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The development of efficient organic light emitting devices (OLEDs), particularly those based on ther-
mally activated delayed fluorescence (TADF), is quite often struggling from high non-radiative recombina-
tion rate and exciton quenching in case of the neat film, which is frequently usual for complex host-guest
systems. This study proposes an alternative multiple quantum well architecture to achieve controlled color
modulation and flexible emissive performance using a solvatochromic acceptor orange-red emitter, NI-3TPA.
By utilizing mCBP as the wide-bandgap barrier layer, OLEDs featuring varying quantum well thickness
(3nm to 7 nm) were fabricated and systematically evaluated against the non-doped device as well as refer-
enced host-guest structure.

The results demonstrate that modifying the mCBP barrier thickness directly influences electrolumines-
cent characteristics. Specifically, reducing the barrier to 3nm enhances the carrier tunneling probability,
thereby effectively suppressing exciton quenching. The optimized 3nm quantum well based device demon-
strated a reduced turn-on voltage of 5.6 V and achieved a maximum external quantum efficiency (EQE) of
2.03 % which outperforms the Tnm device (1.07 %) and the neat-film device (0.83 %). All fabricated devices
exhibited strong light emitting within. red-to-orange CIE1931 color coordinates.

The proposed architecture demonstrates precise tuning of the electroluminescence spectrum, exhibiting
a redshift from 566nm to 578 nm as the potential well width increased due to the quantum confinement
effect. This paper concludes that the quantum well strategy provides a reproducible approach for localizing
charge carriers and excitons within the emissive layer, mitigating parasitic processes and side effects such
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as intermolecular and exciton quenching without complex fabrication processes.
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1. INTRODUCTION

The modern strategy for the design of red organic
emitters involves constructing a twisted donor-acceptor
(D-A) conjugated scaffold with appropriate intramolecu-
lar charge transfer (ICT) characteristics. Such an ambi-
polar system significantly impacts the frontier molecular
orbital levels, generates long-wavelength emission, and
facilitates the tuning of optical and electronic properties.
Recent developments in the field of red OLEDs have pri-
marily focused on donor-acceptor (D-A) materials, exhib-
iting thermally activated delayed fluorescence (TADF).
These materials enable a theoretical internal quantum ef-
ficiency IQE) of 100 % through reverse intersystem cross-
ing (RISC) mechanism which transfers triplet states into
singlet ones [1]. According to energy gap law [2], the sig-
nificant non-radiative recombination rate (knr) of red
TADF emitters often leads to relatively low external
quantum efficiency (EQE) [3, 4]. It is evident that low
emissive performance limits the commercial viability of
red OLEDs for practical applications, despite the inherent
advantages of organic light-emitting devices, such as me-
chanical flexibility, cost-effectiveness and potential bio-
compatibility. To mitigate exciton quenching effects
within the OLED architecture, TADF emitters are uti-
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lized as guest dopants in a host-guest matrix [5, 6]. In a
host-guest system, excitons are initially generated in the
host component and subsequently transferred to the
guest emitter. Consequently, achieving high-performance
OLEDs requires efficient exciton transfer and effective
confinement within the emissive layer (EML). Further-
more, the host component can modulate the emission
spectrum of the guest emitter due to varying polarity,
providing a mechanism for color tuning in OLED dis-
plays. However, this approach poses a complex technolog-
ical challenge with frequently non-reproducible results,
which limits the fabrication of red OLEDs.

An alternative approach to solve this issue is the uti-
lization of a multiple quantum well structure, which
serves as an effective method for enhancing the perfor-
mance and characteristics of red OLEDs [7]. Such archi-
tecture does not require the need for a complex OLED
fabrication process. With this strategy, the localization
of both charge carriers and excitons occurs within the
limits of the EML. Consequently, the radiative recombi-
nation efficiency of the carriers can be significantly im-
proved.

These considerations defined the objective of the pre-
sent study, which aimed at the controlled modulation of
the electroluminescence (EL) spectral range for an or-
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ange-red emitter while achieving robust emissive perfor-
mance. In this work, we proposed an OLED architecture
and developed a device, featuring a quantum well struc-
ture, with the following layout. A previously synthesized
D-A compound, incorporating a vinyltriphenylamine do-
nor moiety and naphtalimide derivative acceptor-NI-
3TPA was utilized as the orange-red emitter [8]. This ma-
terial is highly sensitive to the surrounding environment
and exhibits diverse photophysical properties across var-
ious media. Even its moderate ICT efficiency between the
donor and acceptor moieties resulted in discrepancies in
the photoluminescence maxima of the emitter across var-
ious solvents and the neat film (626 nm in THF, 560 nm
in toluene and 584 nm in the film respectively). The ob-
served solvatochromism is detrimental to devices operat-
ing in this and lower-energy spectral regions, as simulta-
neously achieving long-wavelength emission and high ef-
ficiency remains mutually exclusive. In other words, the
efficiency of neat-film devices increases due to the blue
shift of the spectra [9, 10].

2. EXPERIMENTAL SECTION

The precision control of functional nanoscale film
thicknesses was performed in situ during the deposition
process using a quartz crystal resonator. The change in the
resonant frequency of the quartz resonator, monitored by
a CH3-33 frequency counter, is highly sensitive to mass
variations on the crystal plate where the film is deposited.
The electrical and emissive characteristics of non-passiv-
ated organic structures were measured immediately after
the fabrication of the organic heterostructures using a
Hewlett-Packard 4145A parameter analyzer and a cali-
brated photodiode, while electroluminescence spectra
were registered with an Ocean Optics USB2000 spectrom-
eter according to the procedure described in [11].

3. DEVICE FABRICATION

The light-emitting structures were deposited onto glass
substrates pre-coated with a 100 nm-thick indium tin
oxide (ITO) layer. Before device deposition, the sub-
strates were sequentially cleaned with isopropanol and
distilled water, followed by ultrasonic treatment in ace-
tone. The thin layers were sequentially deposited via
thermal evaporation inside a vacuum chamber at a base
pressure of 10-6 Torr. ITO serves as the transparent an-
ode, while Al forms the cathode.

HAT-CN  (1,4,5,8,9,11-hexaazatriphenylenehexacar-
bonitrile) this material is strongly electron-deficient, finds
it’s application as a hole-injection layer (HIL) [12]. Further-
more, for solution-processed OLEDs, HAT-CN is selec-
tively soluble in 2-propanone but highly resistant to most
other common casting solvents. This unique solubility pre-
vents unwanted interfacial mixing and erosion of the un-
derlayer during the deposition of top layers. The chemical
structure of HAT-CN is shown in Figure 1. The energy of
HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) levels are 7.5 eV and
4.4 eV respectively.

TAPC  (1,1-bis[4-[N,N-di(p-tolyl)amino]phenyl]cyclo-
hexane) was employed as the hole transport layer (HTL)
material. It also frequently functions as an electron-block-
ing layer or exciton-blocking layer (EBL) to confine excitons
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within the emissive layer. Along with HAT-CN it forms a
p-blended hole-transporting layer (p-HTL) [13]. According
to provided data by manufacturer, the HOMO and LUMO
energy levels for this layer are as follows 5.5 eV and 2.0 eV.
The triplet energy (T'1) and singlet energy levels are re-
ported as 2.87-2.9 eV and 3.26 eV respectively. TAPC ex-
hibits high hole mobility and a shallow Homo level, which
provides highly efficient hole injection and high current
density into the device. Due to its high triplet energy (T1)
and high-lying LUMO level, TAPC effectively confines ex-
citons and blocks electrons from escaping the emissive
layer, enhancing light coupling output. The chemical struc-
ture of TAPC is shown in Figure 1.

TCTA (4,4',4"-Tris(carbazol-9-yl)triphenylamine),
served as a hole-transport and electron/exciton blocking
buffer layer inserted between other transport layers (be-
tween TAPC and EML or mCBP in our case) to balance the
process of hole injection [14]. Another feature of this mate-
rial, when it utilized as a buffer or intermediate layer (e.g.,
placed between TAPC and EML or mCBP) its HOMO level
effectively decreases the potential barrier for hole hopping,
which improves charge balance and lowers driving volt-
ages. The HOMO and LUMO energy levels equal 5.83 eV
and 2.43eV respectively. The chemical structure of TCTA
is shown in Figure 1.

TSPO1 (Diphenyl[4-(triphenylsilyl)phenyl]phosphine
oxide), functions as an electron-transporting layer (ETL)
and it is also utilized as a hole-blocking material due to its
high HOMO energy level 6.79 eV. TSPO1 possesses a suf-
ficiently high triplet energy (~ 3.2-3.3 €V) that enables it to
effectively block excitons and suppress the triplet exciton
quenching. The diphenylphosphine oxide substituent low-
ers its LUMO level, which facilitates efficient electron in-
jection into the device [15]. The chemical structure of
TSPO1 is shown in Figure 1.

TPBi (2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole)), primarily functions as an electron-trans-
porting layer (ETL) and hole-blocking layer (HBL) in the
OLED architecture. TPBi features a LUMO level that re-
duces the barrier to electron injection from the cathode,
while its inherent electron-transporting character in-
creases overall electron mobility in the device. Due to its
deep HOMO level material exhibits strong hole-blocking
characteristics. This shifts the exciton recombination zone
away from the cathode, effectively reducing cathode-in-
duced electroluminescence quenching and improving over-
all device efficiency [16]. According to provided sources the
HOMO and LUMO energy levels are 6.2/6.7 eV and 2.7eV.
The triplet energy T1 is reported as 2.67 eV, and singlet
energy S1 is reported as 3.70 eV. The chemical structure of
TPBi is shown in Figure 1.

mCBP (3,3-Di(9H-carbazol-9-yl)-1,1"-biphenyl) func-
tions as a unipolar hole-type host material for emitters [17].
It acts as a thin intermediate layer (e.g. 5 nm thick on
average) placed before the emissive layer to facilitate
hole injection and prevent unwanted exciplex formation
between adjacent layers. Because its HOMO level is 6.1
eV, it effectively reduces potential barriers and allows
for “barrier-free” hole injection into emissive layer. The
nanoscale film of this material facilitating the localiza-
tion and balancing of holes and electrons within the po-
tential well. The HOMO and LUMO energy levels are
6.0 eV and 2.4 eV, respectively. The chemical structure
of mCBP is shown in Figure 1.
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Fig. 1 — The general chemical structure of organic materials,
which form the layer structure

Cs2C03 (Cesium carbonate) was utilized as a elec-
tron injection layer (EIL) as this material is very effi-
cient including in OLEDs based on small molecules
[MMomunka! [I;xepesio mocujiaHua He 3HAUOEHO.].

Moreover, considering that the confinement capacity
of QW-based OLEDs is dependent on the number of pe-
riods and the width of the quantum wells [18], two
OLEDs (Device B and Device C) featuring three quan-
tum wells of varying widths (Fig. 2b) were fabricated via
layer-by-layer thermal vacuum deposition.

Device A: HATCN (15 nm)/TAPC (40 nm)/TCTA (5
nm)/ NI-3TPA (25 nm)/TSPO1 (5 nm)/TPBi (45
nm)/Cs2C03(0,5 nm)/Al (120 nm) fig. 2a).

Device B: HATCN (15 nm)/TAPC (40 nm)/TCTA (5
nm)/mCBP(7 nm)/ NI-3TPA(7 nm)/mCBP(7 nm)/ NI-
3TPA(7 nm)/ mCBP(7 nm)/NI-3TPA (7 nm) /TSPO1 (56
nm)/TPBi (45 nm)/Cs2C03(0,5 nm)/Al (120 nm)

Device C: HATCN (15 nm)/TAPC (40 nm)/TCTA (5
nm)/mCBP(3 nm)/ NI-3TPA(3 nm)/mCBP(3 nm)/ NI-
3TPA(7 nm)/ mCBP(3 nm)/NI-3TPA (7 nm) /TSPO1 (5
nm)/TPBi (45 nm)/Cs2C03(0,5 nm)/Al (120 nm).

The active area of each pixel in the fabricated struc-
tures is 2 mm x 2 mm.

4. RESULTS AND DESCUSSION

This study investigated the influence of the wide-
bandgap mCBP layer thickness, as a constituent element
of the mCBP/dey/mCBP potential well within the OLED
architecture, on its electroluminescent characteristics. To
this end, two OLEDs — Device B and Device C, were fab-
ricated with mCBP layer thickness of 7Tnm and 3nm re-
spectively (Fig. 2b). Device A, fabricated with a non-doped
emissive layer (Fig. 2a), and the organic light-emitting di-
ode D2, previously developed by the authors [8] based on
host-guest  technology = (ITO/MoO3/TAPC/mCBP:NI-
3TPA/TSPO1/TPBi/LiF/Al), were used as reference
OLED structures to investigate the electroluminescent
characteristics of QW-based OLEDs.
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Fig. 2 — Energy diagram of the fabricated devices Device A (a)
and Device B,C (b)
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As observed from the current density-voltage and lu-
minance-voltage characteristics (Fig. 3c-d, and Table 1),
the turn-on voltage Von of the triple-QW OLEDs in-
creases from 5.6 V to 6.8 V as the mCBP layer thickness
(barrier width) increases from 3 nm to 7 nm. The in-
crease in the thickness of the wide-bandgap organic
layer also negatively impacts the EQE, which consecu-
tively drops from 5.1 % to 2.8 %, as well as the current
efficiency CE of the devices. It is evident that under ap-
plied bias in Device C, the carrier tunnelling probability
through 3 nm mCBP layer is significantly enhanced,
which reduces exciton quenching caused by accumulated
charges.

Consequently, a broader recombination zone and a
uniform exciton distribution ultimately lead to en-
hanced device performance compared to Device B. As the
potential well width increases, the electroluminescence
undergoes a redshift from 566 nm to 578 nm (Fig. 3a).
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Fig. 3 — Normalized EL spectra recorded under the different
voltages along with EML PL spectra (a),CIE1931 color coordi-
nates (b) current density and luminance as a function of applied
voltages (c) Fabricated devices EQE versus luminance (d)

Thus, the emission maximum approaches the values
characteristic of Device A and Device D2. The electrolu-
minescence behavior of the QW-based OLED with a
13 nm potential well width is attributed to the enhanced
quantum confinement effect [20], which improves the
charge carrier localization within the potential well of
the recombination zone. This results in a slight blue
shift of the emission spectrum. It should be noted that
the EQE of the reference orange non-doped Device A is
only 0.83 % (Fig. 3d). A similarly low quantum efficiency
is also characteristic if the previously developed Device
D2 [8], which exhibited an EQE of 0.5 % (Table 1).

In both devices, intermolecular interactions within
the NI-3TPA film accelerate exciton quenching, leading
to a rapid decline in efficiency. The electroluminescence
spectrum of Device A was slightly blue-shifted relative
to its photoluminescence spectrum (Fig. 3a). The minor
discrepancies between the PL and EL spectra can be at-
tributed to the different excitation mechanisms (optical
versus electrical). It can be confidently asserted that
electron-hole pair recombination occurs exclusively
within the light-emitting layers of all investigated de-
vices, as they exhibit consistent EL spectral profiles
across wide range of applied voltages.
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Table 1 — EL output and performance characteristics parameters of devices
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Device Vo, V Lcdm? | CE,cd/A EQE% | PEIm/W | e nm 0123613;%1,
A noat film 5.1 5053 214 0.83 0.56 570 (0.44. 0.49)
BQW1 6.8 1845 2.79 1.07 0.75 578 (0.47, 0.46)
(7 nm)
C QW2 5.6 858 5.11 2.03 1.40 566 (0.43, 0.50)
(3 nm)
D2 6.6 1470 04 05 12 586 (0.51.0.47)

5. CONCLUSIONS

Based on the research results, it can be concluded
that an orange-red emitting organic light-emitting diode
was successfully developed. A distinctive feature of the
device architecture is the incorporation of a triplet quan-
tum well cascade, where nanoscale films of the wide-
bandgap organic semiconductor mCBP encapsulate a
narrow-bandgap ambipolar NI-3TPA emitter layer.
Thus, in the developed QW-based OLED, both types of
charge carriers are localized within the potential well
layer due to the presence of the barrier layer, which en-
hances radiative recombination and suppresses the dis-
sociation of fluorescent excitons. As the potential well
mCBP/NI-3TPA/mCBP width increased from 13 to 21
nm, the EQE of the QW-based OLEDs decreased from
2.03 % to 1.07 %, while the emission maxima exhibited
a redshift within the range of 566 nm to 578 nm. Com-
pared to conventional doped devices, the NNT-OLEDs
featuring a triple quantum well architecture based on
the mCBP/NI-3TPA/mCBP stack demonstrated superior
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O®OPMJIEHHA PYKOIIUCIB CTATEN 3 BAKOPUCTAHHSAM IIABJIOHY... JK. HAHO- EJIEKTPOH. @13. 18, 03007 (2026)

Opra"iuyuunii CBITJIOBUNIPOMIHIOBAJILHUM MPUCTPiil HA OCHOBI KBAHTOBOI AMHU
3 HACTPOIOBAHHAM 3a KOJIBOPOM

M.C. llerinin, C.A. Kymit ©, M.B. I'nagysu, I.4. Apemuyk, I1.1. Craxipa
Kagpeopa enexmpornnoi inocenepii, Hauionanvruii ynisepcumem «J/Ivsiscora Ionimexnixan, 79013 Jlvsis, Yrpaina

Pospobka edexkTuBHUX OpraHiuHuX cBiTI0BUIIpoMiHOBaIBHUX miomis (OLED), sokpema Ha ocHOBI TepMo-
aKTUBOBAHOI BinkJIameHol duryopuctieninii (TADF), yacro yckIaaHOeThCS BUCOKUM ITOKA3HUKOM OE€3BHITPOMI-
HIOBAJILHOI peKOMOIHATII] Ta TACIHHSIM €KCUTOHIB Y BUMAIKY ILTIBKH 3 YMCTOTO MaTepialy, 10 € TUTIOBUM IIPO-
IIeCOM JIJIS CKJIAJHUX apXITEKTYPHUX PIMIeHb HA KINITAJIT CUCTEMH THUILY «TICTh-TOCIIONapy». Y JaHOMY JOCJIi-
JIPKeHH] 3aIIPOIIOHOBAHO AJIbTEPHATHBHY apXITEKTYPy 3 MOCIIIOBHICTIO KBAHTOBUX M, IT0 JTO3BOJISE JIOCSITTH
KOHTPOJTIO HAJT KOJIFOPOM BUIIPOMIHIOBAHHS Ta eMICIMHUME XapaKTePUCTUKAMI. B sSKOCTI eMiTepa 3amporio-
HOBAaHO BUKOPHUCTATH COTbBaTOXpoMiunmii emitepuuit marepian NI-3TPA. Bukopucrosyroun mCBP sik mmpo-
KO30HHMY 6ap’epHuii map, 6yso surororieno OLED-cTpykTypu 3 pi3HOI TOBIIMHO0 KBAHTOBUX AM (B 3 HM
TO 7 HM) Ta TPOBE/IEHO CUCTEeMATHYHE OITIHIOBAHHS Y IIOPIBHIHHI 3 HEJIETOBAHUM IIPUCTPOEM, a TAKOK 3 eTa-
JIOHHOIO CTPYKTYPOIO «TiCTh-TOCIIONAPY.

PesynbraTu qeMoHCTPYIOTH 110 3MiHa ToBIIMEA 0ap’epy mCBP GesmnocepenHbo BIIMBAE Ha €JIEKTPOJIIOMI-
HICIIEHTHI XapaKTePUCTUKN. 30KpeMa, 3MEeHIIeHHs TOBIIMHKA 0ap'epy A0 3 HM IIiABUIILYe HMOBIPHICTH TYHE-
JIIOBAHHSA HOCIIB 3apsaay, 0 eeKTUBHO MPOTUIie TACIHHI0 eKCUTOHIB. [IpucTpiii HA OCHOBI KBAHTOBHUX AM
TOBIIMHOK 3 HM IIPOJEMOHCTPYBAB HIKY1 3HAUYeHHs Hanpyru yBiMrHeHHs (5,6 B) ta nocsar makcumasabHOI
30BHIMHLOI KBaHTOBOI edpexTuHocTi (EQE) 2,03 %, 1110 IIepeBHIlye NOKA3SHUKN IIPHUCTPOIO 3 6ap’epoM, TOB-
muHoo 7 HM (1,07%) Ta mpucTpoo Ha ocHoBI yncTol riBkn (0,83 %). Vi BUTOTOBIIEH] 3pa3KH IIPOIEMOHCTPY -
BAJIM BUNIPOMIHIOBAHHS B MEKAX OPAHIKeBO-uepBoHOI obusacti koopauuat CIE1931 cucremu KoripHOCTI.

3armpornoHoBaHa apxiTeKTypa J03B0JIs€ OTPUMATH TOUHE HAJIAIITYBAHHS CIIEKTPA eJIeKTPOJIIOMIHICIIeHITI],
JIEMOHCTPYIOYH 3CYyB Y YePBOHY 00JIACTH BUIIPOMIHIOBAHHSA Bl 566 HM 10 578 HM I1py 30LIBITIEHH] IITUPUHI
TOTEHIIaIbHOI SMH BHACIIIOK eheKTy KBAHTOBOT0 00MeskeHHsI. B po00TI IpOIroHyeThest IiAX1 BUKOPUCTAHHST
KBAHTOBUX SIM, III0 He IT0TPe0ye CKIIaHOIO0 TEXHOJIOTIYHOI0 IIPOIIECY, SKUi 3abe3redye BIATBOPIOBAILHUI M1~
X1 111 JIOKAJIi3aril HocliB 3apsifly Ta eKCHUTOHIB y BHIIPOMIHIOBAJIHFHOMY IIapl, HIBEJIIOIOYN IIapa3UTHI IpPOo-
1ecu Ta Takl Ho01YH] eeKTH SK MIKMOJIEKYJISIpHE Ta eKCUTOHHEe TaCiHHA.

Kmiouosi ciosa: OLED, TADF, Ksaurosa sima, YepBono-:xoBTHii Bunipominosad, EQE.
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