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Abstract. Efficient organic light-emitting diodes (OLEDs) with structurally integrated quantum wells are
attracting considerable attention due to their ability to obtain narrow spectral radiation and high radiation
efficiency. In particular, there is a tendency to enhance efficiency in such light-emitting devices due to the
inclusion in their architecture of phosphorescent metal-organic complexes and materials with an inherent
mechanism of thermally activated delayed fluorescence. Due to strong spin-orbit interaction, this approach
transforms non-radiating triplet excitons into radiating singlet excitons. In this review, we mainly discuss the
mechanisms of electrogenerated exciton localization in potential wells to preserve OLED efficiency with
increased emission brightness and reduced exciton leakage channels, report on quantum wells design
strategies for OLEDs exhibiting blue, green, red, infrared, and white highly efficient radiation, and provide
information on the practical application of quantum well technology in various organic electronics devices. By
analyzing recent developments and challenges, this comprehensive review provides insights into the potential
of quantum wells to revolutionize OLED innovation and future trends.
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1. Introduction
In recent years, organic light-emitting diodes (OLEDs) have become an essential element of

modern lighting due to their ability to provide bright, energy-efficient radiation. Thanks to
materials science and engineering innovations, OLEDs have revolutionized the electronics
and display industries, offering solutions for thin, light, and high-performance devices.
Unlike traditional liquid crystal displays, which require backlighting, OLEDs can emit light
independently, significantly reducing power consumption and providing deeper black levels.
It has contributed to adopting OLEDs in producing displays for smartphones, TVs, and
portable gadgets, where image quality and energy efficiency are essential [1, 2]. Thus, OLEDs
occupy a crucial position in modern display and lighting technology, actively influencing the
electronics, communications, and energy-efficient industries. Their unique ability to generate
high-quality images with low power consumption makes them indispensable for medical
sensors, as well as for flexible screens and portable devices [3, 4]. However, despite
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significant progress in this field, there are still challenges related to their effectiveness and
lifetime. The development of OLED technologies often faces fundamental limitations, such as
low internal quantum efficiency and the problem of material degradation during long-term
operation.

In this context, quantum wells (QWs) have attracted considerable attention from the
scientific community. The idea of quantum wells is based on creating ultrathin layers where
electrons and holes are confined in one-dimensional space. This phenomenon makes it
possible to significantly strengthen control over the energy states of particles and create
narrow energy levels, which helps reduce energy losses and increase radiation efficiency.
Such structures were successfully used in semiconductor lasers and LEDs for the first time,
providing greater efficiency and operation stability. Now, similar principles are being tried to
be adapted to OLED [5, 6].

Integrating quantum wells into OLEDs opens up new possibilities for achieving higher
brightness and longevity, mainly through improved exciton confinement and reduced
probability of their uncontrolled scattering. Due to the confinement of charges in QW
structures, the likelihood of recombination with radiation increases significantly, which is
especially relevant for high-quality displays with a large color spectrum. In addition,
quantum wells make it possible to create OLEDs with stable color rendering, a prerequisite
for applications in professional graphics, medical equipment, and other industries where
color accuracy is critical [7, 8].

Multilayer QW structures (MQW) allow for the creation of OLEDs with different
thicknesses of active layers, which helps optimize energy transfer between materials. They
also allow for controlling the intensity and quality of emitted light, which is essential for
applications in lighting systems with high requirements for color stability and energy
efficiency [9]. In addition, using quantum wells can significantly reduce the cost of OLED
production since such structures reduce the required materials without losing performance.

A significant breakthrough in the research of quantum wells in OLEDs has come about
thanks to the work of scientists who discovered that integrating QW structures can
significantly improve the internal quantum efficiency of OLEDs. For example, a study by
W. Chen et al. [10] demonstrated that quantum wells can increase the internal quantum
emission factor due to more efficient confinement of excitons in thin layers of the active
region. They have achieved significant results in improving the stability and brightness of
OLEDs, especially in the blue emission spectrum, where there are traditionally difficulties in
maintaining stability. This approach made it possible to extend the service life of blue OLEDs
almost twice compared to traditional structures.

Other research groups have drawn attention to the ability of quantum wells to reduce heat
loss in OLEDs, which is one of the main factors causing the degradation of organic materials. A
study by K. Kim et al. [11] showed that using multilayer QW structures allows for better thermal
control due to the adequate confinement of charge carriers. They demonstrated that OLEDs with
QW structures have less heat loss, contributing to more stable device operation and improved
energy efficiency. It has opened new opportunities for using OLEDs in high-pixel-density devices
and flexible displays that require maximum energy efficiency [12]. In addition, research by
S.W. Park et al. [13] contributed significantly to understanding energy transfer mechanisms in
OLEDs with QW structures. Their experiments showed that quantum wells can substantially

02002 Ukr. ]. Phys. Opt. 2025, Volume 26, Issue 2



Exploring Quantum Wells

reduce the probability of uncontrolled recombination of excitons due to precise tuning of energy
levels. It helped to achieve a high coefficient of external quantum efficiency and better quality
radiation without unwanted color changes during long-term operation.

Despite the significant advantages of quantum wells in semiconductor devices, applying
these structures in OLEDs is at the active research stage. As noted, QWs can significantly reduce
losses due to uncontrolled energy dissipation and increase the lifetime of excited states, thereby
contributing to more efficient emissions. It makes further research on quantum wells an
important step for developing next-generation OLEDs to meet industries' energy efficiency and
durability requirements [14].

However, along with the advantages, OLEDs have significant limitations. Each spectral range
of colors - blue, green, red, and white - has unique challenges. For example, blue OLEDs have a
significantly shorter lifespan than red and green, rapidly degrading color balance over time.
Maintaining high quantum efficiency is also challenging, as organic materials are prone to
degradation under high temperatures and prolonged exposure. It has become a key challenge for
engineers and researchers seeking to find effective methods to improve the stability and
performance of OLEDs without compromising their unique characteristics [15, 16]. Studies show
that applying quantum wells can significantly reduce these losses by more effectively confining
excitons in blue OLEDs, allowing them to maintain stable brightness and color accuracy over a
long period of operation [17]. Green OLED is one of the most efficient in energy consumption and
operation duration, making it a central component in most display technologies. However,
engineers still face difficulties fine-tuning the emission so that the green OLED is optimally
aligned with the blue and red to form a quality color spectrum. A study by Zh. Kou et al. [18]
showed that a green OLED's stability and emission quality can be improved using quantum wells.
This is suitable for creating displays used in professional photo and video processing, games, and
augmented reality, where color accuracy is critical [19]. Infrared (IR) OLEDs have essential
applications in industries that require unique optical properties, including night vision devices,
medical equipment, remote sensors, and temperature monitoring devices. Due to their high
resolution and limited visibility conditions, they are used for health monitoring, non-contact
temperature measurement, and diagnostics. Radiation stability in the long-wave spectrum is
essential since maintaining an accurate infrared signal is critical for medical and military devices
[20, 21]. White OLEDs are particularly important for lighting systems due to their high energy
efficiency and ability to produce a wide range of colors closer to natural daylight. They are widely
used in indoor and outdoor lighting, interior design, architectural lighting, and the automotive
industry, especially in environments where light quality is essential, such as medical and
educational facilities. One of the challenges of white OLEDs is maintaining color uniformity over
time. Studies by W.Zhao et al. and Y.Zhou et al. have demonstrated that introducing QW
structures avoids these changes, maintaining color uniformity by effectively limiting the
movement of charge carriers [22, 23].

This review offers a comprehensive analysis of the current advances in the use of
quantum wells in OLED technologies based on the latest experimental data and theoretical
models, demonstrating the significant potential of these structures for developing the OLED
industry. It is also aimed at identifying the main trends in this direction and evaluating the
prospects for applying quantum wells to improve the performance of OLEDs, especially given
the industrial requirements for the devices' quality, energy efficiency, and durability. The
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main focus is on QWs - OLEDs based on low molecular weight organic semiconductors,
which show significant advantages in optical and electrical characteristics. The work results
highlight the benefits of QWs for each spectral range. They also expand our knowledge about
QW structures and show that their application can significantly extend the capabilities of
OLED technologies, making them more adaptable to the needs of different market segments
and technological challenges.

2. Review process
Through an extensive review of four databases (Scopus, Web of Science, Google Scholar, and

ResearchGate), 4120 relevant studies were initially identified. The extracted data were
organized in a Microsoft Excel spreadsheet, and duplicate entries were removed. The data
extraction focused on study characteristics and bibliographic details, including the first
author and the year of publication.
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Fig. 1. Flow diagram of the review process.

After eliminating duplicates, 1703 unique records remained. These records underwent title
screening, resulting in the exclusion of 516 studies. Subsequently, a keyword-based screening
process excluded an additional 759 studies. Seven more records were identified through
alternative sources. Ultimately, 435 full-text articles were selected for detailed analysis.
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After further review of these full texts, 313 articles were excluded for various reasons
(limited methodological reliability or insufficient information on electroluminescence
mechanisms and quantum well design), leaving 122 articles for the final inclusion list. The
selection process prioritized criteria such as relevance, scientific validity, and the recency of
information. The manuscript emphasizes electroluminescence mechanisms and quantum
well designs, which are pivotal for enhancing brightness and minimizing energy losses in
modern OLED devices. Fig. 1 outlines the study selection process.

3. Theoretical modeling of energy levels and optimization of exciton
containment mechanisms in a quantum well
Quantum wells are nanoscale semiconductor structures that can localize excitons, which

increases radiation efficiency and allows reaching a narrow spectral range. Studies show that
using organometallic complexes in combination with materials exhibiting thermally
activated delayed fluorescence opens up new opportunities for increasing the OLED's
performance. The use of these materials helps to convert triplet excitons into singlet ones,
thereby ensuring high radiation efficiency. Such properties are characteristic of inorganic
light-emitting heterostructures based on quantum wells (QWs), small-sized heterosystems
with their inherent exciton states [24]. A structural feature of such quasi-two-dimensional
(2D) heterostructures is the presence of a narrow-band emitter layer, the thickness of which
is approximately equal to the Bohr radius of the exciton (less than 10 nm) [25]. This layer is
placed between two wide-gap semiconductor layers of nanoscale thickness. A schematic
presentation of such 2D- heterostructures is shown in Fig. 2, where d is the thickness of a
narrow-band emitter layer.
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It is energetically favorable for electrons and holes to localize in the potential well with
such a configuration, as shown in Fig. 2. In contrast, the effective distance between the
electron and the hole (exciton) decreases. Therefore, the binding energy of the exciton
increases. Using such a design of heterostructure devices made it possible to increase the
binding energy of excitons localized in 2D quantum wells to values that significantly exceed
the thermal energy at room temperature. The practical implementation of this concept first
enabled the creation of inorganic heterostructural LEDs operating at room temperature and,
later, semiconductor lasers [5]. At the same time, a decrease in the density of exciton states
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in such optoelectronic devices resulted in low threshold voltage values and a high
electroluminescence quantum yield (ELQY). Note that light-emitting devices on quantum
wells are the basic elements of modern telecommunication networks [26-29]. Since
developing OLED structures with a transport and emission layer [30, 31], many efforts have
been directed at increasing their efficiency. The synthesis of new effective functional
materials, including transport and emitting materials, research of emission mechanisms, and
development of new OLED structures, particularly quantum wells and superlattice
structures, is being carried out. Both monochrome and white OLEDs were formed based on
QWs [32-36]. A list of the primary organic semiconductor materials used in the functional
layers of light-emitting diodes with a structure of quantum wells (QW-OLEDs) considered in
this review is given in Table 1.

Quantum wells are generally divided into type I and type II configurations. In a type I
QW structure, materials with a wide band gap overlap with materials with a narrow band
gap. Thus, in a structure with type I QW structure, both carriers are localized in the potential
well layer due to a barrier layer. Meanwhile, the potential well and potential barrier energy
levels (PBL) alternate in a type II QW structure, and electrons and holes accumulate in
different molecules. However, the device's architecture, the type of materials used in the
quantum well structures, and the width of the quantum well have a decisive effect on
improving the device's efficiency.

Table 1. List of organic semiconductor materials used in QW-OLED functional layers.
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Evidence of exciton quantum confinement in organic QWs structures was first provided
by F.F. So and S.R. Forrest [36], who fabricated and later investigated several highly ordered
organic QWs based on PTCDA and NTCDA using molecular beam epitaxy under ultra-high
vacuum conditions. It is worth noting that highly ordered thin nanoscale organic films were
formed on non-crystalline substrates, enabling the design of organic heterostructures with a
wide spectrum of layer combinations without considering the matching of crystal lattices, as
required for inorganic heterostructure devices. Analyzing structures with PTCDA/NTCDA
quantum wells and using optical absorption and time-resolved photoluminescence
techniques, the authors concluded that the binding energy of excitons increases with
decreasing well width while the exciton lifetime decreases.

It is widely acknowledged that achieving high quantum efficiency and high-quality light
emission in OLEDs is a challenging problem that requires a comprehensive solution [52-55].
It is necessary to ensure efficient charge carrier injection, balanced hole, and electron
transport, exciton localization in the emitting zone, and efficient excitonic recombination
with subsequent light extraction. In this regard, using OLED structures with embedded
quantum wells has proven to be a successful technological solution for improving the
characteristics of organic light-emitting diodes, including obtaining narrower spectral
emission and higher emission efficiency [37, 56-58]. Authors of [37] conducted a
comparative analysis of the recombination efficiency of OLEDs with QWs based on Alqz and
TPD with alternative multilayer organic light-emitting diodes with multi-QW structures
based on TPD/Alqgs. The main light characteristics of OLEDs with QWs series were better
than those of OLEDs with a single QW. This effect is obviously associated with an increase in
carrier concentration in the emitting zone of cascade QWs. Similar conclusions were drawn
in other studies [57, 58].

In OLED structures, the processes of charge carrier injection and transport are
significant factors affecting device light emission performance, as they determine the
electron-hole balance in the emitting layer. Imbalance in electron and hole flows into the
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emitting layer leads to increased dark current, high turn-on voltage, and consequently, a
decrease in the effective operating lifetime of organic light-emitting diodes [59-63]. At least
two factors complicate solving this problem: different electron and hole mobilities in
transport layers and existing energy barriers at the anode/ hole transport layer (HTL) and
electron transport layer (ETL)/cathode interfaces. In [64], OLEDs with different sets of
alternating quantum well structures based on MoO3/TPD were investigated. In these devices,
the hole injection layer (HIL) decreases due to the formation of an interfacial dipole interface
between the inorganic n-type semiconductor MoOs layer and the indium tin oxide (ITO)
anode layer [65]. Absorption spectra show that thin films of MoO3; and TPD are transparent
to the green light emitted in the Alqs layer. In structures with quantum wells, such as
HIL/HTL, lower voltage values were observed, as well as improvements in brightness
characteristics and energy efficiency compared to OLED structures without quantum wells.
In [38], the characteristics of electric carriers' transport in OLEDs with quantum wells
were modeled, and the influence of the well width and the quantum well number on carrier
distribution in the electric field and recombination rate was investigated. NPB was used as
the HTL, Algs as the potential barrier and ETL, and Rubrene as the potential well. These
organic layers were placed between a LiF/Al cathode and an ITO anode to ensure efficient
carrier injection. The layer-by-layer structure of such a device with multiple quantum wells

is shown in Fig. 3a.
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Fig. 3. (a) Schematic energy diagrams of MQW OLEDs [38] [Chan, ], Lu, A. W., Ng, A. M. C,, Djurisi¢, A. B,
& Raki¢, A. D. (2006). Organic quantum well light-emitting diodes. Proceedings of SPIE, 6038,
Photonics: Design, Technology, and Packaging II, 60381M. Permission conveyed through CCC
Marketplace]. (b) Discrete energy levels diagram of electrons and holes for a simple MQW-OLEDs

substructure.
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This study investigated charge carrier transport (electrons and holes) using the
continuity and Poisson's equations. A self-consistent solutions allow for finding the electron
density n, hole density p, and potential ¥ using the semiconductor solver Atlas [66]. The
recombination rate of charge carriers for devices with single, double, and triple QW based on
Alqgz was also modeled. It was established that recombination is possible in all OLED layers,
but the maximum recombination rate is achieved in the leftmost quantum well. According to
[38], such a structure's theoretical prediction characteristics results align well with
experimental results.

To determine the discrete energy levels of electrons and holes in the structure depicted
in Fig. 3a, it was divided into three substructures, as shown in Fig. 3b, and the potential
barrier heights were recalculated accordingly. Based on the upper substructure, discrete
electron energy levels E. can be found. The lower structure determines the bandgap width
which, in this case, is E;=2.2 eV. In this study, authors identified discrete energy levels for
holes E;, which take negative values, for the lowest structure. The energy difference
between electrons and holes is expressed as follows:

AE=E,+E; —E}, (D
AE will approximately determine the frequency of light-emitting structure generation.
Uo Uo
oW o a - W2
- B B = U:
w —>0
1 R t: 5 t: 5 t3 5 ta 5
_r N _ 2 I3
z S

Fig. 4. Dependence of the nanostructure potential energy on the z coordinate. The two potential
barriers of height Uo and widths w1 and wy, respectively, form a potential well, the width of which is
equal to a. A plane de Broglie wave with unit amplitude falls onto the structure; t; are the amplitudes of
waves propagating to the right, and r; are the amplitudes of waves propagating to the left.

Thus, the problem arises: by what method can the energy levels of electrons (holes) for
corresponding quantum wells be calculated? In the case where the barriers have an infinite
width, finding the discrete energy levels and corresponding wave functions is described in
almost all textbooks on quantum mechanics [67]. However, if the barriers have finite width,
finding the energy levels in potential wells and their corresponding wave functions becomes
more complicated. A relatively simple method of finding energy levels for quantum wells
with finite barrier width is proposed in [68]. By analogy, this method is used to solve the
quantum structure shown in Fig. 3b, the results shown in Fig. 4. In this structure, on the left,
we have a potential barrier with a height Uy and a width w1, while on the right, we have two
barriers: a height Up and a width w, and a barrier with a height U; extending to positive

infinity. In this method, a de Broglie wave of unit amplitude is considered to be incident on
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the structure. The amplitudes ¢; and r; are determined from the continuity condition of the
wave function and its first derivative at the boundary of potential energy change.
Respectively, we obtain two equations: one for the wave function and another for its
derivative. Since there are four boundaries of potential energy change according to Fig. 4, we
end up with a linear inhomogeneous algebraic system of eighth-order equations, where ¢
and rj are the unknowns.

A plane de Broglie wave of unit amplitude, describing the motion of a particle with
energy E, falls on the first barrier from left to right. The plane wave equation is as follows:

v1(z) =exp(ikyz), (2)
where ky =+/2mE / 12, m - effective particle mass, #i=h/2r -reduced Planck's constant.

A wave with amplitude r is reflected from the first barrier, which is a complex quantity:

v, (z)=rexp(—ikyz). 3)
Similarly, we will describe de Broglie plane waves for other segments:
t//tj(z):tjexp(ika), l//rj(z)zrjexp(—ika), (4

Taking into account Egs. (1-4), and satisfying the continuity condition for each potential
energy gap, we can write an inhomogeneous system of eighth-order linear algebraic
equations:
for the first potential energy gap:

{ 1+r=t; +rexp(ikyw,),
iky —ikor = ikyty — ik rexp(ikywy ),
for the second potential energy gap:
{ tiexp(ikywy )+ =t, +rexp(—ikya),
ikytyexp(ikywy ) —ikyry =ikot, —ikgryexp(—ikqa),
for the third potential energy gap:
{ tyexp(ikoa)+r, =t +rzexp(ikyw,),
ikotexp(ikoa) —ikor, =ikgts — ik rsexp(kyws),
for the fourth potential energy gap:
{ tsexp(ikyw, )+ =t,,
ikytexp(ikyws, ) —ikyry =ikyty.
Thus, finding t; and r; is reduced to solving a linear system of algebraic equations with

a right-hand non-zero part, and the number of such equations in the system equals twice the
number of potential energy gaps.
All wave numbers k; depend on the resonance energy E, which we need to find.

Additionally, t; and r; also depend on E. The maximum of the wave function will be

observed in the quantum well, so by plotting the dependence of the module t,(E) or ry(E),

we can find resonant energy levels.
The dependence of tz(E) for parameters Uy=U,=0.056 eV, m=0.2m,, w1=2.5 nm, a=8 nm is

shown in Fig. 5. As we can see, |t2 (E )| sharply increases at certain values of E.
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Fig. 5. Dependence of the amplitude ¢ in the quantum well on the particle energy.

Two resonant energy levels were obtained for such data: Eo=0.2391U, and E1=0.8388U.
At resonant energy levels, the de Broglie wave amplitude sharply increases. Thus, it is
possible to find resonant energy levels in Fig. 3b for the upper and lower quantum wells. And
2 2
by |t]-(E)| or |rj(E)| , it is possible to conclude the probability of finding charge carriers in
the quantum wells.

4. Features of the architecture of QWs - OLEDs with different color emission
QWSs - OLEDs provide a broad spectrum of color emission due to the possibility of fine-tuning the

architecture of quantum wells. Changing the parameters of such structures, particularly the width
of the quantum wells and the materials of the barrier and emitter layers, makes it possible to
obtain highly efficient devices emitting in different color ranges. An essential factor is that the
quantum wells limit the movement of electrons and holes in the direction perpendicular to the
layer, which leads to quantum effects. The emission spectrum can be precisely adjusted by
changing the size of the quantum wells, which determines the transit energy of the charge
carriers and, accordingly, the emission wavelength. As a result, OLEDs based on QWSs can emit
light in a wide range, creating devices with high brightness, color saturation, and stability. The
different emission colors in OLEDs, such as blue, green, red, and white, require specific quantum
well design approaches to achieve optimal performance. An important feature is also the high
efficiency of conversion of electrical energy into light while maintaining thermal stability, which is
essential for attaining durability and stability of devices. These aspects of quantum wells, their
impact on OLED characteristics, as well as technological challenges and solutions related to each
color of emission, will be discussed in more detail in the following subsections.

4.1. Blue OLEDs using “Quantum Well” technology

The competitive performance of OLED displays and state-of-the-art OLED lighting systems is
determined by the energy efficiency and lifespan of red, green, and blue (RGB) organic emitting
devices [69, 70]. The emission spectrum of white light is formed by a continuous combination of
red, green, and blue emission spectra. However, it should be noted that the quality of blue
emission and the reliability of blue organic photodiodes remain a significant issue. The high
energy of blue emission negatively affects the longevity of OLEDs due to the rapid degradation of
the emissive material [71]. Additionally, these devices suffer from a rapid decline in OLED
efficiency under high-brightness operation [72]. Addressing these and several other issues
requires new comprehensive solutions, including developing and synthesizing basic materials
and utilizing effective architectural approaches to the design of blue-emitting OLEDs.
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The performance of some blue MQW OLEDs and the analysis carried out in this
subsection are given in Table 2, and their energy diagrams are presented in Fig. 6a, b, and c.

Table 2. The electrical characteristics of blue MQW OLEDs.

. . Luminous Quantum
Current density, Luminance, Turn-on

Device mA/ cm? cd/ m? voltage, V efficiency max., efficiency Ref.
cd/A max., %
A 115.75 8.312 35 17.99 9.08
B 88.88 8.521 3.0 19.46 10.02 [45]
C 86.56 7.094 3.0 19.95 10.05
D 78.88 6.856 2.5 18.24 8.72
A No data 6405.3 6,0 13.9 7.4
B No data 8439.4 6,0 11.4 5.8 [46]
C No data 8954.4 6,0 12.5 5.8
D No data 10919.0 6,0 14.4 7.0

In 2012, the authors of [17, 45] applied the QW5 technology with a charge control layer
(CCL) as a component to enhance the efficiency of blue phosphorescent OLEDs based on a
host-guest system, where Flrpic was used as the guest emitter metal-organic component,
and mCP was the matrix component.

In [45] by S. Lee, ]. Koo et al,, three types of light-emitting structures based on QWs with
the corresponding number of CCL were sequentially formed (Fig. 6a). The CCL with a 5 nm
thickness consisted of a mixture of p- and n-type materials, namely mCP and TPBi
(mCP/TPBi = 1:1). Thus, multilayer structures were developed, where the zones of radiative
recombination contained triplet excitons. Their characteristics were compared with those of
blue phosphorescent organic light-emitting diodes in a structure without QWs (control
device A).

As shown in Table 2, device C, which involves triplet states in the radiative process,
demonstrates the best values of brightness characteristics and external quantum efficiency.
Additionally, the turn-on voltage of devices B, C, and D is lower than that of control device A.

The authors attribute such improvement in the characteristics of blue phosphorescent
OLEDs to the effective charge and exciton confinement in CCL, high triplet energy states in
mCP, and achieving balanced charge transport to the radiative recombination zone using an
ambipolar CCL. Similar conclusions were also reached by the authors in [17], where they
published high-efficiency blue phosphorescent OLEDs with a multiple quantum well
structure ITO/Mo0O3/NPB/[TCTA/mCP:FIrpic],/TmPyPB/LiF/Al (n = 1, 2, 3, 4 is the well
number, and the corresponding device is defined as device 1, 2, 3 and 4), like to the structure of
the previous study. Regarding the differences in the structures of blue phosphorescent OLEDs on
quantum wells, in [17], among other transport layers used, a hole-conducting thin film of TCTA
was used as CCL. This study applied a similar approach to the one presented in the previous work
to investigate the influence of the number of quantum wells. The best results were achieved in
the optimized device with two quantum wells, where the maximum external quantum efficiency
(EQE) reached 20.31%, and the current efficiency and luminous efficiency corresponded to
40.31 cd/A and 30.14 Im/W, respectively.
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Fig. 6. The energy level diagrams of blue MQW OLEDs of the (a) devices A, B, C, and D [45] [Used with permission of
Springer Nature BV, from "Effect of triplet multiple quantum well structures on the performance of blue
phosphorescent organic light-emitting diodes. Lee, S., Koo, ], Hyung, G., Lim, D., Lee, D., Lee, K, Yoon, S., Kim, W, Kim,
Y. 7(1), 23 Nanoscale Research Letters, (2012)". Permission conveyed through Copyright Clearance Center, Inc.];
(b) device D [46] [Used with permission of Elsevier Science &Technology Journals, from "Stabilized Huang-Rhys
factor in non-doped exciplex-based Firpic phosphorescent organic light emitting diodes via quantum well-like
multiple emissive layer structure and investigation of carrier behaviors by transient electroluminescence. Hu, B,, Lii,
Z., Tang, Z, Wu, Y, Ji, W, Wang, J. 123, 106919, Organic Electronics, (2023)". Permission conveyed through CCC
Marketplace]; and (c) TADF-TEOLED [47] [Used with permission of Elsevier Science &Technology Journals, from
"Cavity-suppressing electrode integrated with multi-quantum well emitter: A universal approach toward high-
performance blue TADF top emission OLED. Jang, I.G.,, Murugadoss, V., Park, T.H., Son, K.R, Lee, HJ., Ren, W.Q,, Yu,
MJ, Kim, T.G. 14, 60, Nano-Micro Letters, (2022)". Permission conveyed through CCC Marketplace].

Ukr. J. Phys. Opt. 2025, Volume 26, Issue 2 02019



L. Deva et al

A comparative analysis of the light-emitting characteristics of the phosphorescent OLED
MQW with n = 2 (Device 2) with the control OLED without QWs (Device 5) (Fig. 7a, Fig. 8a) allows
to conclude that Device 2 demonstrates higher brightness and lower turn-on voltage. The authors
[17] attribute the increase in brightness and decrease in turn-on voltage to the TCTA
implantation in the MQW structure, which effectively improves hole injection and transport in
the emissive layer (EML). Additionally, the mCP matrix can, to some extent, confine charges in the
EML. Moreover, the maximum luminous efficiency of Device 2 demonstrated more than a 54.80%
increase in luminous efficiency and a lower degradation during high-brightness operation
compared to the control device (Device 5).
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=1
=

Fig. 7. Current density-voltage-brightness (J-V-
B) characteristics of the: (a) MQW device
(Device 2) and control device (Device 5) [17]
[Reprinted with permission from "High
efficiency blue phosphorescent organic light-
emitting diodes with a multiple quantum well
(@)  structure for reduced efficiency roll-off. Yang, X.,
Zhuang, S, Qiao, X.,, My, G, Wang, L., Chen, |, &
Ma, D. 20(22), 24411-24417, Optics Express,
(2012)" © Optica Publishing Group]; (b) QW-
based devices C, D, and control device A [46]
[Used with permission of Elsevier Science
&Technology Journals, from "Stabilized Huang-
Rhys factor in non-doped exciplex-based Firpic
phosphorescent organic light emitting diodes
via quantum well-like multiple emissive layer
structure and investigation of carrier behaviors
k T p : s s by transient electroluminescence. Hu, B,, Li, Z.,
- Voltage (V) - Tang, Z., Wu, Y, Ji, W.,, Wang, J. 123, 106919,
(b) Organic Electronics, (2023)". Permission
conveyed through CCC Marketplace]; (c) MQW
devices as a function of the number of quantum
wells (n) [47] [Used with permission of Elsevier
Science &Technology Journals, from "Cavity-
suppressing electrode integrated with multi-
quantum well emitter: A universal approach
toward high-performance blue TADF top
emission OLED. Jang, 1.G., Murugadoss, V., Park,
T.H., Son, K.R, Lee, H.]., Ren, W.Q., Yu, M.],, Kim,
T.G. 14, 60, Nano-Micro Letters, (2022)".
Permission conveyed through CCC Marketplace].

Brightness (cd/m?)

—
=

Current Density (m Afem?)

1200 1

:

1000 1

&y
)

g

(i
(cd'm

800 4

600 9

8
Brightness

400 4

Current density (mA/cm?)

200 1

Current density (mA/cm?)
= = ) [ )
(=] un o w
Brightness (cd/'m?)

]

Voltage (V) (C)

The electroluminescent (EL) spectra of the QWs devices 1, 2, 3, and 4 are shown in Fig. 9a.
All devices exhibit the main emission from FIrpic with a maximum at 472 nm and a vibronic peak
at 496 nm, indicating efficient energy transfer from the host material to Flrpic. However, the
electroluminescence intensity of vibrational transitions increases with the number of QWs, which
the authors [17] attribute to the change in optical lengths in the four devices since the total
thickness of the emitting layer of the four devices is different.
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In [46], the mechanism of electroluminescence in dark-blue OLEDs was investigated
(Fig. 6b), where the quantum well is the structure Flrpic/PO-T2T/FIrpic/mCP based on Flrpic
emitter. Periodically arranged layers of PO-T2T and mCP are used as spacers to separate different
emission regions of the OLED. Researchers produced light-emitting devices with a traditional
structure, but the different thickness of the emitter layer (Device A - ITO/Mo0O3/ CBP/mCP /FIrpic
(0.1 nm; 0.6nm; 1.2nm; 2.0 nm) /PO-T2T/LiF/Al), as well as OLEDs with a quantum well
structure (Device B - ITO/MoOs3/ CBP/mCP/ Flrpic (0.35nm)/PO-T2T/Flrpic
(0.15 nm)/mCP/Flrpic (0.10 nm) /PO-T2T/LiF /Al; Device C - ITO/Mo0Os/ Flrpic (0.6 nm)/PO-
T2T/FlIrpic (0.6 nm) /PO-T2T/LiF/Al; Device D - ITO /MoOs/ CBP/mCP/ [FIrpic (0.6 nm)/PO-
T2T/FIrpic (0.6 nm)/mCP]./FIrpic (0.6 nm) /PO-T2T/LiF/Al), respectively.

An important aspect of the architecture of such OLEDs is the presence of a cascade of
quantum wells, in which an ultra-thin layer of Flrpic is positioned between the mCP and PO-
T2T layers, forming an exciplex donor-acceptor intermolecular emitting complex [73],

Ukr. J. Phys. Opt. 2025, Volume 26, Issue 2 02021



L. Deva et al

characterized by the mechanism of thermally activated delayed fluorescence (TADF).
Exciplexes in OLED technology are actively used to incorporate triplet excitons into the TADF
process, which fundamentally influences the properties of the OLED structure. The diffusion
of the Flrpic sandwich layer into the mCP and PO-T2T films creates a host-guest system, in
which Flrpic serves as the guest component. When an electric voltage is applied to such a
system electroluminescent recombination can occur either by direct recombination of
electrons and holes on the guest component or by starting on the mCP - PO-T2T matrix
component with subsequent energy transfer from the host to Flrpic and two processes can
co-occur, which is schematically depicted in Fig. 6b. The presence of an ultra-thin layer of
Flrpic does not hinder the formation of an exciplex between mCP and PO-T2T [74], and the
relatively wide spectral overlap of the exciplex emission with the absorption spectrum of the
Flrpic emitter (Fig. 9b) enables energy transfer to Flrpic.
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Fig. 9. The EL spectrum of devices 1, 2, 3, 4 (a) [17]
[Reprinted with permission from "High efficiency
blue phosphorescent organic light-emitting diodes
with a multiple quantum well structure for reduced
efficiency roll-off. Yang, X., Zhuang, S., Qiao, X, My, G,,
Wang, L, Chen, ], & Ma, D. 20(22), 24411-24417,
Optics Express, (2012)" © Optica Publishing
Group]; absorption of Flrpic and EL spectrum of
mCP/PO-T2T exciplex (b) [46] [Used with
permission of Elsevier Science &Technology
Journals, from "Stabilized Huang-Rhys factor in non-
doped exciplex-based Firpic phosphorescent
organic light emitting diodes via quantum well-like
multiple emissive layer structure and investigation
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W, Wang, ]. 123, 106919, Organic Electronics,
(2023)". Permission conveyed through CCC
Marketplace]; EL spectra of MQW devices as a
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[Used with permission of Elsevier Science
&Technology Journals, from "Cavity-suppressing
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emitter: A universal approach toward high-
performance blue TADF top emission OLED. Jang,
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The dependence of current density, brightness, current efficiency, and quantum
efficiency on the voltage of QW-based devices, as presented in Fig. 7b and Fig. 8b, indicates
that the current density decreases with increased Flrpic layers. According to the energy level
diagram (Fig. 6b), the HOMO level difference between Flrpic and the PO-T2T layer is 1.5 eV,
and the LUMO level offset between FIrpic and the mCP layer is 0.7 eV. To reach the Flrpic
layers far from the anode and cathode in OLEDs, holes and electrons need to overcome
additional barriers with heights of 1.5 eV and 0.7 eV, respectively. The number of barriers is
proportional to the number of Flrpic layers. Therefore, a higher voltage is required to
achieve the same current density for devices with more Flrpic layers. At low excitation
voltages, brightness follows a similar trend, but at higher voltages exceeding 8.5V, there is
an opposite functional dependence of brightness on voltage. The authors [46] explain the
nature of this dependence by tunneling charges at high voltages into the cascading of thin
(2 nm) mCP and PO-T2T layers throughout the Flrpic cascade. The accumulation of a certain
amount of electrons and holes at the interfaces of FIrpic/PO-T2T and mCP/Flrpic
contributes to the exciton quenching in QW devices (Device B, C, D) and, as a result, exhibits
lower current efficiency and greater decline in quantum efficiency at high voltages compared
to control OLED (Device A). However, at higher voltages (Fig. 8b), the probability of carrier
tunneling through the 2 nm layers significantly increases, and the exciton quenching by
accumulated charges decreases. As a result, a wider recombination zone and a homogeneous
distribution of excitons ultimately enhance device performance.

Thus, the efficiency of QW-based devices at high or ultra-high brightness surpasses that
of the reference device, which is beneficial for operation in high-brightness mode.
Considering that prospective dark-blue OLED emitters must meet the National Television
System Committee (NTSC) standard with International Commission on I[llumination (CIE)
coordinates of (0.14, 0.08) [75], the high cost of rare-earth metal-based metal-organic
complexes and the limited service life of phosphorescent diodes, it can be argued that blue
phosphorescent organic light-emitting diodes with a quantum well structure based on Flrpic
emitter do not fully meet today's needs for high-quality displays and advanced lighting
systems.

In [47], an original approach of using an optimized blue emission TADF layer with QWs
is proposed to create a high-efficiency top-emitting OLED with a transparent cathode
electrode (TEOLED). The configuration of a TADF-TEOLED with an optically transparent
cavity-suppressing Ag/W03/Ag (CSE) cathode electrode and MQW structures formed on a
glass substrate is as follows: glass/ Ag (100nm)/Mo0Oz (2 nm)/mCP
(125 nm)/[DPPS/DMAC-DPS]n/DPPS (35 nm)/LiF/Al/CSE/DPPS. The corresponding energy
level diagram of the TADF-TEOLED with an MQW structure is presented in Fig. 6¢. In this
structure, the MoO3; and mCP layers are HTL. As the blue emission layer of the quantum well,
a donor-acceptor TADF emitter DMAC-DPS [76] is used, surrounded on both sides by a
potential barrier layer (PBL) of DPPS, which is additionally ETL.

The authors [47] noted that when optimizing the thickness of the DMAC-DPS film at the
level of 2nm, the surface roughness decreases, which leads to the formation of a
homogeneous interface. In an inhomogeneous interface, due to unsatisfactory charge
transfer characteristics, aggregated triplets are quenched by polarons triplet-polaron
annihilation (TPA) and other triplets, causing triplet-triplet annihilation (TTA), which leads
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to a decrease in device efficiency [77]. On the other hand, the smooth surface of the DMAC-
DPS film during the formation of the quantum well, due to the reduction of exciton
aggregation in the QW EML, on the contrary, leads to a homogeneous interface with the PBL
DPPS, improving the device characteristics, particularly, EQE and brightness, and also
reduces the efficiency roll-off by almost 50%.

The authors of [47] state that the device with seven quantum wells achieved a
maximum EQE of 18.05%, demonstrating low-efficiency roll-off (Fig. 8c). They explain that
these results can be attributed to the enhanced quantum confinement effect as well as the
influence of electron-hole balance. However, increasing the number of quantum wells in the
TEOLED to nine while maintaining the total device thickness reduces EQE to 10.7%. This
phenomenon is associated with an increased probability of excess charge carriers tunneling
through the topological narrowing of the PBL, leading to weakened exciton confinement in
the quantum wells. The authors also note that all TEOLEDs with MQW structures (Fig. 7c)
exhibit similar turn-on voltage levels. At the same time, the current density decreases as the
number of quantum wells increases. According to their findings, an increase in the number of
QWs creates more DPPS/DMAC-DPS interfaces, which, in turn, introduces defects and traps
in the DMAC-DPS films and at the DPPS/DMAC-DPS interfaces, reducing the device's current
density. Notably, devices with nine QWs show a significantly lower current density.
Electroluminescent spectra of devices with different numbers of quantum wells, presented in
Fig. 9¢c, confirm these patterns. The authors point out that the electroluminescence spectrum
of the device with three quantum wells is characterized by a peak at 480 nm and a weak
shoulder near 400 nm. They explain that the low emission efficiency in the 400 nm range is
due to inefficient energy transfer between DPPS and DMAC-DPS and an insufficient number
of interfaces for exciton confinement. The weak shoulder peak disappears in devices with
five and seven quantum wells, which the authors associate with improved exciton
confinement. In particular, devices with seven quantum wells exhibit a spectrum with a
single emission peak attributed to the EML's effective charge and exciton confinement.
Meanwhile, the device with nine QWs is characterized by a broader electroluminescence
spectrum (Fig. 9c), similar to the spectrum of the device without quantum wells.

Therefore, based on the analysis of previous studies, the optimal selection of the
number of quantum wells is crucial for achieving high device efficiency. Too few or too many
quantum wells negatively affect exciton confinement and charge balance, while the optimal
number ensures maximum emission efficiency.

4.2. Charge localization methods in green QW-OLEDs

As mentioned, green OLEDs with a multilayered quantum well (MQW) structure are actively
researched due to their high efficiency and narrow emission spectral band. Due to their high
brightness and emission stability, green OLEDs are used in portable projection systems and
as light sources in lasers for medical and industrial applications. Current developments in
this field include the creation of micro-OLEDs for augmented and virtual reality, where the
MQW structure provides high resolution and image contrast. The manufacturing technology
of green OLEDs with the MQW structure involves the layer-by-layer application of organic
materials with a carefully selected band gap, which forms energy barriers for charge
localization. This aspect is the efficient recombination of electrons and holes in the active
zone, contributing to radiation's high brightness and stability.
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In [39] the authors investigated the electroluminescent properties of green-lighting
organic light-emitting diodes. The design of such devices includes a different number of QWs.
The general structure of the formed OLEDs based on the Algs emitter was as follows:
ITO/Mo0O3/[NPB/BCP],/NPB/Alq3/BCP/LiF/Al. Quantum wells of this structure were
formed by layers of NPB and BCP, where NPB/BCP/NPB function as HTL. Taking into
account that the limiting capacity of OLEDs with MQWs structures is related to the number of
periods and the QWs thickness [78-79], five OLED structures were formed by layer-by-layer
thermovacuum deposition: without quantum wells (n = 0), single-QW (n = 1), double QW (n
= 2), triple QW (n = 3) and quadruple-QW (n = 4).

A comprehensive comparative analysis of device efficiency (brightness, energy
efficiency, current efficiency) showed that OLED with a double MQW structure, due to the
optimal balance of carriers in the recombination zone and increased carrier recombination
rate in the EML, is the most efficient among experimental OLEDs. The nature of the current
density dependence of the external quantum efficiency for all devices (Fig. 10) also confirms
this conclusion.

—— =0
——n=1
—d—n=2
——n=3
—a—n=4

T
[i] 10 20 30

Current density (mA/cm?)

Fig. 10. EQE-current density plots of the five OLED devices [39] [Used with permission of Elsevier
Science & Technology Journals, from "Efficiency enhancement of green organic light-emitting diode
utilizing aromatic diamine/bathocuproine multiple quantum wells. Eskandarian, P., Fallah, H,
Hajimahmoodzadeh, M., Zabolian, H. Mardani, S. J. 117, 111125, Optical Materials, (2021)".
Permission conveyed through CCC Marketplace].

Despite an efficient green phosphorescent EML in OLEDs, insufficient dense exciton
localization in the EML causes a significant decrease in the efficiency of the OLED due to the
presence of triplet-triplet annihilation (TTA) and triplet-polaron annihilation (TPA) [80, 81].
Thus, to achieve higher EQE values in phosphorescent OLEDs, limiting the EML
recombination zone and controlling the recombination zone (RZ) position is important.
Several theoretical and empirical models have been proposed to quantify possible RZ
changes. Specifically, in [82], the RZ shift is suppressed by placing additional blocking layers
near the EML/HTL interface. However, it is necessary to ensure that the insertion of blocking
layers does not alter the charge balance in the EML.

In [44], the mechanism of RZ localization due to the blocking of the interphase energy
transfer channel was investigated for efficient phosphorescent OLEDs based on a green
emitter (Ir(ppy)s) of two types, the first type with a traditional doped host-guest system but
the different thickness of the emission layer (10, 15, 20 and 30 nm), where CBP was used as
matrix component (ITO/ PEDOT:PSS (40 nm)/ NPB (20 nm)/ TCTA (10 nm)/CBP : Ir(ppy)s
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(10, 15, 20 and 30 nm)/ TPBi (10 nm)/LiF/ Al), and the second type of OLED, in the design of
which QWs are introduced (ITO/ PEDOT:PSS (40 nm)/ NPB (20 nm)/ TCTA (10 nm)/[CBP :
Ir(ppy)s (7.5 nm)/ TCTA (5 nm)/ CBP : Ir(ppy)s (7.5 nm)]/ TPBi (10 nm)/LiF/Al). RZ shift tactics
were studied using a QW structure consisting of an EML/ exciton blocking layer (EBL)/EML.
Ir(ppy)s and TCTA were used as the EML and EBL in the green phosphorescent OLEDs,
respectively. TCTA was implanted as an EBL at the EML/HTL interface to maintain charge
balance and RZ (Fig. 11a).

In [44], the quantum well generally consists of thin layers of organic/inorganic
semiconductors, which provides a stepwise increase in energy barriers for the carriers, helping to
trap excitons effectively. In addition, TCTA's ability to block electrons helps achieve a better
balance of charges in the left and right EML. In this case, the RZ is formed at the border between
TCTA/right EML and partially between TCTA/left EML, as shown in Fig. 11a. It is evidenced by
the normalized and shift-dependent electroluminescence spectra (Fig. 12), which indicate a slight
shift in the 560 nm shoulder peak due to thin (7.5nm) EMLs and a significantly expanded
recombination zone. Fig.11a schematically represents the RZ movement in a QW- OLED
structure, in which the black circle represents the RZ at the low operating voltage, and the red
circle represents that of the high operating voltage. This study indicated that the RZ shifts closer
to the TCTA interlayer at a higher applied potential due to the minor potential barrier between
the thin 5 nm interlayer and the separated EMLs. The authors explain this because the thickness
of TCTA in the structure with a quantum well is minimal; at a higher applied voltage, electrons
are transferred through the TCTA layer and form excitons with holes in the left EML. In addition,
the phosphorescent QW-OLED also exhibits a peak around ~420nm (Fig. 12, inset) due to
possible energy transfer and excimer formation at the TCTA/Ir(ppy); interface.
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0.4
0.2
0,0 T . T " .
400 500 600 700 800
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Fig. 12. The EL spectrum of green phosphorescent OLED with QW structure (Insert show the EL intensity in
the QW device in the short-wavelength range from 400 to 480 nm) [44] [Used with permission of American
Chemistry Society, from "Recombination zone control without sensing layer and the exciton confinement in
green phosphorescent OLEDs by excluding interface energy transfer. Jesuraj, P.J., Hafeez, H., Kim, D.H,, Lee,
J.C, Lee, W.H,, Choi, D.K, Kim, C.H, Song, M, Kim, C.S,, Ryu, S.Y. 122(5), 2951-2958, Journal of Physical
Chemistry C, (2018)". Copyright 2018 American Chemistry Society].

To summarize, the green phosphorescent OLEDs [44], in which the charge balance is
improved and localized RZ within the EML due to the quantum well structure, demonstrated
high current and quantum efficiency values of 51.93 cd/A and 14.7 % at 1000 cd/m2,
respectively. The overall device performances of the green phosphorescent OLEDs with

different EML thicknesses and QW structures are listed in Table 3 for comparison.
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Table 3. Green phosphorescent OLED performances with different types of EML structures.

EML thickness Turn-on Current density Cl.lr.r ent Pm./ver Qu'ar.ltum
or type voltage, V max., mA/ cm? efficiency efficiency efficiency Ref.
! ! max, cd/A max,Ilm/W  max., %
EML (10 nm) - 9.2 33.14 18.35 9.5
EML (15 nm) - 2.3 54.43 33.11 15.39
EML (20 nm) - 2.7 41.76 23.13 11.87 a1
EML (30 nm) - 5.6 22.80 11.04 6.67
EML (QW) - 2.19 51.93 27.07 14.7
non-MQW 2.80 4.5 83.0 93.0 25.9
3-QW 2.80 - 84.5 94.6 26.6 50
5-QW 2.86 - 84.0 92.0 26.6
7-QW 2.86 53 84.5 92.8 26.9

TTA is the main reason for the decrease in OLED efficiency under operation conditions
at high brightness [83, 84]. Using ultrathin emitter layers in OLED fabrication technology is
believed to be an effective way to suppress TTA, most likely due to the extremely high
exciton recombination zone in the ultrathin emitter layer structure [50]. The authors of [50]
demonstrate the feasibility of introducing the ultrathin emitter layer between the planar
intermolecular exciplex TCTA / B3PyMPM layers in the OLED structure to increase its
efficiency. Ir(ppy)2acac was used as a blue phosphorescent emitter. The energy level
diagram and the schematic presentation of the EML structures with different numbers of
QWs (3-QW, 5-QW, and 7-QW) and without QWs (non-MQW) of the devices are shown in
Fig. 11b and Fig. 11c, respectively.

Authors [50] specifically applied a cascade of quantum wells to expand the exciton
recombination zone, taking into account the phenomenon of an efficiency roll-off of the
devices based on quantum wells at high current densities, which occurs due to a decrease in
triplet-triplet annihilation [85,86]. As the number of quantum wells increases, the density of
excitons localized at each TCTA/B3PyMPM interface will decrease, and therefore, TTA will
be suppressed.

The dependence of quantum efficiency on the current density of non-MQW and 7-QW
devices is presented in Fig. 13. The correspondence between experimental data and
theoretical calculations based on the TTA model is visualized in Fig.13. All device
performance data are summarized in Table 3. Comparing the efficiency roll-off
characteristics of the device without quantum wells (non-MQW) and an OLED containing
seven QWs (7-QW), using the theoretical TTA models (Fig. 13), given that the EQE = 25.9% at
the minor current density of 4.5 mA/cm? for a non-MQW, and EQE =26.9% at a current
density of 53 mA/cm?, it can be concluded that the dominant quenching mechanism is TTA,
and such a thin design of the device structure can reduce TTA, as the efficiency roll-off was
significantly reduced.

The authors of [50] experimentally established that the smallest efficiency roll-off is
observed in 7-QW (a roll-off of 30.1% at 10,000 cd/m?), provided that the thickness of the
TCTA/B3PyMPM layer is 3 nm. They note that the efficiencies of the non-QW, 3-QW, 5-QW,
and 7-QW devices are nearly the same despite the different EML structures, confirmed by the
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data in Table 3. The paper also states that the thickness increase with increasing the number
of quantum wells practically does not affect the turn-on voltage of the devices (at
0.2 mA/cm?), which increased only from 2.80V to 2.86 V. This is explained by the high
mobility of holes in TCTA (10-* cm?/Ves) and electrons in B3PyMPM (10-5 cm?/Ves), as well
as the optimized layer thickness of these materials, which ensures effective tunneling of
charge carriers. Based on the obtained experimental data, the authors concluded that the
efficiency characteristics decline directly depending on the number of quantum wells.

30
e TTA(non-MQW device)
35 — — TTAT-QW device)
- . ® non-MQW device
*  T-QW device
TR B | \-..._
& A N
Ho13 4 X . _
[i] ww‘ﬂ\. ........................................ : 4
10 1 |‘~.-..,
1 ""'-'__
3 4 TR L
1
D I
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Current density (mA ‘em?)
Fig. 13. EQE-Current Density plots of the non-MQW and 7-QW devices (The lines with symbols indicate the
experimental data, and the two drash lines are the fitted EQE based on the TTA model) [50] [Used with
permission of Royal Society of Chemistry, from "Management of excitons for highly efficient organic light
emitting diodes with reduced triplet exciton quenching: Synergistic effects of exciplex and quantum well
structure. Li, S.-H., Wu, S.-F,, Wang, Y.-K, Liang, ].-],, Sun, Q. Huang, C.-C,, Wu, ].-C, Liao, L.-S., Fung, M.-K. 6(2),
342-349, (2018), Journal of Physical Chemistry C, (2018)". Permission conveyed through CCC Marketplace].

Transport properties, accumulation, and capture of charge carriers in OLEDs with QWs
were studied in [40]. The transient electroluminescence response characteristics in OLEDs
with MQW structures based on NPB/Alq; quantum well under dual-pulsed voltage were
investigated too. For this purpose, two NPB/Alq; quantum-well OLEDs and a reference
device with bilayer NPB/Alqs films were formed:

D1.1TO/Mo0Os3 (5 nm)/NPB (75 nm)/Algs (60 nm)/LiF (1 nm)/Al (120 nm);

D2. ITO/Mo0O3 (5nm)/NPB (72nm)/Algs (3 nm)/NPB (3 nm)/Algs (57 nm)/LiF
(1 nm)/Al (120 nm);

D3. ITO/MoOs; (5nm)/NPB (69 nm)/Alqz (3 nm)/NPB (3 nm)/Alqs (3 nm)/NPB
(3 nm)/Alqs (54 nm)/LiF (1 nm)/Al (120 nm).

A schematic energy diagram of OLEDs with multiple quantum-well structures is shown
in Fig. 11d. The mechanism of transport and distribution of charge carriers in QW-OLEDs, in
particular, a transient electroluminescence response signal curve driven by dual-pulsed
voltage with 100 ps duration and 12 V height of the device D3 is shown in Fig. 14. As can be
seen from Fig. 14, the amplitudes of the first and second transient electroluminescence
responses, which are induced by a rectangular dual-pulsed voltage, are noted as S1 and S,
respectively. The duration time of the pulsed voltage is repeated as T3, the pulse cycle as T.

The researchers in [40] established that for the studied devices, the time interval
required for the migration of charge carriers from the electrodes to the EML increases
linearly with the increase in the number of quantum wells. This is due to the hole-type
conductivity of NPB, so the electrons cannot cross the barrier at the NPB/Alqs interface
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unhindered. Moreover, an imbalance in the mobility of charge carriers was revealed: the
mobility of electrons in Alqs is two to three orders of magnitude lower than that of holes in
NPB [87]. As a result, the main light-emitting layer is located near the cathode. Thus, as the
number of quantum wells increases, the average rate at which the holes reach the EML in the
heterostructure decreases.

0.6
s 04 8
= =
) >
3 2
o
> 025
2 |
= —
£ &
0.0
0 200 400
Time (mcs)

Fig. 14. Transient electroluminescence response under dual-pulsed voltage (100 ps, 12 V) of QW-based
device D [40] [Used with permission of Elsevier Science &Technology Journals, from "The charge
confinement effect of quantum-well Algs-based OLEDs by dual-pulsed transient electroluminescence.
Liy, S., Guan, M,, Zhang, Y., Li, Y., Liu, X,, Sun, W,, Liu, C., & Zeng, Y. 419, 13-17, Optics Communications,
(2018)". Permission conveyed through CCC Marketplace].

The mechanism of charge carriers' transport and distribution in QW-based device D3
under the dual-pulsed voltage was also investigated in [40] and is illustrated in Fig. 15. When
a pulsed voltage is applied to the device, charge carriers are injected into the organic layers,
with holes arriving first and being distributed across the two NPB barrier layers due to the
higher hole mobility in NPB compared to the electron mobility in Algs. As a result, a
significant concentration of holes accumulates in the NPB barrier layers due to the
unbalanced electron injection and the 0.4 eV barrier height at the [HOMO]NPB/[HOMO]Alqgs
interface. Additionally, the holes accumulated in the NPB barrier Ne1 tunnel through the
3 nm Alqs well Ne1. This establishes the primary recombination region at the interface
between the Alqz well Ne1 and the NPB barrier Ne2 (Fig. 15a). The strong electric field within

Main recombination region Main recombination region
2.4 2.4

—~ g 5 3.0 1 5 & Al
% E -2 Rl .E .ﬁ
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Fig. 15. Mechanism of space charge distribution and the change in the energy levels position at the
boundaries of the interface [40] [Used with permission of Elsevier Science &Technology Journals, from "The
charge confinement effect of quantum-well Algs-based OLEDs by dual-pulsed transient electroluminescence.
Liu, S, Guan, M,, Zhang, Y., Li, Y, Liu, X, Sun, W,, Liu, C, & Zeng, Y. 419, 13-17, Optics Communications,
(2018)" permission conveyed through CCC Marketplace].
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the NPB barrier transforms the rectangular potential into a triangular one. When the first
pulsed voltage is turned off, hole injection from the anode ceases, leading to a gradual
decrease in hole concentration in the NPB HTL. The concentration gradient and triangular-
shaped barrier cause holes to diffuse back into the NPB HTL from the NPB barrier Ne2 before
the second pulse is applied (Fig. 15b). When the time interval between the two pulses is
sufficiently long, there is adequate time for holes to accumulate in the NPB HTL.
Consequently, a space charge limited current (SCLC) effect arises when the second pulse is
applied. The accumulated space charges gradually restrict hole injection [88], resulting in S
< 1. As the time interval between the pulses decreases, the hole concentration returning to
the NPB HTL diminishes, thereby reducing the SCLC effect. Under these conditions, the
intensities of the first and second pulses typically become equal. Therefore, the authors [40]
found that the transient delay time increases and the fall time remains almost constant with
the good numbers increasing, confirming that the exciton recombination zone is located in
the Algz well layer near the cathode after investigating the dual-pulsed transient EL
characteristics in OLEDs with MQW structures.

Thus, research on OLEDs with MQW structure, especially for green light generation,
shows significant progress in achieving high electroluminescence efficiency, reducing
operating voltage, improving stability, and increasing device lifetime. The efficiency of such
OLEDs is based on the confinement of charge carriers and excitons in the recombination
zone, which is especially important for obtaining bright and stable green emission. Green
MQW-OLEDs require detailed consideration of carrier injection and transport, which are key
to ensuring high performance. Understanding the electroluminescence mechanisms in such
devices plays a crucial role in optimizing their characteristics.

4.3. Red/near-infrared OLEDs with QW structure

Organic far-red and near-infrared (FR/NIR) emitters are widely used in many fields of
industry and medicine [89-91]. Thus, optical absorption, light scattering, and
autofluorescence are practically absent during fluorescent probing of biological objects by
intense FR/NIR emission (more than 650 nm) [92]. However, it should be noted that the EQE
FR/NIR OLED is inferior to the visible OLED efficiency. The fact is that in organic materials
with a small energy gap (HOMO-LUMO), which are FR/NIR emitters, there is an increase in
the probability of non-radiative recombination of excited states as the energy gap decreases
according to the “energy gap” law [93]. The low emissivity does not contribute to the
practical competitiveness of FR/NIR OLEDs, even with the advantages inherent in organic
light-emitting devices, such as design flexibility, low cost, and potential biocompatibility. The
main reason for the still low efficiency of FR/NIR OLEDs is triplet quenching due to triplet-
triplet annihilation [94-96]. From a design perspective, triplet quenching in OLED structures
can be reduced using a host-guest doping system when fabricating TADF-based OLEDs.
However, as already mentioned, this approach is a complex technological challenge with often
non-reproducible results, which limits the serial FR/NIR OLED production. An alternative
approach to addressing this issue is using an emitter in the FR/NIR OLED design, represented by
a repetitive heterostructure. In such a structure, a thin active layer (less than 10 nm, comparable
to the de Broglie wavelength of charge carriers) ensures charge and exciton confinement while
expanding the exciton recombination zone. This approach enables tuning the electroluminescent
characteristics of FR/NIR OLEDs, driven by quantum confinement effects.
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Fig. 16. The energy level diagram of the red phosphorescent OLEDs with MQW structure: (a) [51] [Used with
permission of American Institute of Physics, from "Efficient multiple triplet quantum well structures in
organic light-emitting devices. Park, T. ], Jeon, W. S,, Choi, ]. W,, Pode, R, Jang, J., & Kwon, ]J. H. 95(10),
103303, Applied Physics Letters, (2009)". Permission conveyed through CCC Marketplace], (b) [43] [Used
with permission of American Institute of Physics, from "Low-voltage, high efficilency nondoped
phosphorescent organic light-emitting devices with double-quantum-well structure. Liu, S. M,, Li, B, Zhang, L.
M, & Yue, S. M. 98(16), 163301 (2011), Applied Physics Letters", permission conveyed through CCC
Marketplace], and (c) [48] [Used with permission of American Chemistry Society, from "Efficient nondoped
pure red/near-infrared TADF OLEDs by designing and adjusting double quantum wells structure. Sun, Y.,
Sun, W, Liu, W,, Li, X,, Yin, ], Zhou, L. 4(7), 3615-3622, ACS Applied Electronic Materials, (2022)". Copyright
2022 American Chemistry Society].
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The authors of [51] reported a method for localizing triplet energy on the
phosphorescent dopant Ir(piq)s; in QW-OLED structures. The quantum well structure was
formed using wide-bandgap transport layers hole's (TCTA) and electron's type (Bepp:), a
narrow-gap matrix (Bebq;) doped with Ir(piq)s, as well as CCL. Fig. 16a shows the band
energy diagram of fabricated devices based on quantum wells, where n corresponds to the
number of Bebq; layers: Ir(piq)s/CCL (R-EL) quantum wells from one to five. Thus, including
the R-EL block increased the phosphorescent OLED emission layer structure. To hold and
balance holes and electrons in the EML, a 5 nm thick CCL was applied. The energy positions
of TCTA, Beppz, Bebqy, and Ir(piq)s triplets are 2.7, 2.7, 2.2, and 2.0 eV, respectively [97-100].

Since the triplet energies of the transport layers and CCL are higher than those of the host
molecule, all triplet energies are confined to the emitting layers. All five devices' CIEx,y chro-
maticity coordinates are (0.66, 0.33) at 1000 cd/m?2, which meets the International Commission
on Illumination (CIE) requirements for red organic light-emitting devices. The various electrical
parameters of the fabricated five red phosphorescent OLEDs are summarized in Table 4.

Table 4. Generalized characteristics of red phosphorescent OLEDs with MQW structure.

Well numbers (n) Turn-on voltage Current Power Quantum
or PWL thickness, v ge efficiency max., efficiency efficiency Ref.
nm cd/A max., lm/W max., %
n=1 2.4 9.9 - 11.8
n=2 2.5 12.4 - 14.8
n=3 2.6 11.5 - 13.6 [51]
n=4 2.8 10.8 - 12.8
n=>5 3.2 7.2 - 8.6
n=1 -
Device D 2.26 14.8 16.3
n=2 2.30 29.3 30.5 - [43]
Device D ’ ’ ’
n=3 -
Device D 2.85 10.2 8.1
0.5 nm
Device A 2.9 15.6 15.3 14.5
1.0 nm
Device A 2.8 6.0 6.1 12.0
L5 nm 3.0 48 5.1 10.8
Device A
iy [48]
.5 nm
Device A 2.6 2.4 2.8 6.9
4.0 nm
Device A 3.3 0.80 0.76 4.5
5.5 nm
Device A 3.1 0.74 0.73 3.3

Shumei Liu et al. [43] reported on a highly efficient low-voltage, undoped phosphorescent
OLED formed by introducing a simple triplet structure with a double quantum well, where a
metal-organic complex (F-BT).Ir(acac) was used as a potential well layer (PWL) and an emitter in
EML. Similar to the previous study [51], the authors [43] provided a CCL barrier layer in the
device structure, but separately with different layers for each of the four phosphorescent OLEDs
(Devices A, B, C, and D). Fig. 16b schematically depicts the energy level diagram of the fabricated
devices, in which the following organic compounds were used in the CCL structures: A - TPD, B -
TCTA, C - CBP, and D - TPBi, respectively. Bphen is used as an exciton/electron-blocking layer.
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The triplet energy levels of TPD, TCTA, CBP, and TPBi are 2.34 eV, 2.86 eV, 2.56 eV, and 2.74 €V,
respectively. All of them are higher than that of (F-BT):lr(acac) at 2.25 eV, ensuring triplet
excitons are held in the EML.

In the process of studying the electroluminescence spectra of phosphorescent OLEDs
(Fig. 17), the authors [43] found that the emission spectra of all devices demonstrate
exclusively the emission of the (F-BT):Ir(acac) complex with a maximum at 548 nm and a
shoulder at 580 nm, indicating the complete localization of excitons in the PWL. However, in
Device C, along with the strong emission of (F-BT)Ir(acac), a weak amplitude peak at
436 nm was recorded, corresponding to the electroluminescence of m-MTDATA. The authors
explain this phenomenon by the drift of electrons from the PWL/EML to the HTL and their
recombination with holes at the HTL/PBL interface. Device B also exhibits an m-MTDATA
emission maximum, but only at 8 V, suggesting that electrons overcome the PWL energy
barrier with increasing excitation voltage. At the same time, Device D exhibits an emission
identical to Device A, regardless of voltage, with no signs of exciplex emission at the m-
MTDATA/TPBI interface. This indicates the effective localization of electrons and excitons in
the PWL/EML.
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Fig. 17. Normalized EL spectra of phosphorescent OLED with QWs structure at different driving voltages

[43] [Used with permission of American Institute of Physics, from "Low-voltage, high efficiency nondoped

phosphorescent organic light-emitting devices with double-quantum-well structure. Liu, S. M,, Li, B, Zhang, L.

M, & Yue, S. M. 98(16), 163301 (2011), Applied Physics Letters". Permission conveyed through CCC

Marketplace].

According to the analysis results [43], the spectral behavior of the emission in the studied
OLEDs is explained as follows. As indicated in Fig. 16b, for devices A and D, the energy barriers at
the PBL/PWL interface are 0.9 eV and 0.7 eV, respectively, which ensures the charge localization
in the PWL/EML and the effective exciton radiative recombination. The simultaneous emission of
(F-BT)Ir(acac) and m-MTDATA in Device C is explained by the bipolar transport properties of
CBP and low PBL/PWL interface barriers. The energy barrier of Device B at the PBL/PWL
interface is also 0.7 eV, as in Device D. However, Device B demonstrates the emission of m-
MTDATA at high voltage in addition to the emission of (F-BT).Ir(acac) at low excitation voltage.
The authors attribute this phenomenon to the Forster energy transfer mechanism between TCTA
singlet excitons and m-MTDATA excitons. The turn-on voltage of Device D is the lowest and is
equal to 2.3 V. In addition, this device demonstrates a high peak efficiency of 30.5 Im/W at 2.65V
and 24.5 Im/W at 3.75 V 1000 cd/m?. The researchers explain such characteristics of Device D by

the self-balancing effect, which is enhanced electron injection due to hole accumulation at the m-
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MTDATA/TPBi interface. It should also be noted that besides improving electron and hole
injection, the high characteristics of Device D provide the TPBi electron transport properties and
shallow traps in PWL/EML. The electronic properties of phosphorescent OLEDs with different
numbers of quantum wells using TPBi as PBL (Device D) are summarized in Table 4.

In recent years, there has been a trend towards increasing the FR/NIR OLED efficiency
due to the TADF mechanism involvement in the ambipolar emitter layer. Due to strong spin-
orbit interaction, this mechanism allows both singlet and triplet excitons involvement in the
emission process during transitions, similar to phosphorescent FR/NIR emitters. Although
the red-emitting organic LEDs TADF has reached an external quantum efficiency of nearly
30%, the FR/NIR OLEDs efficiency remains low - up to 10% [101, 102]. EL blue shift relative
to the emitter film photoluminescence spectrum is often observed during NIR-OLEDs
forming [103, 104]. A similar effect is conditioned by the choice of a matrix material with a
significant dipole moment and the emitter dopant concentration. Yufu Sun et al. [48]
developed a non-doped NIR TADF OLED with a double QW structure (n = 2) to prevent a
high-energy shift in the NIR electroluminescence spectral range. The donor-acceptor emitter
(TPA : DCPP) was chosen for emission in the deep red/NIR region, characterized by
thermally activated delayed fluorescence [105]. The following molecular structures were
used as four host materials that functioned as a PBL to confine and balance holes and
electrons inside the potential well for four different devices: Device A - mCP, Device B -
DPETPO, Device C - Tm3PyP26PyB and Device D - TmPyPB, respectively.

The authors used these materials since, in OLED technologies, mCP is used as a hole-
transport layer or host material for phosphorescent dopants, and DPETPO, as the ambipolar
organic semiconductor, functions as a matrix for phosphorescent and TADF dopants [106].
Tm3PyP26PyB and TmPyPB are electron-transport materials in organic light-emitting
structures [107, 108]. The triplet energies of mCP (Device A), DPETPO (Device B),
Tm3PyP26PyB (Device C), and TmPyPB (Device D) are 2.90, 3.10, 2.84, and 2.78 ¢V,
respectively. These values are higher than in the TPA-DCPP emitter material (2.25 eV).
Therefore, the confinement of triplet excitons in the PWL/EML is ensured. It should be noted
that for devices with the MQWs structure, a red (excimer) shift of electroluminescence is
observed, which exceeds the blue shift when the well width for narrow-band NIR TADF
materials exceeds 2 nm [109]. Researchers [48] chose a potential well width of 2.5 nm based
on this analysis. The structure and energy diagram of devices with double QWs are
presented in Fig. 16 c. The energy positions of the HOMO levels (Device A) for TAPC and mCP
(PBL) are - 5.5 and - 5.9 eV, respectively. Therefore, the interface energy barrier is low
enough (0.4 eV) for holes to reach the first PWL easily. The authors [48] note that the hole
movement is limited due to the high interface barrier (0.6 eV) during their transition from
the first PWL to the second. The LUMO energy levels for mCP (PBL) and TPA-DCPP (PWL)
are -2.4 and -3.5 eV, respectively, and the interface barrier between them reaches 1.1 eV.
This leads to a low electron concentration in the second PWL, which causes electrons not to
get the first PWL effectively. The authors explain that this behavior causes the formation of a
negative space charge, which changes the electric field distribution in the device. It
stimulates the self-balancing effect and increases the probability of charge carrier
recombination [110].
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The main EL performances of MQWs devices based on mCP film as PBL and TPA-DCPP
film as PWL (Device A) [48] at different well widths are summarized in Table 4. Device A has
the lowest turn-on voltage and better efficiency among these four devices. It should be noted
that with increasing well width, the peaks of electroluminescent emission shifted towards
the spectrum red region ranging from 641 to 700 nm, while the current efficiency gradually
decreased. Efficiency roll-off was the fastest when the well width was 0.5 nm. In addition, the
efficiency roll-off rate decreases with increasing well width. To summarize, increasing the
quantum well width slows down the efficiency decline but is accompanied by a gradual
decrease in the maximum efficiency of the device.

4.4. White OLEDs on QW

Recently, a trend has been towards replacing existing light sources with lighting systems
based on white organic light-emitting structures (WOLED). At the same time, WOLEDs
characteristics (color quality, Commission Internationale de 1I’Eclairage (CIE) coordinates,
color rendering index, and correlated color temperature) need to be close to natural white
light [111]. Although the WOLED manufacturing technology has reached commerecialization,
improving methods to optimize the emission color quality continues. New device
architecture approaches have been created to enhance energy efficiency and color quality. It
has been reported that WOLEDs with QWs structures effectively trap current carriers and
excitons inside potential wells, but their emission efficiency is usually lower than that of
traditional WOLED structures. Z.Y. Xie et al. and S.-H. Yang et al. obtained white organic
diodes with QW structures, but the efficiency of both fabricated structures was low [112,
113]. QW-structured WOLED low efficiency is because they use exclusively fluorescent
materials as emitters and the incomplete holding of charge carriers and excitons inside the
EML due to using materials with an inappropriate potential barrier layer (PBL).
Phosphorescent and TADF light-emitting materials must be used to utilize PBL effectively to
enhance the QWs structure emission efficiency. In particular, Bo Zhao et al. [114] proposed a
device architecture containing two or three phosphorescent emitters separated by blocking
layers. In such a structure, electric charges tunneling through the potential barriers of the
blocking layers accumulate uniformly in the potential wells, where excitons are generated,
followed by electroluminescence emission in a wide spectral range. It should be noted that
for such structures, matching the energy level positions of the functional layers is not critical,
and the charge carriers holding inside the quantum well increase the concentration of
localized excitons. This approach requires optimizing the thickness of various emitters and
blocking layers and is characterized by relatively high turn-on voltages.

The authors of [49] investigated the triplet MQW structures for their incorporation into
the WOLEDs architecture, where TPBi was used as the PBL, CBP was used as the host, and
BCzVBi served as the blue fluorescent dopant, and Ir(ppy)sz and Ir(piq)s; were used as green
and red phosphorescent dopants, respectively. Thus, a WOLED with TPBi as the PBL (Device
A) formed a Type-I MQW structure. WOLEDs with Type Il MQW structures were also formed,
where Bphen or BCP was used as the PBL in WOLED instead of TPBi (Devices B and C,
respectively).

In total, three MQW WOLEDs were fabricated using different semiconductors as PBLs
and a reference device with the traditional three-layer structure without PBL: Device A -
ITO/MoO3 (5nm)/CBP (20 nm)/CBP: 10% BCzVBi (5 nm)/ TPBi (2 nm)/CBP: 5% Ir(ppy)s
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(4 nm)/ TPBi (2 nm)/CBP: 4% Ir(piq)s (4 nm)/ TPBi (2 nm)/Bphen (45 nm)/LiF (1 nm)/Al
(100 nm); Device B - ITO/Mo0Os3 (5nm)/CBP (20 nm)/CBP: 10% BCzVBi (5 nm)/ Bphen
(2nm)/CBP: 5% Ir(ppy)s:(4 nm)/ Bphen (2nm)/CBP: 4% Ir(piq); (4 nm)/ Bphen
(2 nm)/Bphen (45 nm)/LiF (1nm)/Al (100 nm); Device C - ITO/MoOs; (5nm)/CBP
(20 nm)/CBP: 10% BCzVBi (5 nm)/ BCP (2 nm)/CBP: 5% Ir(ppy)3(4 nm)/ BCP (2 nm)/CBP:
4% Ir(piq)s (4 nm)/ BCP (2 nm)/Bphen (45 nm)/LiF (1 nm)/Al (100 nm); Reference device -
ITO/Mo0O3 (5nm)/CBP (20 nm)/CBP: 10% BCzVBi (5 nm)/ CBP: 5% Ir(ppy)s(4 nm)/ CBP:
4% Ir(piq)s (4 nm)/ Bphen (45 nm)/LiF (1 nm)/Al (100 nm). The corresponding schematic
energy levels diagram of the WOLEDs with MQW structure is shown in Fig. 18.
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Fig. 18. The energy level diagram of the white OLEDs with MQW structure (Black balls represent electrons,
and white balls are holes) [49] [Used with permission of Springer-Verlag New-York, from "The influence of
type-1 and type-II triplet multiple quantum well structure on white organic light-emitting diodes. Zhao, B,
Su, Z, Li, W, Chu, B, Jin, F, Yan, X, Zhang, T,, Zhang, F,, Fan, D,, Gao, Y., Wang, ], Pi, H, & Zhu, ]. 8(1), 529,
Nanoscale Research Letters, (2013)". Permission conveyed through CCC Marketplace].

It should be underlined that the Type I MQW structure is defined as a molecule with a
narrow bandgap placed in a matrix formed by a wide-gap material. The injected carriers are
localized between the LUMO and HOMO energy levels of the narrow-band gap molecule in
such a structure. The LUMO/HOMO energy levels of both materials in the Type II MQW
structure are located in a checkerboard order, and the charge carriers are placed on different
molecules.

Table 5 summarizes the EL performances of all fabricated WOLEDs. The nature of the
current density dependence of the current efficiency and power efficiency for all devices is
depicted in Fig. 19.

Table 5. EL characteristics of WOLEDs with MQW structure.

. Turn-on Current efficienc Power efficienc
Device voltage, V max., cd/A ’ max., Im/W 7 cEat1ov ) Ref.
Reference 3.52 10.7 5.5 (0.38, 0.45)
device
Device A 3.56 16.4 8.3 (0.32,0.45) [49]
Device B 3.76 11.0 4.4 (0.32,0.45)
Device C 3.82 8.1 3.5 (0.24, 0.35)
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Fig. 19. CE-J-PE characteristics of all WOLEDs [49] [Used with permission of Springer-Verlag New-York, from
"The influence of type-I and type-II triplet multiple quantum well structure on white organic light-emitting
diodes. Zhao, B, Su, Z, Li, W,, Chu, B, Jin, F,, Yan, X, Zhang, T., Zhang, F., Fan, D., Gao, Y., Wang, J., Pi, H., & Zhu,
J. 8(1), 529, Nanoscale Research Letters, (2013)". Permission conveyed through CCC Marketplace].

A comparative analysis of the light-emitting characteristics of the MQW WOLEDs
(devices A, B, C) with the control OLED without PBL (reference device) (Fig. 19, Table 5)
allows us to conclude that Device A demonstrates a maximum current efficiency of 16.4 cd/A
and power efficiency of 8.3 Im/W at a brightness of 1000 cd/m?. The authors explain that
under the action of an external electric field, electrons and holes are injected from the
cathode and anode, overcoming energy barriers of 0.2 eV (Fig.18). Due to this, charge
carriers are evenly distributed in the active layers (EMLs) and recombine, forming excitons.
The high triplet energy of TPBi (2.74 eV), which exceeds that of CBP (2.56 eV), Ir(ppy)s
(2.41 eV), and Ir(piq)s (2.0 eV), ensures effective confinement of triplet excitons inside each
EML. The authors emphasize that TPBi not only performs a transport layer function but also
effectively blocks excitons, preventing their migration to adjacent EML.

As shown in Fig. 18, for Device B, the hole potential well is the EML with a 0.4 eV barrier
at the [HOMO]gm./[HOMO]gphen interface. Thus, the injected holes could be easily confined
within the HOMO energy level of EML. At the same time, a 0.1eV barrier at the
[LUMO]gmL/[LUMO]sphen interface allows electrons to overcome it quickly and are distributed
in EML and Bphen layers. Fewer electrons are present at the LUMO EML energy level, leading
to low emissive recombination efficiency.

For Device C, the situation is similar to Device B. The energy barrier height at the
[LUMO]gm./[LUMO]gcp interface is 0.3 eV, and electrons are confined in the LUMO energy
level of BCP. At the same time, the more significant barrier (0.7eV) at the
[HOMO]gmi/[HOMO]gcp interface leads to the hole confinement in the HOMO energy level of
EML. Since electrons and holes are confined in different organic layers, the exciton
dissociation probability increases, carrier recombination efficiency decreases [115], and
Device C presents inferior EL performances. Therefore, the other level alignments for both
[LUMO]gmL/[LUMO]pg. and [HOMO]em./[HOMO]pg.. for devices A, B, and C lead to different
carrier recombination distribution and efficiencies.

Another conceptual adjustment of high-purity white color and color rendering index in
MQW WOLED structures with the present electroplex between Zn(4-TfmBTZ); as an electron-
acceptor and NPB as the electron-donor of a multilayer quantum well was proposed by Ye
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Zhang et al. [41]. In this study, three types of devices were fabricated and investigated: the
single-emitter layer OLED (Device A), doped OLED based on a host-guest system (Device B),
and multiple-layer OLED with MQWs (Device C). The device structure with MQWs is as follows:
ITO/NPB(35nm)/[Zn(4-TfmBTZ), (3.0 nm)/NPB(3.0 nm)],/ Zn(4-TfmBTZ), (30 nm)/Algs
(30 nm)/LiF (1.8 nm)/Al (150 nm), where n responds to the well numbers 0, 1, 2.

Device C with MQW structure demonstrates the best electroluminescent characteristics.
The electroluminescence spectra of Device C with different numbers of QWs at 12V are
shown in Fig. 20a, where the EL spectra normalized at 450 nm of Zn(4-TfmBTZ),/NPB
contains five peaks corresponding to 426, 450, 480, 518, and 557 nm, respectively. The
authors attribute the first and second peaks to NPB emission and the third and fourth to
Zn(4-TfmBTZ); charge-trapping complexes, which are capable of directly capturing charges
and thus increasing the trapped electron-hole pair recombination. The fifth peak is
electroplex emission around 557 nm, characteristic only of EL, and represents a spatial
cross-electron transfer from the LUMO of Zn(4-TfmBTZ), to the HOMO of NPB.
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Fig. 20. EL spectra of MQW-WOLED (Device C) (a); Voltage-dependent EL spectra of Device C with n=1 (b)
[41] [Used with permission of Springer-Verlag New-York, from "The characterization of electroplex
generated from the interface between 2-(4-trifluoromethyl-2-hydroxyphenyl)benzothiazole] zinc and N,N'-
diphenyl-N,N'-bis(1-naphthyl)-(1,1'-biphenyl)-4,4'-diamine. Zhang, Y., Hao, Y., Meng, W., Xu, H.,, Wang, H,, Xu,
B. 106(3), 709-715, Applied Physics A, (2011)". Permission conveyed through CCC Marketplace].

The electroplex emission becomes more intense with the number of
NPB/ Zn(4-TfmBTZ), interfaces. Due to the increased number of interfaces in the injection
electrodes WOLED structure, the charge carriers are effectively confined at the NPB/Zn(4-
TfmBTZ), interface, where NPB as hole traps and Zn(4-TfmBTZ), as electrons traps,
respectively. Thus, the cross-electron transfer from LUMO of Zn(4-TfmBTZ), to HOMO of
NPB is improved. The contribution of Zn(4-TfmBTZ); to EL relative to NPB increases with
the number of interfaces. The researchers suggest a reason for this could be partial energy
transfer from NPB to the Zn(4-TfmBTZ)2 layer through the quantum well structure [42].

The EL spectra of an MQW WOLED with n = 1 at different driving voltages are shown in
Fig. 20b. It is evident that the spectrum profile practically does not change with the increased
applied voltage from 10 to 13 V. Therefore, the electroluminescence spectra of the MQWs
device are not sensitive to the applied voltage. The distribution of electron-hole pairs
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reaches a balance in the bulk and interfaces due to balancing blocking effects and tunneling
through the barrier due to the quantum well structure.

In summary, to achieve high efficiency of WOLED, it is essential to ensure effective
confinement of charge carriers and excitons inside the EML using the MQWs structure and
the correct selection of key compounds for the formation of the EML by using
phosphorescent and TADF materials, as well as optimizing the PBL, which provides better
localization of excitons in potential wells and increases the efficiency of light emission.
Another critical approach is using exciplexes to achieve white color with high purity and a
high color rendering index. This method involves the combination of donor-acceptor
materials, which allows the formation of effective electron pairs, which subsequently
generate excitons with high efficiency. Such structures can provide radiation in a wide
spectral range and significantly improve color characteristics when optimizing the thickness
of the layers and barriers for retaining charge carriers.

5. Quantum wells practical application to improve the OLED characteristics
Numerous studies have shown that integrating quantum wells into the structure of OLED devices

can significantly improve their efficiency, image quality, and overall performance. Recent studies
have shown significant progress in this area. For example, studies by Q.Zhang et al. [76, 94]
showed that using quantum wells increases the brightness of OLED displays and expands the
color gamut, and work [98] confirmed that quantum wells reduce the power consumption of
displays, which is important for portable devices. K. Kim et al. [11] noted that due to the
reduction of heat loss, the overall energy efficiency of OLEDs is increased, and studies by J. Wang
et al. [86, 109] showed that the use of quantum wells allows for reduced power consumption
without lowering brightness, which is beneficial for energy-efficient displays.

Considerable attention has also been paid to image quality. T.J.Park et al. [51]
demonstrated that quantum wells provide a more uniform brightness distribution across the
screen area, which is critical for large TVs and advertising panels. S. Lee et al. [45] and S.-
J. Zou et al. [116] found that quantum wells increase operational stability and reduce
material degradation, especially for professional monitors and TVs.

Another essential advantage is reduced response time, as demonstrated in [40]. It
makes quantum well-based OLED displays suitable for gaming devices and virtual reality
systems and with high refresh rates.

The authors of [46] demonstrate how integrating a multiple emissive layer into the
OLED design increases the external quantum yield, an essential factor in improving the
overall device performance. Other studies, for example, [117], show that using quantum
wells in luminescent materials improves their optical and electrical properties, leading to
increased OLED efficiency.

However, quantum well technology plays a vital role in stabilizing and increasing the
durability of OLEDs. The studies of U.S. Bhansali et al. [80] focus on this aspect, considering
the advantages of quantum wells for carrier injection and the ability to withstand high
electrical loads. This is important for extending the lifetime of devices, especially in the
context of the latest requirements for efficiency and stability under long-term use. D. Zhao et
al. [118] also reveal the energy transfer mechanisms in multilayer quantum wells, which
provide additional stability for OLEDs during long-term operation.
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One of the key aspects of using quantum wells is the ability to fine-tune the color of
OLED emission. As R. Pan et al. [119] noted, quantum wells allow for precise color correction,
providing flexibility in the choice of color parameters. This is especially important for
modern display technologies, where high color accuracy is required. A prominent example is
the development of quantum-well OLED displays, which achieve higher color accuracy and
brightness levels, making them ideal for smartphones and high-end televisions. Quantum
wells have also been used to develop highly efficient and stable OLED lighting solutions,
which are crucial for energy-saving applications. For example, quantum-enhanced OLEDs are
used in automotive lighting, providing brighter, more energy-efficient headlights [120].

In addition, quantum wells have shown potential in flexible wearable electronics.
Researchers have successfully incorporated quantum wells into flexible OLED displays that
maintain high performance even under mechanical stress [121]. This progress is significant
for developing next-generation wearable devices like smartwatches and foldable
smartphones. In the medical field, quantum well-based OLEDs are being investigated for use
in bio-integrated devices, such as flexible sensors and diagnostic tools, due to their excellent
performance and biocompatibility [122].

Thus, recent studies confirm the promise of quantum wells for improving various OLED
characteristics, such as efficiency, stability, color fidelity, and applicability in flexible and
wearable devices. Quantum wells are becoming integral to OLED technology innovations,
opening new opportunities for more robust, high-performance devices.

6. Conclusion
Enhancement of OLED efficiency is a complex, multifaceted challenge. Thus, the OLED device

efficiency can increase or decrease depending on the electroluminescence mechanisms
natures inherent in the different emitters that this OLED contains. In addition to emitters,
OLED performance is also affected by many other factors, including host materials, doping
concentrations, fabrication methods, extraction enhancement methods, and other functional
layers. Summarizing the above data, it can be noted that highly efficient devices obtained by
designing OLEDs with a quantum well structure with an appropriate selection of functional
layer materials and optimal thickness regulation contribute to the retention holes and
electrons balancing in the emitter, which is located in the layer of the potential well. As a
result, the exciton dissociation slows down, and the efficiency roll-off at high current loads is
suppressed. The experimental studies presented in the review convincingly indicate that
phosphorescent and TADF QWs structures with balanced charges and confined triplet
excitons inside the emitter layer contribute to both the enhancement of OLED efficiency and
the increase of device lifetime. The advantages of QW devices include the NIR TADF OLED
with the MQWs structure. Such a design prevents the emission spectra from shifting to the
high-energy region. The design strategies and mechanisms of exciton localization within
QWs discussed in this review provide valuable insights into advancing OLED technology.
These concepts hold significant potential for developing energy-efficient displays and
lighting systems; positioning QW-based OLEDs as a cornerstone for future innovations in
organic electronics.
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AHomayis. EpexmueHi opzaHiyHi ceimiosunpominosanvHi diodu (OLED), e koHcmpykyii
SKUX CMpYKMYpPHO iHMe2posaHi K8AHMOBI MU, hpugepmarms 3HAYHY y8azy 3a80sKu ixHill
30amHocmi  3a6e3nevysamu  8y3bke CNeKmMpa/bHe  BUNPOMIHIOBAHHS MA  BUCOKY
epekmusHicmob. Ocobausull iHmepec Bukaukae nidguwjeHHss npodyKkmueHocmi makux

02046 Ukr. ]. Phys. Opt. 2025, Volume 26, Issue 2



Exploring Quantum Wells

€8IM/108UNPOMIHIOBA/NILHUX NpPUCMPOi8 4Yepe3 8NposadiyceHHss y ixHW0 apximekmypy
docopecyeHmHUX Mema/s100p2aHIYHUX KOMNJeKcie ma mamepianie, SKUM npumamaHHuil
MexaHizm mepmoakmusosaHoi doszompusasoi gayopecyenyii. Llell nioxid, 3a80aku cuabHill
cniH-opb6imaabvHill 83a€Modii, cnpusie nepemeopeHHI0 HesUNPOMIHIO8AAbHUX MPUNJAEMHUX
eKCUMOHI8 y B8UNPOMIHI0BA/NbHI CUH2/AemHI eKcUumoHU. Y yboMy 0241901 OCHOBHA ys8aza
npudinsiemoscsi MeXaHizmMam J0Kaai3ayii esnekmpozeHepo8aHUX eKCUMOHI8 Yy NnomeHYitiHUX
Amax, wo do3eosse nidsuwyumu egekmusHicmb OLED wasixom 36invblieHHs sicKpagocmi
B8UNPOMIHIOBAHHS MA 3MeHUIeHHs] KAHA/1i8 8UMOKY eKcumoHie uepe3 HepadiayitiHi npoyecu.
Takoxc poszasdarombcs cmpamezii nNpoeKMysaHHsi keaHmosux sm 045 OLED, ski
B8UNPOMIHIOIOMb Y CUHbOMY, 3€/1E€HOMY, YepBOHOMY, IHpayepgoHomy ma 6i10My iana3oHax.
Kpim moeo, y cmammi HagedeHO aHa/1i3 NPpAKMUYHO20 3aCMOCY8AHHA MEXHO/II K8AHMOBUX
AM Y pPIBHOMAHIMHUX NPUCMPOSIX Op2aHiuYHOi esekmpoHiku. Oz2450 cyvacHux po3pobok ma
icHylouux euk/aukie Hadae ecebiuHe ysi8/AE€HHSI NpPO nNOmMeHYiaa KEAHMOBUX SM Y
pesosroyionizayii OLED-mexHos102ill ma okpecatoe matiGymHi meHdeHyii 8 yitl 2ays3i.

Kawouoesi caoea: opeaniunuli ceimaodiod, keaHmosa ama, e1eKmpoaoMiHeCYeHYyis, mepMiuHO
akmueosaHa doszompusa.a $.1yopecyeHyis
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