sured by a threshold radius of curvature. A criterion for
electrical failure in light-emitting devices is the threshold
radius of curvature at which a transparent conducting elec-
trode's resistance fails to revert to its initial value [94].
According to the various threshold radius of curvature, flex-
ible displays can be classified into bendable (about 10mm),
rollable, and foldable (less than 5mm) devices [95]. Obviously,
devices with a larger threshold radius of curvature are sim-
pler to implement, and foldable devices introduce new cri-
teria for choosing an electrode.

Mechanical failure is still the key challenge for fold-
able devices due to the local channeling crack of the
merged pre-existing flaws [96,97]. More specifically, pre-
existing flaws propagation in films causes mechanical failure,
and the fracture toughness is a key factor in providing
uniform integrity and reliable performance throughout the
foldable devices, which hinders the pre-existing cracks con-
nection [98,99]. In traditional optoelectronic devices, fragile
ITO electrodes are unable to withstand various deformations
under bending, twisting, or folding [100]. In particular, the
high fracture toughness of traditional ITO-based LEDs is dif-
ficult to achieve. According to the conventional Euler–Ber-
noulli beam theory, the reduced thickness of fragile ITO films
facilitates the release of mechanical stress and strain [101];
however, this inevitably results in a loss of the electrical con-
ductivity of ITO films. Multilayer ITO/metal/ITO structures
have been proposed to avoid the performance degradation
caused by the reduced material thickness [102]. Monolayer
dielectric electrodes typically have a thickness between 150
and 700 nm [77], which is significantly thicker than the
20–50 nm dielectric layer used in multilayer DMD structure
films [37]. Studies on mechanical properties and failure
mechanisms have been reported. In 2015, Kim et al. showed
that the flexibility of PET-based ZnSnO (ZTO)/Ag/ITO electrodes
was far better than ITO thin films with the same thickness
[103]. The sheet resistance of the multilayer electrode is almost
unchanged after the bending cycle experiment due to the
highly flexible metal film. In contrast, the value of ITO thin
film sheet resistance noticeably rises. Consequently, DMD elec-
trodes, which are significantly thinner than ITO electrodes,
have higher fracture toughness and can, to a limited extent,
preserve structural stability during bending and stretching.

Mostly due to the crack deflection, the DMD structure
exhibits outstanding mechanical flexibility that is compar-
able to the layered structure of living organisms. The
mixed brittle and ductile DMD structure is able to stop
rapid crack propagation because the ductile metal layer
specifically controls the slip and nonlinear deformation
of the interface during bending. According to the penetra-
tion competition mechanism, the competition between the

direction of the largest mechanical driving force and the
direction of the path of the weakest structure will also
cause the crack path to be diverted laterally along the
metal layer when the DMD structure is bent [42].

The DMD structure provides unique mechanical flex-
ibility mainly due to the excellent ductility of the metal
layers. Hengst et al. proposed that the value of crack onset
strain (COS) of the dielectric film decreases with the increase
in the film thickness [104], as shown in Figure 5(a). Mono-
layer dielectric film was prone to catastrophic failure since
the film was cracked by the formation and expansion of
groove cracks perpendicular to the direction of the tensile
load. In contrast, multilayer DMD film supported a more
immense strain at the interface when cracking occurred
and had better stability. To further analyze the fracture
mechanics of multilayer DMD structure at the nanoscale
level during bending, Lee and Guo confirmed the absorption
of shear deformation by the flexible metal film [105]. As
shown in Figure 5(b), cracks in multilayer films had a deflec-
tion effect, and the thin metal layer sandwiched between
two layers of brittle material had a fracture toughness.

In the ductile metal layer, metallic bound rupture
helps with the absorption of impact energy and the pre-
vention of rapid crack propagation. The impact energy is
largely consumed in the elastic strain of the metal layer,
which is used for the crack tip-blunting effects of plastic
deformation. Lee proposed that the stress in front of the
crack tip in ITO is almost 1 GPa, which is 40% higher than
that of the DMD surface [106]. This means less energy is
used for crack propagation and creating new surfaces in
DMD structures. According to He and Hutchinson’s crack-
deflection mechanics solution [107], the shear deformation
of metal layers absorbs energy and transfers strain energy
to plastic deformation, controlling the crack propagation
along the metal/dielectric interlayer and forming a very unu-
sual stepped two-dimensional crack as seen in Figure 6. Com-
pared with penetrating cracks in brittle dielectric materials,
deflection cracks are the more reliable mechanism to prevent
rapid electrical failures. The penetrating crack represents the
worst case of the destroyed films. The crack path of a stepped
two-dimensional crack depends on two main factors. One is
the Dundurs’ elasticmismatch parameter calculated as follows:

=
−
+

α
E E

E E
,

Dielectric Metal

Dielectric Metal

(5)

where EDielectric and EMetal are the elastic moduli of dielec-
tric and metal layers, respectively [107]. The other one is
the critical strain energy release rate calculated as follows:

=r
G

G
,

interface

metal

(6)

Recent progress in DMD electrodes for foldable light-emitting devices  7



Figure 5: (a) On 25 μm PET substrates, the COS of a-Si:H, ITO-1, ITO-2, and ZTO films were examined. Likewise, cross-sections of a-Si:H, ITO-1, and ITO-
2 films after tensile loading perpendicular to the crack path up to a maximum strain value is indicated in (a), (b) and (c) [104]; (b) linear elastic crack-
deflection mechanics solution of He and Hutchinson for a crack normally impinging an interface between two elastically dissimilar materials and
comparison of flexible electrode cyclic performance results. (A) Curve marks the boundary between systems in which cracks are likely to penetrate the
interface (above the curve, red square dot) (B) or deflect along the CuAg interface (below the curve, blue square dot). Also included are the
optimization findings from a dynamic external bending fatigue test on a multilayer DMD material with a fixed external bending radius of 5 mm and
longer bending periods. In comparison to AgNW and metal mesh (MM) samples (containing Ag nanoparticles), DMD materials displayed remarkably
stable resistance values after more than 10,000 bending cycles [105].

Figure 6: Development of cracks during bending of multilayer DMD films.
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where Ginterface and Gmetal are the interface toughness and
metal toughness, respectively. The direction of crack pro-
pagation in brittle-ductile mixed multilayer DMD struc-
tures can be controlled by optimizing the elastic mismatch
and material toughness. Thus, the fracture toughness is
improved, and further catastrophic crack propagation is
efficiently prevented in DMD structures.

Nevertheless, the mechanical stability of DMD struc-
tures remains problematic. It is generally known that films
placed on polycrystalline structures crystallize easily, there-
fore the dielectric deposited on polycrystalline metals forms
crystallization of polycrystalline structures, degrading the
mechanical properties of DMD films [108]. To address this
issue, Song et al. added hydrogen to the oxide layer of ITO/
Ag/ITO in 2021, resulting in the formation of a reliable amor-
phous oxide structure. The device's dynamic bending experi-
ment demonstrates that by adding 0.2% hydrogen flow ratio,
the mechanical stability of the material is greatly enhanced.
Additionally, the residual stress is minimal and resistance
changes are stable [109]. The majority of DMD film with unex-
pected polycrystalline structures can have their mechanical
stability increased by adding the right amount of hydrogen
during deposition, which further distinguishes DMD electrode
from other developing transparent conductor alternatives.

Though the combination of the thin dielectric layer
and the metal film gives the DMD electrodes outstanding
mechanical flexibility, bending DMD electrodes undergo
external bending tensile stress and internal bending com-
pressive stress. Microcracks in multilayer films are inevi-
table after repeated bending due to the sizeable elastic
strain differences between metal, brittle dielectric, and
substrate materials [107,110]. Furthermore, the interfacial
failure between DMD and substrate is another key chal-
lenge worth attention. Due to the large mechanism mis-
match between the substrate and dielectric, cracks spread
along the dielectric/substrate interface (i.e., delamination),
causing interfacial failure [111,112]. Under the action of
additional strain, new cracks are formed, and the spacing
between cracks decreases gradually until reaching satura-
tion. Under continuous strain, transverse cracking and
stratification occurred. When the adhesion of the dielectric
on the substrate is weak, stratification is easy to occur.
Therefore, to produce foldable electrodes with high stabi-
lity, a multilayer DMD structure with strong adhesion is
necessary. The adhesion of the dielectric-substrate inter-
layer can be improved by pretreatment of the polymer
surface with an ion beam or plasma before oxide deposi-
tion. The connection between the dielectric and the sub-
strate is mainly composed of van der Waals forces. By
pretreatment, chemical bonds can be formed at the inter-
face between the DMD electrode and polymer surface.

When the electrode–substrate film bend under intense
stress, the new bonds may lead to additional interface.

Additionally, when bent inward or outward, DMD
films on flexible substrates exhibit entirely different frac-
ture mechanisms. The composite film experiences compres-
sion strain when it bends inward, which is first released by
delamination and buckling. The DMD film may then be torn
from the substrate and continue to conduct electricity
before cracks occur, delaying device failure. The tensile
strain applied to the composite film during outward
bending is mostly discharged by the development of
cracks, and the channel cracks directly form in the DMD
film, resulting in quick device failure [42].

4 DMD on flexible substrates

The flexible substrate is the foundation of foldable and
transparent devices. A flexible substrate requires excellent
flexibility, great visible light transparency (up to 90%), a
smooth surface, and thermal and chemical stability. So far,
petroleum-derived substances with lightweight, thin thick-
ness, high flexibility, and strong durability are the most
common materials used for flexible substrates. PET [113],
polyethylene naphthalene [114], and colorless polyimide
[115,116] have been used in foldable devices, including
OLEDs, QLEDs, and PeLEDs. Besides, various new flexible
material substrates have been reported to meet the basic
needs of flexible wearable devices, primarily in two cate-
gories: clothing-compatible fabric substrates [117–123] and
biocompatible environmentally friendly substrates [124–128].

Despite the reports of a variety of flexible substrates, it
is worth noting that previously reported traditional trans-
parent electrodes, particularly DMD electrodes, combined
with flexible transparent substrates typically have trans-
mittance in visible wavelength that is lower than the trans-
mittance of the monolayer substrate. However, as shown
in Figure 7, in 2020, Ji et al. prepared DMD electrodes on
PET substrates with an average absolute transmittance of
88.4% over the whole visible spectrum (400–700 nm), sur-
passing the transmittance of the substrate itself (88.1%) [35].
Quantitative design of the dielectric's composition and thick-
ness, as well as the ultrathin, ultra-smooth copper-doped
silver film, which surpasses the transmittance of trans-
parent substrates, is how the device's relative transmittance
of about 100.3% is achieved. This achievement opens up a
remarkable new route for the replacement of traditional
ITO devices. It is now possible to create electrode-substrate
modules with extremely high transmittance owing to the
solution to the problem of restricted transmittance in con-
ventional electrode-substrate modules.

Recent progress in DMD electrodes for foldable light-emitting devices  9



Furthermore, a desired feature for flexible DMD-sub-
strate films is low surface roughness to minimize the risk
of shunts and leakage currents [129–131]. As seen in Table 3,
the roughness of DMD-substrate films using polymer sub-
strates such as PET is increased compared to those using
conventional glass substrates. The use of a polymeric inter-
layer helps reduce the roughness of flexible DMD-PET film.
For example, to modify the growth of TiOx/Ag/AZO elec-
trodes on PET and make it resemble the growth of TiOx on
glass, Kinner et al. employed a UV-crosslinked organic-inor-
ganic composite (Amonil®) layer as the interlayer of PET and
DMD electrodes [132].

5 Light-emitting devices using DMD
electrodes

Flexible and transparent LEDs have drawn lots of interest
because of their potential in portable and wearable electronic

devices. Due to the limits of transparent electrodes, the elec-
troluminescence (EL) performance of flexible light-emitting
devices is thus still much worse than that of traditional dis-
plays. Meanwhile, flexible multilayer DMD electrodes have
been utilized to create flexible light-emitting devices including
OLEDs, QLEDs, and PeLEDs. Lewis et al. initially proposed
flexible transparent OLED anodes made of ITO/Ag/ITO multi-
layer films in 2004 [136]. They demonstrated the outstanding
robustness of the DMD-based OLEDs, which were antici-
pated to serve DMD films as transparent electrodes for
OLEDs. In addition to the successful use of DMD electrodes
in OLEDs, QLEDs and PeLEDs have a wide market and
applied in the flexible electronics field. Benefiting from
the quantum confinement effect, QLEDs offer superior color
purity than OLEDs [137]. And the color purity of PeLEDs is
also better than OLED [138]. However, compared to DMD-
based OLEDs, the development of flexible QLEDs and PeLEDs
with DMD electrodes is still in its infancy. Typical light-emit-
ting device architectures with DMD top or bottom electrodes
are shown in Figure 8, in which each layer’s material can be

Figure 7: Calculated (red solid curve) and measured (blue dashed curve) absolute transmittance from 400 to 700 nm of the designed DMD transparent
electrode, showing great consistency with each other. The photograph of the fabricated flexible electrode shows high transparent and neutral
appearance [35].

Table 3: Summary of the root mean square (RMS), and optical and electrical properties of the DMD structures deposited on different substrates

Multilayer structure Substrate material RMS [75] T550 (%) Rs (Ω/□) Ref.

TiOx/Ag/AZO Glass 1.1 ± 0.1 90 5.7 [132]
PET 8.4 ± 1.5 47 29.9 [132]
PET/Amonil®250 1.7 ± 0.1 87 5.7 [132]
PET/PMMA300 3.7 ± 2.3 81 6.9 [132]

ZTO/Ag/ZTO Soda lime glass 1.45 91.2 8.6 ± 0.2 [133]
Polycarbonate 3.00 77.2 6.7 ± 0.2 [133]
PET 5.90 62.0 11.2 ± 0.2 [133]

SiO2/WO3/Ag/WO3 Glass — 92 — [134]
Polyimide 0.72 95 — [134]

MoO3/Ag/MoO3 Glass 2.0 ± 0.2 — 5 [135]
PET 20.4 ± 1.5 — 5 [135]
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replaced by other functional materials with the same proper-
ties. In this review, OLEDs, QLEDs, and PeLEDs based on
DMD electrodes are assessed from the views of physical prop-
erties, including turn-on voltage (Von), power efficiency (P.E.),
current efficiency (C.E.), etc.

5.1 Bottom- and top-emitting OLEDs using
DMD electrodes

DMD electrodes are alternative technologies of transparent
electrodes for next-generation OLEDs. At present, it is
urgent to increase the efficiency, flexibility, and transpar-
ency of OLEDs using DMD electrodes. The traditional form
of multilayer DMD structure is a single side electrode of
efficient top/bottom OLEDs. The DMD electrode on the sub-
strate is typically in the bottom-emitting OLEDs, and light is
also released from the device's bottom surface that is in
touch with the substrate. The output coupling challenge of
light traveling through the DMD-substrate is the major
issue for applying DMD to bottom-emission OLEDs.

Since the first demonstration of DMD structures, the
photoelectric performance of DMD electrodes has been
upgraded to the same level as ITO electrodes. The entire
design of the device, including the functional layer injec-
tion barrier, microcavity effect, and the type of substrate,
all have an impact on the luminous efficiency of bottom-
emission DMD-OLEDs. For example, in 2010, Cho et al.
systematically studied the optical properties of bottom
DMD-OLEDs using a thin film optical framework with
optical microcavity. The results suggested that the transmit-
tance of the electrode could not guarantee high efficiency in
DMD-OLEDs. The optical property of each layer of the DMD
structure is different, and its optimization should consider
not only the transmittance but also the overall cavity

structure and its correlation with the emitter molecular
emission spectrum. Extensive control can be exerted over
the optical characteristics by precisely adjusting the rela-
tionship between the OLED’s microcavity effect and the
DMD electrode's transmittance and their correlation with
the emission spectrum of the emitting molecules. The lumi-
nous efficiency of DMD-OLED has increased to twice that of
reference ITO-OLED with the alteration to the DMD struc-
ture, approaching Lambert emission [33]. This research
examines optimization techniques for forward luminous
efficiency, total optical power, and angle/spectral proper-
ties, which serve as the cornerstone for the effective appli-
cation of DMD electrodes in OLEDs. In another experiment,
the microcavity effect of the device depends on the thick-
ness of the dielectric layer to adjust the optical path and
round-trip phase. Yang et al. achieved high performance
from ITO-free bottom OLEDs based on ZnS/Ag/ZnO/Ag/WO3

(ZAZAW) electrodes by careful tuning of dielectric layer
thickness. In the visible light range, the electrode measured
transmittance of over 80% with a very low resistance of
2.17 Ω/□. It was found that altering the microcavity effect
by altering the thickness of WO3 will reduce the transmit-
tance of ZAZAW electrode, but the efficiency of the PET-
ZAZAW-based bottom-emitting OLEDs could be higher than
that of PET-ITO-based OLEDs [91].

Additionally, higher performance bottom-emitting OLEDs
require efficient charge injection at conditions that the trans-
mittance of the DMD electrode is nearly equal to that of the
ITO electrode. The electron injection capability of the device is
based on the film resistance and injection barrier. A relatively
smooth WAW conductive film has been proposed by thermal
evaporation, which provides a good interface for electron
injection. Meanwhile, BPhen:Cs2CO3 n-type doping layer was
used to reduce the injection barrier ofWAW/Bphen to 0.048 eV.
The DMD-OLED has a maximum brightness of 280,000 cd/m2

Figure 8: Typical architectures with DMD as top or bottom electrodes are given for (a) OLEDs; (b) QLEDs; and (c) PeLEDs.
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at 8 V and an overall maximum current efficiency of 81.4 cd/A.
The maximum external quantum efficiency (EQE) of bottom-
emission OLED based on WAW cathode has reached 22.4%,
which has reached the efficiency of ITO cathode devices [139].
However, the influence of substrate in the bottom-emitting
OLEDs cannot be ignored. For instance, in 2021, Hermerschmidt
et al. proposed TiOx/Ag/Al:ZnO transparent electrodes, and
solution-treated OLEDs with these DMD electrodes have higher
current efficiency and maximum brightness than commercial
ITO-OLEDs. Compared to the reference ITO-OLED, DMD-OLED
provides a 30% improvement in current efficiency with the
glass substrate and a 260% improvement in current efficiency
on PET substrate [36]. This discovery opens up the prospect of
producing foldable devices at high throughput using DMD elec-
trodes, and the type of substrate has a significant impact on the
present efficiency of DMD-OLED devices, indicating the need to
further explore the efficiency of DMD-OLED devices based on
other types of flexible substrates.

Top-emission geometry can be helpful for the produc-
tion of DMD-OLED with excellent performance and flex-
ibility as compared to bottom emission devices. Since the
light from the top-emitting device does not pass through
the substrate, efficiency loss brought on by the substrate's
parasitic light absorption can be avoided [33]. In 2021, Yoo
et al. presented the top-emission geometry of the flexible
and high-performance ultraviolet (UV) OLEDs with DMD
electrode. The device has the potential to be used in the
sectors of medicine, health, and cosmetics [140]. Research on
top-emitting DMD-OLEDs is growing because DMD struc-
tures are appropriate for non-destructive top electrodes,
despite the fact that these OLEDs are less prevalent than
bottom-emitting devices. The design of the electrode and
the structure of the device have an impact on the perfor-
mance of the top emission DMD-OLED, much like with the
bottom emission devices. For example, the DMD electrode's
metal film causes the EL spectrum to shift due to their metal
reflectance, resulting in the color distortion of the light, even
in the case of ultrathin metal films [141]. Initial efforts to
tackle low efficiency optimized the metal and dielectric
layers, respectively. For instance, the WAW electrode uses
the high refractive index dielectric material WO3 as the
refractive index matching layer to increase optical transmis-
sion by multiple reflections and interference. The optimal
structure of WO3 (30 nm)/Ag (12 nm)/WO3 (30 nm) is
obtained, with high transmittance of up to 93.5% and
low resistance of about 7.22 Ω/□. Meanwhile, the Al inter-
layer with low function is introduced to lower the barrier
to electron injection of WO3 into Alq3 and decreased the
operating voltage of OLED at J = 10mA/cm2 by 6.9 V. The
maximum luminance value (J = 220mA/cm2) was increased

from 8,400 to 11,700 cd/m2, and the luminescence efficiency
was improved by about 26% when WAW cathode was used
to replace the top Al cathode [142]. Thus, it has been demon-
strated that adjusted DMD electrodes can increase the light
output and electron injection efficiency of top-emitting OLEDs.
Through further tuning, the DMD electrode structure was
transformed into a double-layer metal sandwich that offers
high transmittance via optical phenomena in the proper
region between the two metal films. The parallel connecting
principle also contributes to the electrode's high conductivity.
In WO3/Ag/WO3/Ag/WO3 electrodes with double-layer metal
film structures, high electrical conductivity (∼3 Ω/□) and
high transparency (∼90%) were observed, according to Han
et al. [143]. The performance of top-emitting OLED with the
WO3/Ag/WO3/Ag/WO3 electrode is comparable to that of the
device using ITO as the anode.

Nevertheless, the impact of the high melting point
dielectric material evaporation process on the function-
ality of the device, cannot be disregarded. In 2019, Huang
et al. demonstrated the highly efficient top-emitting white
OLEDs with WAW transparent top cathode, which have
better performance than that of the normally used semi-
transparent Mg:Ag cathode [144]. The maximum EQE of
device reached 17.47%. However, the photoelectric conver-
sion efficiency of top emission OLEDs based on DMD elec-
trodes is lower than that of bottom emission devices, which
could be limited by the preparation process of DMD elec-
trodes' dielectric on organic materials. Specifically, the
organic functional layer in top emission OLEDs will be
damaged when deposited with WO3 film since it has a
high melting point of 1,473℃ [142], resulting in the photo-
electric conversion efficiency of top emission OLEDs based
on DMD electrodes becoming lower than that of bottom
emission devices. The development of dielectric materials
with low melting points and high conductivities is required
since it can be demonstrated that the fabrication proce-
dure of high melting point dielectric materials in DMD
electrode has a detrimental influence on the performance
of top emission devices.

In conclusion, DMD electrode has been extensively
applied in the development of bottom and top-emitting
OLEDs. Electrode design and device structure have been
used to enhance DMD-OLED performance. However, addi-
tional study is required in the areas of substrate optical
absorption loss for bottom emission devices and high
melting point dielectric preparation technologies for top
emission OLEDs. Due to the ubiquitous use of DMD elec-
trodes in OLEDs, the remainder of this chapter will con-
centrate on OLEDs with particular characteristics, such as
foldability and transparency.
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5.2 Transparent OLEDs (TOLEDs) using DMD
electrodes

The transparent devices industry is now targeted as another
novel application by the OLED industry, transparent OLEDs
based on DMD electrodes are rarely reported compared
with flexible DMD-OLEDs. As transparent electrodes are
required and the device must be translucent while yet
allowing for effective luminescence, TOLEDmanufacturing tech-
nology is more complicated than flexible OLEDs (FOLEDs),
making it more difficult to achieve good performance and
stability.

Transparent electrodes are the key challenge in making
TOLEDs, which can be made with transparent conductive
oxides. However, the underlying organic layer may be
damaged by the sputtering deposition of ITO or regular
TCO, and getting highly clear TCO with good conductivity
often needs a high temperature annealing procedure, which
is inappropriate for OLEDs. To fulfill this issue, Yoo et al.
created extremely transparent TOLEDs based on the top
cathode of CS2CO3/Ag coated with ZnS layer in 2011. An ideal
top electrode with low sheet resistance and high transmit-
tance is proposed by combining the CS2CO3 layer with
thermal evaporation. TOLED with peak transmittance up
to 80% and luminous transmittance up to 76.4% is achieved,
and the turn-on voltage of the device is as low as 2.6 V [145].
The dielectric layers in DMD electrodes can be easily pre-
pared by thermal deposition, which provides an effective
strategy for achieving highly transparent TOLEDs. In addi-
tion, alkali metals, especially calcium (Ca), are theoretically
promising candidates for electrode metals, but they are lim-
ited by their high activity properties and require trans-
parent conductive oxides for protection. To address this
issue, Yu et al. produced TOLEDs in 2020 by coating ZnO
on atomic layers to safeguard the thin, delicate Ca layer,
which maintains both low work function (3.31 eV) and sur-
face stability for organic electronics. Highly transparent
(visible light range close to 90%) OLEDs have external
quantum efficiencies of 22.7, 19.3, and 17.9% of green, yellow,
and blue emissions, respectively [146]. These devices offer
good options for transparent conductive electrodes in OLEDs
and serves as an example of the potential of alkaline earth
metal electrodes in organic electronics. The extensibility of
DMD electrodes to various OLED designs, such as using DMD
electrodes as both the cathode and the anode of OLED, was
not investigated in these studies, which only took into account
a small number of device structures and materials.

In previous studies of top- and bottom-emitting OLEDs,
multilayer DMD structure films can only be applied to the
single-side electrodes of OLEDs. The metal film to both

sides of the device can result in the micro-cavity effect,
which leads to a decrease in the film’s light output effi-
ciency and an increase in the angle dependence of the light
output. In 2015, Choi et al. first reported FTOLEDs using
both multilayer DMD structure films as anode and cathode
[14]. Figure 9(a) shows that the electrodes are ZnS/Ag/MoO3

(anode) and ZnS/Cs2CO3/Ag/ZnS (cathode), respectively. The
PET-based FTOLEDs have a transmittance of over 74.22%,
and the emission profile complies with the Lambertian
emission pattern. Under compression stress, TFOLED with
multilayer electrodes remains flexible, and at various emis-
sion angles, the EL intensity spectrum and CIE coordination
exhibit hardly any variation. It is justified to investigate
TOLEDs utilizing different materials for DMD electrodes
because the proposed TFOLED design is regarded as a pro-
mising candidate design for transparent and flexible displays.

In Section 5.1, WAW has been reported as the top elec-
trode for top-emitting OLEDs; however, WO3 suffers from a
high melting point (1,473°C [142]), compared to MoO3, which
has a lower melting point (795°C [Hong, 2011 #421] ) and can
effectively prevent the possibility of diffusion of hot atomic
interfaces into the organic layer below. In 2018, Yeh et al.
proposed a highly efficient inverted transparent OLED with a
vacuum-depositedMoO3(5 nm)/Ag(12 nm)/WO3(40 nm) electrode,
which has an overall device transmittance of 80% in visible-light
wavelengths. The MoO3(5 nm)/Ag(12 nm)/WO3(40nm) electrode
prepared by vacuum thermal deposition showed very smooth
surfacemorphology with RMS of 0.339 nm, OLEDwhich demon-
strates the total C.E., P.E., and EQE of 67.7 cd/A, 62.1 lm/W, and
20.1%. The bottom and top emission ratios of TOLED are nearly
equal, at 1:1.1 [147], this means that the device emits light uni-
formly from the top and bottom and allows a large amount of
light to pass through. The better performance of the device is
attributed to the transparent MAW electrodes that act as a cap-
ping layer to regulate the emitting direction and optical proper-
ties. This means that the electrodes help control the direction of
light emission and the way light interacts with the device. These
studies provide very promising solutions for transparent dis-
plays and lighting devices, and it is of interest to explore the
application of transparent and efficient OLED devices.

Recently, blue transparent DMD-OLEDs with high sta-
bility and light transmission for sleep management appli-
cations [148] and a new method for fabricating textile-
based transparent DMD-OLEDs [149] have been reported,
confirming the feasibility of transparent DMD-OLEDs for
applications in various fields such as lighting and wearable
displays. In conclusion, DMD electrodes have been used in
transparent OLEDs. Since OLEDs also need to have better
foldability in special scenarios such as wearable displays,
in Section 5.3, we have focused on foldable DMD-OLEDs.
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5.3 FOLEDs using DMD electrodes

Moreover, with the high flexibility and transparency of DMD
structure, foldable and transparent OLEDs (FTOLEDs) with
DMD electrodes and plastic substrates have been reported.
According to the reports, the following challenges are the
critical ones encountered in DMD electrode application in
FOLED. On the one hand, achieving uniform and steady
device performance is difficult due to the compatibility
of the dielectric layer in the DMD electrode with the flex-
ible substrate. On the other hand, FOLED is susceptible to
mechanical stress and bending, which with time may
result in the decline in performance and dependability.

To overcome these difficulties, newmanufacturing tech-
niques that work with flexible substrates were developed to
create high-performance FOLEDs. Wang et al. obtained
flexible OLEDs with a high EQE by depositing multilayer
Ta2O5/Au/MoO3 structure films on plastic substrates [150],
as shown in Figure 9(b). The device achieves an EQE of
40% at an extremely high brightness of 10,000 cd/m2, laying
the foundation for themass production of high-performance
OLEDs on flexible plastic substrates. Additionally, in 2021,
Choi et al. analyzed the stress and heat dissipation mechan-
isms of twistable and stretchable OLEDs based on MoO3/Au/
MoO3 electrodes for the first time [151], as shown in Figure
9(c) The FTOLED was fabricated on thin NOA63 substrates

Figure 9: (a) Photographs, schematic, and performance of highly transparent and flexible OLEDs: [14]; (b) device structure of the flexible OLED:
schematic of the OLED device structure and energy-level diagram, the photograph of a large-area flexible OLED (50 mm × 50mm) working at high
luminance (＞5,000 cd/m2) [150]; (c) highly efficient, heat dissipating, stretchable OLEDs based on a MoO3/Au/MoO3 electrode with encapsula-
tion [151].
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doped with nanoparticles, and the light-emitting layer was
made with horizontal emitting dipole and encapsulated with
NOA63 for waterproofing. Nanoparticles effectively enhanced
the light out-coupling and heat dissipation and reduced the
triplet-triplet annihilation. The device achieved a C.E. of about
82.4 cd/A and an EQE of approximately 22.3% with minimal
efficiency roll-off. In addition, the device significantly reduced
the micro-cavity effect. The reported device further confirms
the potential of foldable devices based on DMD electrodes
and facilitates further development of stretchable and wear-
able devices.

In 2021, Guo et al. fabricated an ultrathin FOLED with a
thickness of ∼1 μm using ITO/Cu-Ag/ITO electrodes and a
polyvinyl alcohol (PVA) substrate. In this device, the DMD
electrodes help improve the efficiency of the OLED by sup-
pressing waveguide mode formation, while the PVA sub-
strate forms an ultrathin substrate for a foldable OLED that
folds well even when bent along the razor blade [152]. This
research offers a potential solution for creating cost-effec-
tive OLEDs for foldable displays.

5.4 QLEDs and PeLEDs using DMD electrodes

Apart from OLEDs, QLEDs and PeLEDs based on DMD elec-
trodes have been developed. However, DMD electrode-
based QLEDs and PeLEDs have not been fully investigated
yet and the device optoelectronic performance still lags
behind that of common ITO-based devices, including low
efficiency and instability. Table 4 summarizes the DMD-
based QLEDs and PeLEDs reported in recent years. Currently,
research on QLEDs and PeLEDs using DMD electrodes is still
limited, especially on flexible substrates. To date, themajority
of studies are surrounded on devices deposited on glass
substrates.

There are challenges in using DMD electrodes in QLEDs.
The dielectric layer in the DMD structure must be compa-
tible with the quantum dot material since it will influence
the stability and performance of the quantum dots utilized
in QLED. More crucially, like OLED applications, the DMD
electrode's dielectric layer can operate as a barrier to elec-
tron injection, lowering QLED’s overall efficiency. This must
be avoided by utilizing high power function metals or by
adjusting the dielectric layer's thickness and composition.
DMD structures in QLEDs are mainly ITO/Ag/ITO and
MoO3/Ag/MoO3. In particular, ITO/Ag/ITO electrode-based
QLEDs are more extensively studied and perform better.
For instance, a flexible QLED based on PET/ITO/Ag/ITO/
PEDOT:PSS was fabricated by Wang et al. with a device
efficiency of 20.4 cd/A and an EQE of 14.8% in 2022 [153], asTa
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shown in Figure 10(a). After 300 bend cycles, these flexible
QLEDs' injection/transfer and charge complex properties,
as well as those of the related charge transport layer and
quantum dots, remain unaltered. In contrast, the EQE of
MoO3/Ag/MoO3 electrodes based QLEDs are all less than
10%, considering that photoelectric properties of QLED
are limited by the p-type characteristics and high work
function of dielectric materials [154].

Furthermore, the research of PeLEDs based on multi-
layer DMD electrodes is just beginning. In the process of
creating high-performance PeLEDs using DMD electrodes,
researchers have made some progress. In 2020, Xie et al.
announced a large-area (120 mm2) transparent near-
infrared PeLED based on MoO3/Al/ITO/Ag/ITO electrodes
with an EQE of just 1.2% emitted from the DMDMD electrode
side [155], as illustrated in Figure 10(b). These findings sup-
port the DMD structure as a promising electrode for trans-
parent and foldable devices. However, more research still
has to be done on the optimization of device architecture,
choosing appropriate materials, and alternative production
techniques.

In conclusion, these efforts together enhance the effi-
cacy, stability, and performance of LEDs utilizing DMD
electrodes, which advances the creation of flexible, wear-
able lighting, as well as novel applications in other fields
including automotive lighting and signs.

6 Summary and outlook

Multilayer DMD electrodes are promising for ITO-free
foldable optoelectrical devices based on their excellent per-
formance. An overview of the challenges of DMD elec-
trodes, particularly in the physical properties, mechanism
stability, and application reliability is mentioned. However,
there are still challenges to address, particularly in the
optical property, mechanism stability, and application
reliability.

Concerning the optical property of DMD-based light
emitting devices, since the full transparency of metal inter-
layer in the DMD electrode is hard to achieve, the metal
reflected light which is not entirely eliminated causes the
microcavity effect. Spectral narrowing and high spectral
density in the vertical direction of the film plane, caused
by the microcavity effect, limit the high optical transmit-
tance in the wide optical wavelengths. The light out-
coupling of DMD film is also affected by the angle of the
incident light. The high angle dependence limits the viewing
angle of transmitted light. Therefore, to reduce the micro-
cavity effect and angle dependence, it is necessary to further
minimize the reflected light from the metal layer, in other
words, to reduce the thickness of metal layers. Metal nano-
wires/networks and alloy films combining highly conductive
metal materials with low surface energy materials (e.g.,

Figure 10: (a) The structure, absorption, and PL spectra, and emission images of QLED [153]; (b) the structure, EL spectra, and near-infrared photo of
PeLED [155].
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Ag–Cu alloy films) are proposed to replace the single metal
film layer in the DMD electrodes.

DMD electrodes exhibit the potential for bending strain,
but the process of existing research has been slow. The
mechanical flexibility of DMD electrodes is mainly limited
by brittle films and interfacial failures. Since the metal layer
is the decisive factor for the mechanical stability, it is hoped
that future researchers will shift their focus to achieve
better flexibility of the metal layer. This can be achieved
by measuring the flexibility of various doped metal films.
It might also be helpful to study DMD-derived structures
with more metal layers such as MDMDM. Moreover, current
congestion and subsequent short-circuiting occur at hot
spots in the metal film of high-brightness LEDs during
bending. Negative hot spots may be reduced by controlling
the deposition conditions to obtain highly smooth, ultrathin
metal films.

Further work is also needed on the reliability of metal
films in DMD electrodes. Ag, which is currently widely used
in DMD electrodes, is known to be a metal that is suscep-
tible to oxidation easily. The reliability of Ag and other
metals in DMD electrodes, exposed to environmental stres-
sors such as chemical corrosion and mechanical strain, is
still not fully explained. More research could focus on
obtaining lower metal reducibility, such as doping Ag with
a low-reducing Au. The negative environmental effects on
metals can be reduced by flexible packaging with highwater
and oxygen resistance. It is hoped that researchers will shift
their focus more to flexible packaging materials with better
sealing properties.

With the further development of a new generation of
foldable displays like OLEDs, QLEDs, and PeLEDs, the
demand for foldable and transparent electrodes is
increasing. The multilayer DMD structure film is the most
ideal electrode for foldable and transparent displays due
to its high optical transmittance, low film resistance, and
high flexibility. At the same time, the sputtering process
for its preparation can meet the needs of both high compat-
ibilities with flexible substrates and large-scale preparation
requirements. To date, research have been conducted on
DMD electrodes from various aspects, such as theoretical
methods, structural design, and device applications. In
this review, we present the research progress in DMD elec-
trodes. The excellent photoelectric and mechanical proper-
ties of DMD electrodes are systematically reviewed in this
work. Moreover, the application in OLEDs, QLEDs, and
PeLEDs based on flexible substrates are discussed and sum-
marized. Although DMD electrodes have many advantages,
there is still room for continuous improvement of its per-
formance. DMD-based devices will surely be a new genera-
tion of flexible transparent displays that are applied to

curved displays, electronic newspapers, wearable displays,
and concept lighting panels.
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