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Abstract: An effective strategy based on optical tunneling is developed to significantly
improve the efficiency of quantum dots light-emitting diodes (QLEDs) and perovskite light-
emitting diodes (PeLEDs). Contrary to the common impression that the hole transport layers
(HTL) with low refractive index will severely confine lights according to Snell’s law, optical
tunneling unlocks a channel to extract the lights through HTL. In this work, we demonstrate
the light beyond the critical angle still has a chance to penetrate into the substrate and finally
emit outside the device. An optical tunneling model is also presented here to quantitatively
describe the light extraction through optical tunneling and reveal related factors. Applying
a thin HTL (thickness = 10 nm) and a high-index substrate (refractive index = 2) in the
typical device architecture (Glass/ITO/PEDOT:PSS/EML/TPBI/LiF/Al), substrate modes can
be improved from 18% to 60%. Therefore, optical tunneling followed by EES is believed to
be a cost-effective strategy to enhance light extraction efficiency. This work unravels the
potential to further significantly improve the efficiency of QLEDs and PeLEDs.

Index Terms: Optical tunneling, light extraction efficiency, quantum dot light-emitting
diodes, perovskite light-emitting diodes.
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1. Introduction

Being considered as one of the next-generation display technologies, quantum-dot light-emitting
diodes [1] (QLEDs) and perovskite light-emitting diodes [2] (PeLEDs) have attracted great attention
recently. These LEDs show impressive efficiencies and narrow electroluminescent spectra, which
allow energy-efficient lighting and wide color gamut display. The external quantum efficiencies
(EQE) of QLEDs and PeLEDs have reached 20% [3], [4] for devices with flat substrates, which
is the theoretical limit considering them as an analogy of organic light-emitting diodes (OLEDs).
The EQE is defined as:

EQE = IQE x LEE (1)

where IQE is internal quantum efficiency determined by optical and electrical properties of materi-
als, LEE is light extraction efficiency or light out-coupling efficiency, which specifies the ratio of the
photons escaped from the LED to all photons emitted from the active region [5].

So far, IQE has reached its limit for QLEDs and PeLEDs as reported in the literatures [6], [7],
the LEE thus becomes the dominant factor restricting EQE. A typical LED architecture is plotted
in Fig. 1(a), reflection and refraction happened at the interface of each layer. Snell’s law tells us
that LEE is mainly determined by the refractive index of emitting layer (EML). In visible spectrum,
common organic polymers as EML in organic light-emitting diodes (OLEDs) have a refractive index
of 1.7-1.8 [8], neat CdSe/CdS core/shell QD films as EML in QLEDs have refractive indices of
1.8-2 [9], and the refractive indices of CH3NH3Pbl;, CH3NH3PbBr;, CH3NH3PbCls, and CsPbls
perovskites as EML in PeLEDs are 2.2-3.2 [10], [11], 2.0-2.5 [12], [13], 2.0-2.4 [14], and 2.3-2.5
[15] respectively. High refractive indices of quantum dots and perovskite lead us to reexamine the
LEE limit for QLEDs/PeLEDs.

According to Snell’s law, reflection and refraction are determined by index difference between
layers. It follows a crude approximation [16] for LEE calculations, LEE = 1/(2n?), where n is the
refractive index of EML. Since the 1/(2n?) model assumes Lambertian approximation neglecting
interference effects, absorption and re-absorption. It is also possible to discard Lambertian approx-
imation then calculate LEE directly by Eq. (2) [orange dashed line in Fig. 1(b)] according to Snell’s
law.

LEE = 1— 1—<”A”2> (2)

NemL?

where ny;. is the refractive index of air (n4,- = 1), Ngpg is the refractive index of EML.

As shown in Fig. 1(b), Under the assumption of 1/(2n?) model, LEE is highly related to the index of
EML. The theoretical LEE limits of QLEDs are from 16% to 13%, and that of PeLEDs are from 13%
to 5%, instead of the constant 20% as some articles [6], [17]-[19] reported. Although some articles
state that photon recycling in PeLED may assist with optical outcoupling, from the perspective of
light extraction, the severe LEE limits are still the major problem for the optimization of QLEDs and
PelLEDs.

The LEE limit problem destined us to evaluate power dissipation and develop a relatively cost-
effective light extraction strategy. Fortunately, the light extraction strategies in OLEDs provide a
lot of references for QLEDs and PeLEDs to improve LEE, e.g., high-index substrates [20], micro-
lens array [21], [22], scattering films [23], [24], embedded low-index grids [25], low-index electron
transport layer [8] (ETL), nanophotonic substrate [26]. To find the effective light extraction strategy
for QLEDs and PeLEDs, power dissipation coupled to different optical channels must be analyzed.
Herein, two major optical channels are introduced: substrate modes mean that the photons are
trapped within the substrate by total internal reflection (TIR) at the interface between air and the
substrate; waveguide modes mean the photons are trapped by TIR at electrodes, hole and electron
transport layers and EML.

Compared with OLEDs, it is obvious that higher EML refractive indices of QLEDs and PeLEDs
bring stronger TIR at the interface between EML and the hole transport layer (HTL) according to
Snell’s law. Some commonly used HTL have a refractive index smaller than EML, e.g., PEDOT:PSS
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Fig. 1. (a) Typical QLED and PeLED structure. (b) LEE (n) with refractive index (n) of EML neglecting
interference effects and absorption.

[27] ~1.52, PVK [28], [29] ~1.7, TFB [30] 1.6-2.0, Spiro-OMeTAD [31] 1.6-1.9, P3HT [32] 1.6-2.2
(for the chemical information, please refer to the corresponding references). In this study, we take
PEDOT:PSS as HTL for illustration, i.e., ngrr = 1.52.

Borrowing the crude approximation of Eq. (2), when the EML (CH3NH3PbBrs) has the refractive
index of 2, and the HTL (PEDOT:PSS) has the refractive index of 1.5, we replace ny;. with ngrr,
in Eq. (2) to estimate the proportion of lights that can enter HTL, which is 33.8%. Thus, 66.2% of
the lights will be reflected by the HTL before they propagated to the substrate, which means most
of photons were trapped in EML (belongs to waveguide modes) instead of the substrate (substrate
modes). Since most photons were trapped in waveguide modes, we naturally think of using the
internal extraction structure (IES), where light extraction structure is inserted into the device except
substrate-air boundary, to disrupt waveguide modes. Some internal extraction structures [19], [26],
[33], [34] have been proven to improve LEE effectively.

However, from the perspective of electromagnetics, these lights with incidence angle greater than
the critical angle are not necessarily limited by TIR. Snell’s law only concludes that the lights beyond
the critical angle are totally reflected by HTL, but it does not account for evanescent waves due to
the nanoscale thickness of HTL in QLEDs and PeLEDs. As the simulated time-domain electric field
evolution and the schematic shown in Fig. 2, when the incident angle of the plane wave in EML
larger than critical angle 6., evanescent waves [35] were formed at the interface and propagates
parallel to the interface [Fig. 2(b)], eventually reflected back to EML resulting in TIR [Fig. 2(c)]. The
electric field of evanescent waves decays exponentially away from the interface, hence the energy
is concentrated close to the interface. The penetration depth of the evanescent wave, in which the
field of the evanescent wave decay to e'! = 36.8% is defined as:

Penetration depth = * 3)

2 n12-2,
TNy X ™ sin“g; — 1

where A is the free-space wavelength, 6; is the incident angle, n; is the refractive index of EML, n,
is the refractive index of HTL.

By substituting . =530 nm, n; =2, n, = 1.5into Eq. (3), when 6; = 50°, the penetration depth =
270.4 nm; when 0; = 60°, the penetration depth = 97.4 nm. Fortunately, for QLEDs and PeLEDs,
the HTL thickness is usually thinner than 100 nm. As shown in Fig. 2(h), evanescent waves can
meet the ITO layer before their amplitude decay to near zero. Meanwhile, the refractive index ng
of ITO [36] is 1.8-2.2 in visible spectra, which is higher than that of HTL. Fig. 2(e)—(g) show that
a portion of the evanescent waves formed in HTL was refracted into the ITO layer, while the other
portion of the waves were reflected, resulting in frustrated total internal reflection (FTIR)[37]. This
phenomenon is also called optical tunneling.
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Fig. 2. (a)—(c) Time-domain E field evolution of total internal reflection. (d) Total internal reflection with
thick HTL. (e)—(g) Time-domain E field evolution of optical tunneling. (h) Optical tunneling with thin HTL.

Optical tunneling shows the propagation of light beyond the critical angle where a thin low
refractive index media is surrounded by two high-index media. Because optical tunneling provides
a channel to extract light from EML to the ITO layer then to the substrate, we can conveniently
arrange extraction structures on the substrate to extract light into the air. In this study, we aim to
verify the existence of optical tunneling in QLEDs and PeLEDs, as well as to evaluate the impact of
optical tunneling on the optical energy distribution in the LEDs, hopefully to shed light on the light
extraction design for QLEDs and PeLEDs.

2. Optical Tunneling Analysis

To confirm that optical tunneling exists in a specific structure of LEDs, the finite-difference time-
domain (FDTD) method based on Maxwell’s solver is a reliable simulation method. Here we take
the PeLED as an example, the conclusion can be extended to QLEDs in general. A typical device
architecture (Glass/ITO/PEDOT:PSS/EML/TPBI/LiF/Al) of the planar structure PeLED] [38], [39] is
plotted in Fig. 3(a) with refractive index n and thickness d. An electromagnetic point dipole source
is located in the middle of EML with center wavelength of 530 nm and wavelength span of 200
nm, and the orientation of the dipole source is swept along the x, y and z axes and then sum up
to achieve the isotropic dipole emitter. A far-field monitor [white dashed line Fig. 3(a)] is placed
within the substrate to collect the transmittance in the glass (the ratio of the intensity of the light
transmitted into the glass to that of the incident light in EML).

According to the exponential attenuation of the evanescent wave field, HTL thickness is a
significant parameter expected to enhance optical tunneling. The refractive index of glass is set to
1.95 (the same with ITO), the far-field E? intensity (V m~1)? angular distribution plotted in Fig. 3(b) is
collected by the monitor [white dashed line Fig. 3(a)] in the Lumerical FDTD Solutions. When HTL is
thicker than 250 nm, lights beyond the critical angle of the substrate and HTL [black dashed line in
Fig. 3(b)] hardly penetrate the HTL obstacle due to the limited penetration depth of the evanescent
wave. Instead, as the thickness of HTL decreases to below 250 nm, the lights break the limitation
of the critical angle then achieve a higher transmittance with the wider angular distribution.
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Fig. 3. (a) Device architecture of the planar structure QLED and PeLED. (b) Far-field E? intensity (V
m~")2 angular distribution with varied HTL thicknesses in the glass. (c) Transmittance of far field as a
function of HTL thickness. (d) Transmittance of far field as a function of the refractive index of the glass
with HTL thickness of 50 nm.

The transmittance with varied HTL thicknesses is plotted in Fig. 3(c), as the thickness of the HTL
decreases from 600 nm to 1 nm, the transmittance in the glass is greatly enhanced from 26% to
68%. Subtracting the light entering the air [orange line in Fig. 3(c)], we get that the substrate modes
is improved from 18% to 60%. The transmittance increased faster as the HTL thickness decreases
to within 100-300 nm, this is attributed to the exponential attenuation of the evanescent wave field.
However, when the HTL thickness within 100 nm, the growth of transmittance becomes slower,
which is not only due to the fact that the refractive indices of ITO and glass (ng..s = 1.95) are still a
little lower than EML (ngMr = 2), but also to the error at large incident angle caused by the limited
monitor size in the software. Fortunately, in most device structures, the HTL is designed within 100
nm for efficient charges injection.

The optical tunneling processes are revealed in the electric field evolution with time elapses for
varied HTL thicknesses shown in Fig. 4(a)—(c). When HTL thickness is 50 nm [Fig. 4(a)], photons
can penetrate into ITO with little reflections. When HTL thickness is 300 nm [Fig. 4(c)], at 10.40
fs, the evanescent waves travel near the interface between EML and HTL along the horizontal
direction, its electric field decays to near zero before it meets the ITO; at 14.56 fs, the evanescent
waves become reflected lights leading to TIR; after 18.82 fs, the evanescent waves are formed
again then repeat this process, eventually dissipated in energy losses.
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During HTL thickness sweep above, the glass have the same refractive index as ITO (high-index
glass), so that the light entering the ITO can completely enter the glass, thereby the separate role
of HTL thickness in transmittance is investigated. If the refractive index of the glass decrease, the
reflection on the interface between ITO and the glass will limit the transmittance.

To further transmit light into the glass, it is necessary to explore the relationship between the
transmittance and the refractive index of glass. The refractive index of the glass is swept from 1.4
- 2.0 at the thickness of the HTL of 50 nm. The results [Fig. 3(d)] show that the higher refractive
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Fig. 5. (a) Multiple reflections in single layer. (b) Stack of QLEDs or PeLEDs.

index of glass brings stronger transmittance in the glass. If the refractive index of glass (substrate)
is smaller than that of ITO, the photons enter the ITO layer through optical tunneling will still be
reflected by the glass, so the proportion of lights can enter the glass is eventually determined by
the refractive index of glass. As shown in Fig. 3(d), the transmittance saturates at Ngjass = ~1.95.
Namely, the maximum effective refractive index of the glass is limited by the index of EML (ngyr =
2) and the index of ITO[36] (n;ro = 1.95).

The E field evolution with time elapses for varied refractive indices of the substrate are summa-
rized in Fig. 4(d)—(f). When a normal refractive index glass (ng..s = 1.4) is used [Fig. 4(d)], the
transmitted waves by optical tunneling will be reflected by the substrate, then eventually dissipated
in absorption loss. On the contrary, nearly all of photons propagated into ITO with the aid of optical
tunneling can further escape into the high-index glass (ng.ss = 2.0) as shown in Fig. 4(f).

As can be seen, to enhance the substrate modes, the thin HTL and high refractive index
substrates are necessary due to optical tunneling. Although there are more photons entered into
the substrate, LEE [i.e., far-field transmittance in the air, orange line in Fig. 3(c) and (d)] is not
much improved. Because the lights beyond the escape cone [white dashed line in Fig. 3(b)] are still
confined at the interface of glass and air.

3. Optical Tunneling Model

Since the FDTD method is based on Maxwell’s equations, we can observe the obvious interference
patterns in Fig. 3(b), these patterns are mainly caused by the microcavity effect, which is strongly
related to the position of the dipole and the thickness of EML (the interference in the other layer
also contributes to the intensity fluctuations, but not dominant). The microcavity effect affects our
judgment on the independent effect of optical tunneling. To isolate the effect of optical tunneling,
the interference in EML (microcavity effect) and other effects (e.g., near-field absorption, surface
plasmon polariton, re-absorption) are neglected. Because the results we get from FDTD method
(or Chance, Prock and Silbey (CPS) model[40]) are precise but comprehensive including multiple
effects, which may be difficult for us to analyze whether the mode change is due to optical tunneling
or microcavity effect. Therefore, an optical tunneling model based on the transfer-matrix method is
presented here to illustrate how optical tunneling performs in a LED structure.

3.1 Transfer-Matrix Method

A ray through an interface will be partially transmitted and then partially reflected. As a layer
surrounded by two semi-infinite media shown in Fig. 5(a), depending on the refractive index and
thickness of the layer, the multiple reflections will lead to destructive or constructive interference.
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Moreover, the multiple reflections mean that the overall transmittance and reflectance of the layer
is the sum of an infinite number of transmissions and reflections. To solve the interference and sum
of reflections of multilayer in LED, the transfer-matrix method[41] is more convenient and intuitive
than solving Fresnel's equations recursively. Fig. 5(b) simply depicts multiple reflections in LED
stack, the HTL and ITO can be treated as a single top layer under the transfer-matrix method, and
ETL and metal are treated as a single bottom layer similarly. Herein, R, T, A, and Ry, Ty, Ay
represent the reflectance, transmittance, absorption of the top and bottom layers, respectively. The
absorption can be derived from A = 1 — (T + R) when absorbing materials are described using
a complex refractive index (n + jk), where k is the extinction coefficient. For instance, the thicker
PEDQOT:PSS (n = 1.5 + 0.015j) not only brings greater R, as optical tunneling described, but also
increase A; due to absorption, which will further reduce T;.

3.2 Three-Dimensional Model

Because lights travel in three-dimensional space, the optical tunneling model integrates the trans-
mittance in the spherical coordinate system under some reasonable conditions and assumptions:

Source and Polarization. Since each photon created by spontaneous emission has a random
direction, it is a consensus to use the isotropic point light source to simulate spontaneous emission
in EML. In addition, as Fresnel’s equations clarified, s and p polarization light propagate differently
in the media. This model averages the transmittance of s and p polarization light, i.e., Ty =
(T+T,)/2.

Multiple Reflection. Multiple reflections from ETL and metal cathode make the photons failed in
their first tunneling still have a second chance to participate in tunneling, so we must consider the
reflection-assisted optical tunneling. The multiple reflection paths were represented in Fig. 5(b),
since the interference in EML is neglected, each time the light is reflected back to EML from
ETL and metal cathode with dissipation, the intensity of incident light I, becomes R, x .
Averaging transmittance of upward incident light (7,,) and downward incident light (T40,), the total
transmittance (T;»z) can be calculated by integrating recursive reflection:

.
Tupz'l}—i—T,fo,fob—i—Ex(F?,xRb)z—i—...:—1_R:XHb (4)
RbXE
Tyoun = ——2 1 5
down 1—HtXRb ()
np'i_ Tdown (1 +Rb) X 7;
Tootal = = 6
totel 2 2 x (1= R x Ry) (®)

3.3 Results

The optical tunneling model is applied to the device structure shown in Fig. 5(b) with source
wavelength of 530 nm. The thickness of HTL is swept from 0 to 500 nm. The relationship between
the transmittance, incident angle, and HTL thickness was observed in Fig. 6.Fig. 6(a)—(c) shows
that a normal glass of ng.ss = 1.55 is used as the substrate, the transmittance with the incident
angle is slightly influenced by the thickness of HTL (ngrr = 1.5) [Fig. (6)], because the contribution
of optical tunneling is reflected by the low-index substrate. If we substitute the index-matched
substrate (ns., = NEag) for the normal glass [Fig. 6(d)—(f)], the incident light beyond the critical
angle at EML/HTL interface (0. = 63.4°, 49.5°, 37.4° for ngyyp = 1.7, 2.0, 2.5, respectively)
also penetrated into the substrate [Fig. (6)], in this case, the total transmittance from EML to the
substrate increases as the thickness of HTL decreases.

The increase of transmittance as HTL thickness decreases corresponds to the exponential
attenuation of the evanescent wave field. Fig. 6 suggests that when the high-index substrate is
used, reducing the HTL thickness can greatly increase the proportion of lights that can reach the
substrate. Fortunately, the thickness of the HTL is usually within 100 nm. At present, it is possible
to prepare the ultra-thin PEDOT: PSS with thickness of 7 nm [42] as the HTL, which will further
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enhance the lights entering the substrate. This suggests that reducing the thickness of the HTL is
a simple and effective strategy to improve the transmittance from EML to the substrate.

Also note that, when we consider the total transmittance, it is the solid angle that the integral was
computed over. Hence, the transmittance at a large angle contributes more to total transmittance
than that at a small angle. Fig. 7 shows the total transmittance obtained by the integration. When
high-index glass (ng4ss = 2) is used, although the angular distribution of transmitted lights only
doubled as HTL thickness decrease in Fig. 6(e), the total transmittance quadrupled from 22% to
86% in Fig. 7(a). Meanwhile, the absorption loss also decreases with thinner HTL.

The dispersion of transmittance is shown in Fig. 7(b), where we used red (700 nm), green (530
nm), and blue (470 nm) light for the plot. It can be seen that the longer wavelength brings higher
transmittance due to the greater penetration depth of evanescent wave [Eq. (2)]. Therefore, the
optical tunneling is in a higher demand for blue light.

To explore the trend of optical tunneling when EML has a higher refractive index (ngny > 2),
we assume the high-index substrate with ng,;, exceeds the refractive index of ITO (nypo = ~2) is
available. As the results shown in Fig. 6(f), the enhancement of transmittance by thinner HTL is not
as strong as we expected, and the transmittance at nga, = 2.5 (purple line) in Fig. 7(c) is much
lower than that at ngp = 2.0 (blue line) and ngy = 1.7 (cyan line). This phenomenon is due to
ITO acted as an “optical barrier” when the index of ITO is lower than that of EML. In this case, the
thickness of ITO also becomes an important factor for optical tunneling. As an assumption, if the
ITO thickness is close to zero, the transmittance will increase sharply from 14% to 90% with the
decrease in HTL thickness [Fig. 7(d)]. The enhancement is easy to understand from the intensity
angular distribution with and without ITO [Fig. 8(c)—(d)], which will be discussed in Section 3.
Consequently, when the refractive index of the EML is higher, the device has a stronger demand
for the index-matched substrate and thinner HTL to compensate for the lower transmittance.

As described, the result of the optical tunneling model is consistent with what the FDTD method
shows. The difference is that the optical tunneling model neglects the interference in EML and other
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Fig. 7. Total transmittance from EML to the substrate as a function of HTL thickness when (a) » =
530 nm, ngmr, = 2 (b) npvmL = 2, () A = 530 nm, (d) A = 530 nm without ITO.

loss effects, then provides an easy way to investigate the independent role of optical tunneling. We
can think of the result of the optical tunneling model as a more general conclusion, but when
analyzing multiple effects in a specific device, it is still recommended to apply the comprehensive
models like FDTD method and CPS model.

4. Improving the Efficiency

Fig. 8 shows the emission intensity angular distribution within the substrate according to the optical
tunneling model. Compared with HTL thickness of 300 nm (orange line in Fig. 8), the light intensity
within the substrate at HTL thickness of 30 nm has a wider angular distribution (blue line in Fig. 8)
due to optical tunneling. According to Snell’s law, only lights contained in the escape cone (dashed
magenta line in Fig. 8) have a chance to escape to air, while the light penetrated with the help of
optical tunneling cannot escape to air directly, thus optical tunneling in a planar structure has no
direct enhancement on LEE [yellow line in Fig. 7(a)]. Calculating the ratio of the transmittance within
the escape cone to the transmittance in the substrate when HTL thickness = 30 nm in Fig. 7(a), itis
observed that only about 16% of lights in the substrate can escape to air, a large proportion of light
outside escape cone is dissipated. This indicates that optical tunneling provides a large potential
for LEE improvement, the only thing needs to be done is to extract these lights from the substrate.

To extract this part of the lights from the substrate to air, thus contributing to the useful radiation,
the external light extraction structure (EES) on the substrate is sufficient. Fortunately, a lot of
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Fig. 8. Emission intensity angular distribution within the substrate and for » = 530 nm, and varied
refractive indices of (a) ngmr = 1.7 ngup = 1.7, (b) npMm1, = 2.0 ngyp = 2.0, (€) NnpMmL = 2.5 Ngup =
2.5, (d) NEML = 2.5 Ngub = 2.5 without ITO.

research has been done on EES like prisms [43], micro-lens array [21], [22], roughened surface
[44], [45] on substrates to extract a large fraction of lights from the substrate to air. These methods
are not only low cost and convenient, but also avoid interruption of the internal device structure.
On the contrary, if optical tunneling is not utilized, the internal extraction structures (IES) may suffer
from complicated fabrication, declining electrical behavior, and large area limitation [46]. The wider
intensity angular distribution within the substrate suggests that EES will be more effective than IES
once the thin HTL and the high-index substrate are applied.

In OLEDs, employing high-index substrates with extraction structures, the EQE can be increased
by 2.3 fold experimentally (3 fold theoretically) from 26% to 60% [47], [48]. Different from OLEDs,
the refractive index of the emitting layer in QLEDs and PeLEDs is much higher, limiting the efficiency
severely [Fig. 1(b)]. However, with the aid of optical tunneling, a similar extraction strategy employ-
ing a high-index substrate with extraction structures will bring much improvement in efficiency. If a
hemisphere lens with the same index as the substrate is placed on the substrate, almost all the
light within the substrate can be extracted to air. This suggests that the upper LEE limit of EES can
be increased from 22% to 86% by optimized optical tunneling according to Fig. 7(a).

It is worth mentioning that it is not applicable to discuss optical tunneling in OLEDs in most
cases, because common organic polymers as EML only have a refractive index of ~1.7, which
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is well-matched with HTL and the substrate. As for QLEDs and PeLEDs, the “optical tunneling +
EES” strategy provides us this special opportunity to unleash the full potential efficiency.

5. Opportunity for Most Devices

As mentioned, the high refractive index EML will severely limit the LEE of the device. Some
perovskites even have higher refractive indices than 2, so much light will be reflected by low-index
HTL or ETL, indicating that optical tunneling could be utilized. Fig. 9 illustrates the wavelength-
dependent refractive indices n of some common hole and electron transport layers [27]-[32], [36],
[49] (HTL/ETL). In the visible spectrum, most HTL and ETL materials have a lower refractive index
than EML and ITO, indicating that optical tunneling followed by EES has extensive suitability in
QLED and PeLED. Especially when the EML material has a relatively high refractive index, more
attention needs to be paid to optical tunneling and corresponding light extraction strategy.

6. Conclusion

In most of the QLEDs and PeLEDs, there is a large refractive index difference between EML and
HTL. This large difference usually causes strong light trapping at the interface of HTL and EML,
and thus leads to limited light extraction. Here, we propose an optical tunneling method to extract
the light energy which is supposed to be reflected by the HTL and trapped within the device.
Taking full advantage of optical tunneling, the trapped light energy is released to the substrate.
At this stage, only the simple and widely-known techniques such as a rough glass substrate are
needed to release all of the trapped energy to air. In this work, we theoretically demonstrate two
to three times enhancement of substrate modes by reducing the thickness of HTL and employing
high-index substrates followed the guidance of optical tunneling. The enhanced substrate modes
suggest the external light extraction structure can significantly enhance LEE. Moreover, the external
light extractors are more preferable than the internal light extractors due to the extended intensity
angular distribution within the substrate. We believe optical tunneling followed by EES would be a
cost-effective strategy to achieve high LEE in QLEDs and PeLEDs.
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