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Thermally-activated delayed fluorescence (TADF) molecules are a promising class of emitters for organic optoelectronic

DOI: 10.1039/x0xx00000x

devices, potentially more efficient than phosphorescent emitters. Among them, multi-resonant TADF (MR-TADF) emitters

are designed to enahnce the rigid molecular structure, leading to a narrow-band emission below 50 nm. In this work, we

studied a multi-resonant TADF material, t-DABNA, embedded in DPEPO as a blue emissive layer in organic light-emitting

transistors (OLETs), a device platform that combines into a single device the switching capability of a transistor and the light

emission of an organic light-emitting diode. We investigated the effect of different t-DABNA concentrations within the

emissive blend in a multilayer heterostructure, and we analyzed our experimental results in terms of optical, morphological

and optoelectronic properties of the blend itself. We found that emitter content of approximately 10 % leads to the highest

external quantum efficiency (0.18 %) in the devices and with a narrow band emission as low as 30 nm. This work offers key

insights on the use of MR-TADF emitter molecules within organic field-effect light-emitting devices.

Introduction

Organic light-emitting transistors (OLETs) are multifunctional
optoelectronic devices which integrate into a single device the
switching capability of a transistor and the light emission of a
light-emitting diode>. In 2003, Hepp et al. showed that a single
thin-film layer tetracene transistor exhibited light emission in
the visible spectrum®, thus opening the way to a more detailed
and extended studies on this optoelectronic device platform?”=°.
Achieving high performance OLET with a single material
requires the active organic layer to have both high charge
carrier mobility and emission efficiency; however, these
characteristics are unlikely present at the same time in a single
material as high mobility relies on dense molecular packing,
whereas such packing often leads to aggregation-induced
quenching (AlQ) of the emission!® 1, In this regard, multilayer
heterostructures (two or more layers) have been proposed to
spatially separate the region where transport occurs from the
one where light is generated, leading to an overall improvement
of the external quantum efficiency (EQE) of the device®?.
Organic light-emitting transistors rely mostly on lateral
transport and charge injection at the organic-metal interface, so
achieving balanced electron and hole transport towards the
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emission layer, especially in a multilayer heterostructures, is
non-trivial and strongly depending on the contact geometry and
configuration, energy alignment of both highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the materials stack, layer morphology and
semiconductor properties!3.

Multilayer organic OLETs with holes and electrons transported
independently through different layers towards the emissive
layer (where radiative recombination occurs) have
demonstrated superior efficiency compared to their diode
counterpart, when using the same set of materials'*.
Decoupling exciton formation and decay from charge transport
allows for independent use and optimization of high-mobility
organic materials and highly efficient emitters. Emissive layer
typically consists of a host-guest system (blend), where the host
favours charge or energy transfer to the emitter molecules
(responsible for the light emission), while at the same spatially
separating them to prevent exciton-exciton quenching
phenomenal>'’, To favour exciton formation and energy
transfer, the triplet energy level of the host should be higher
than the triplet energy level of the emitter!® 1%, While on one
side low emitter concentrations result in low emission, on the
other hand, high guest concentrations often lead to quenching
phenomena such as aggregation-induced quenching and the
formation of non-radiative paths!” 20, Thus, the optical
properties of the blend (i.e., guest content and dispersion) are
key for colour purity of the device and, to some extent the
overall device efficiency?1-24,

Among many emitters, thermally-activated delayed fluorescent
(TADF) molecules have arisen as a promising class of
luminescent materials able to potentially achieve 100% internal
guantum efficiency?> 26, TADF molecules are designed such that
thermal energy can enable reverse intersystem crossing (rISC)


mailto:georgios.fanourakis@aalto.fi
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01444a

Open Access Article. Published on 25 March 2026. Downloaded on 3/25/2026 10:21:56 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Materials Advances

between triplet (T1) and singlet state (S1). For this process to
occur, the energy difference AEst between the first excited
singlet and triplet needs to be small (< 0.2 eV)?7-2°, This can be
achieved by implementing a donor acceptor (D-A) molecular
structure3%-33 which leads to a reduced exchange integral (J)
between the HOMO and the LUMO of the emitter. While TADF
molecules can lead to efficient light generation processes in
organic devices, they still exhibit a relatively wide emission
spectrum (> 70 nm)3* due to strong charge transfer excited
states and the non-rigid structure that leads to vibrational
coupling of the excitons with the molecule3. In this scenario,
multi-resonant TADF (MR-TADF) emitters have been recently
proposed; they strategically incorporate atoms with opposing
resonance effects (i.e., combination of an electron deficient
boron (B) atom and an electron rich nitrogen (N) atom into a
more rigid, planar structure3®38), which localize HOMO and
LUMO orbitals on different atoms of the molecule, favouring
energetically closer singlets and triplets. The first
demonstration of this class of emitters was reported by
Hatakeyama et al. with DABNA-1 and DABNA-2, which combine
nitrogen and boron atoms in a para-arrangement with a rigid
triphenylborane-based m-core, enabling multi-resonant
effect3®. These lead to an intrinsic narrow band emission
spectrum?® 41 in comparison to phosphorescent emitters and
conventional D-A TADF3? 42, with an overall full-width at half
maximum (FWHM) below 50 nm*3.

Maintaining narrow emission and high quantum yield in solid-
state films represents a major challenge in MR-TADF emitters
blends as spectral broadening due to the strong m-rtinteractions
can occur even at low concentrations*. Modifying the
molecular structure of the emitter with additional groups, such
as tert-butyl, enhances the steric hinderance thus reduces the
close packing between emitters, suppressing excimer
formation®>47 that can decrease emission efficiency. In this
context, t-DABNA is a MR-TADF emitter with four bulky tert-
butyl groups surrounding the core structure which exhibit high
photoluminescence quantum yield (PLQY), when doped in
DPEPO even at relatively high concentrations (10 wt%)?2.
Recently, MR-TADF emitters integrated in lateral OLET
architectures combined with intrinsic multiple-order
microcavities, have shown EQE values of 5.9% with a FWHM of
13 nm for t-DABNA (in mCBP host)*. However, systematic
investigation of MR-TADF host-guest blends under field-effect
operation, and particularly the role of guest concertation on
optical, morphological, and device properties remain limited.
Here, we fabricated and study the optoelectronic properties of
organic light-emitting transistors where the active region is
composed of a p-type semiconductor layer 2,7-
Dioctyl[1]benzothieno[3,2-b][1]benzothiophene (C8-BTBT) in
direct contact with the dielectric and an emissive layer
consisting of Bis[2-(diphenylphosphino)phenyl] ether oxide
DPEPO (host) and 2,12-di-tert-butyl-5,9-bis(4-(tert-
butyl)phenyl)-5,9-dihydro-5,9-diaza-13b-boranaphtho(3,2,1-
delanthracene t-DABNA (MR-TADF guest). We selected DPEPO
as the host material based on several considerations: (i) large
HOMO-LUMO gap (4.1 eV) particularly suitable for hosting blue
emitters, (ii) electron-transporting hosts can improve charge

2| J. Name., 2012, 00, 1-3

balance in field-effect devices®® while also complementingQur
hole-transporting p-type dominated devidel@teRWEetirel4fis
DPEPO's high triplet energy (T1 = 3 eV) exceeds that of t-DABNA,
which is essential for confining triplet excitons on the emitter
and enabling efficient reverse intersystem crossing. We
systematically investigated the influence of t-DABNA guest
concentration within the emissive blend in terms of optical
properties, morphological and optoelectronic properties on the
overall device performance. This study offers key insights into
the role of MR-TADF emitter molecules within organic field-
effect devices and establishes composition guidelines for
optimizing narrowband-emitting OLETs.

Experimental section

Glass substrates with pre-patterned indium tin oxide (ITO) were
first cleaned with deionized water (DI) water with diluted
Hellmanex Il (Ossila), then rinsed with DI water, followed by
sonication first in acetone and then in isopropanol. The DI water
step lasted for 5 minutes, and all the others lasted 10 minutes.
Oxygen plasma treatment (100 Watt for 15 minutes) was used
to enhance the hydrophilicity of the sample’s surface.
Immediately after the surface plasma treatment, 400 nm of
poly(methyl-methacrylate) (PMMA), (Allresist AR-P 679.04)
were deposited on the substrates by spin-coating and annealed
on a hot plate at 110 °C for 30 minutes in ambient conditions.
After that, the samples were loaded in the evaporation chamber
(Moorfield Nanotechnology MiniLab90) for device fabrication,
including deposition of the organic semiconductor (C8-BTBT,
Sigma Aldrich, 30 nm) in direct contact with the dielectric
surface and the emissive blend (60 nm) composed of the host
DPEPO and different guest t-DABNA content (both materials
from Ossila). Then, we deposited silver electrodes (70 nm) on
top of the emissive blend, which will act as source and drain. All
depositions were carried out at a base pressure of 107 mbar
with shadow masks to create the device geometry (same
channel width and length for all devices). All thicknesses were
measured with a stylus Dektak/XT profilometer. The electrical
characterization was performed inside a glovebox under N
atmosphere at room temperature. Semiconductor device
analyzer B1500A Keysight equipped with a Hamamatsu S1337
photodiode was implemented for optoelectronic
characterization. The photodiode is placed in contact with the
back side of the substrate using a custom-built set-up, thus
enabling the measurement of the bottom emission (light
emitted through the bottom gate and the substrate). The
electroluminescence (EL) spectra were acquired using a Konica
Minolta CS-2000 spectroradiometer. The surface morphology
was studied with Bruker Dimension Icon atomic force
microscope (AFM) with a scan size of 10 um X 10 um and 256
lines/scan resolution. Photoluminescence (PL) measurements
were carried out with a homemade setup utilizing a He-Cd laser
system with excitation wavelength at 325 nm.

Results and discussion

This journal is © The Royal Society of Chemistry 20xx
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DPEPO:t-DABNA blends under optical excitation

Figure 1a shows the normalized PL spectra for DPEPO:t-DABNA
emissive blends (60 nm) deposited on Si/SiO, substrates with
guest concentrations of 5, 10, 15 and 20 % (as labelled). The
spectrum of a neat t-DABNA film (30 nm) is also included as
reference. Independently of t-DABNA content within the blend,
all photoluminescence spectra exbibit almost a full overlap for
wavelengths up to 500 nm, with main peak around 470 nm and
values of FWHM of approximately 40 nm. The origin of narrow
emission is briefly described in Supplementary Information
(Figure S1). At higher wavelengths (520 < A < 600 nm), we
observed the excimer contribution with increasing t-DABNA
concentration within the blend, commonly observed in host-
guest systems with increasing guest content®* 51, In the case of
neat t-DABNA film (dashed line), the main excitonic peak (~ 465
nm) is quenched and the broadening of the peak at lower
energies becomes dominant. There is a small redshift swift of
the main excitonic peak of neat t-DABNA and the DPEPO:t-
DABNA blends (~5 nm), possibly due to the polarity of the
host®2. The peak position and the FWHM of the PL are
summarized in Table T1 (Supplementary Information). We note
that the emission intensity of t-DABNA neat film for
wavelengths above 500 nm is larger compared to those coming
from the blends (Figure S2, Supporting Information). DPEPO
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Figure 1. (a) Room temperature normalized photoluminescence (nPL) of DPEPO:t-
DABNA blends deposited on Si/SiO, for different t-DABNA content within the blend (as
labelled). Normalized photoluminescence (dashed line) of a neat film t-DABNA is also
reported as reference. (b) Chemical structures of DPEPO and t-DABNA.

neat film shows no detectable PL under 325 nm excitation (not

This journal is © The Royal Society of Chemistry 20xx

Materials Advances

shown), demonstrating that the observed emjssign.asises
entirely from t-DABNA. Figure 1b shows tRelcHeHicaPstraetines
of the host (DPEPO) and guest (t-DABNA). DPEPO is a phosphine
oxide-based material ideal for hosting blue organic dyes due to
its large HOMO-LUMO gap (4.1 eV) and high triplet energy T1 =
3 eV?>3; on the other hand, t-DABNA, is a highly rigid multi-
resonant thermally-activated delayed fluorescence emitter
with four bulky tert-butyl groups that enhance the steric
hindrance and mitigate aggregation and m-mt stacking between
adjacent emitter molecules providing high efficiency even at
relatively high doping concentrations3? 43, The photophysical
properties of t-DABNA have been investigated in different
hosts, including 3,3’-di(9H-carbazol-9-yl)-1,1'-biphenyl (mCBP)
and DPEPO and it has been shown to exhibit a FWHM smaller
than <40 nm*% 54 55 which is consistent with our experimental
findings. Further, PLQY of approximately 75% has been found
for t-DABNA in DPEPO at 10% doping concentrations?*s,
suggesting that t-DABNA retains high emission efficiency within
DPEPO at these doping contents.

Organic light-emitting transistors with DPEPO:t-DABNA blends

Figure 2a illustrates (top) a schematic representation of our
device and (bottom) the corresponding energy levels for the
organic materials. Upon biasing the device, electrons are
injected from the drain into the emissive layer, while holes are
injected from the source and transported towards the p-type
layer by the strong vertical electric field. Electrons tend to
accumulate in the emissive layer near the drain electrode while
holes are transported from the source to the drain horizontally
through C8-BTBT. Given the lower triplet energy of t-DABNA
with respect to DPEPO*8 53, light emission will occur on t-DABNA
as electrons and holes will occupy the LUMO and HOMO of t-
DABNA prior to recombination (Figure 2a bottom). Figure 2b
shows the saturation transfer curves (lgs vs. Vgs at Vgs = -100 V)
of representative organic light-emitting transistors with
different DPEPO:t-DABNA emissive blends (as labelled). We
measured at least six devices for each configuration. As
expected, charge transport in all organic light-emitting
transistors is dominated by holes, with similar values of drain-
source currents at the highest applied bias (Vgs = Vgs = -100 V).
Electroluminescence (EL) is reported on the right y-axis, and
both x- and y-axes are kept the same in all panels to favour a
direct comparison among different devices.
The drain-source current in saturation regime in a unipolar
transistor can be written as follows:
Ids,sat = %#sat Ci(Vgs - Vth )2 (1),
where W and L represent the channel width (W =5 mm) and
length (L = 100 um), C;i the capacitance per unit area of the
dielectric (C; = 6.6 nF/cm? for PMMA?1), us: the saturation
mobility and Vi, the threshold voltage of the transistor. Table 1
summarizes the figures of merit for our organic light-emitting
transistors, with values of field-effect saturation mobility and
threshold voltage derived from the saturation transfer curves®®.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. (a) Schematic representation of (top panel) bi-layer organic light-emitting transistor and (bottom panel) corresponding energy diagram. (b) Saturation transfer curves (lgs
vs. Vgs at Vgs = -100 V) for OLET with different emitter content in the emissive layer 5, 10, 15 and 20 % (as labelled). Right y-axis reports the light generated in the device and measured

through the gate (bottom emission). Direction of the sweeps is also indicated.

All our transistors exhibited similar saturation mobility values in
the range 0.15-0.24 cm?/Vs, and values of threshold voltages
between -38 V and -26 V, with seemingly no dependence from
the guest content within the emissive blend. These results are
also consistent with some of our previous studies using
phosphorescent molecules in emissive blends?3. All devices
exhibited an ON/OFF ratio in the range of 10°, with differences
mainly arising from different OFF-state currents (gate leakage
current). We note here that all our transistors show negligible
hysteresis.

While our experimental results do not show major differences
in purely electronic properties, in terms of light generated in the
device (and measured through the bottom gate), we observed
variations depending on the t-DABNA content within the blend,
with the highest EL value for DPEPO:t-DABNA 10 % (Figure 2b).
Figure 3a shows the EQE (ratio between the emitted optical
power and the charge carriers injected into the device) as a
function of the t-DABNA content within the emissive blend. We
found that the organic light-emitting transistors using the
emissive blend containing 10% t-DABNA are the most efficient
devices, with approximately two times higher efficiency

compared to the other devices. This dependence is rather
expected in host-guest emissive blends?® 24, where at low
concentration of emitters, the average distance between a host
and a guest molecule is larger than the energy transfer radius
leading to excitons that are created in the host to decay non-
radiatively®’. On the other hand, at higher emitter loads, guest
molecules are in close proximity , this enhances non-radiative
recombinations, causing concentration quenching and excimer
formation that have a negatively effect on emission efficiency!”
8,59 Further, we found that the values of external quantum
efficiency remain approximately constant as function of bias in
the saturation regime (Figure S3a, Supporting Information).
Figure 3b shows the optical image of one of our representative
OLET device (emissive blend: DPEPO:t-DABNA 10%) in its ON-
state (Vgs = Vgs = -100 V), as viewed through the bottom gate
electrode (bottom emission).

Table 1. Summary of optoelectronic properties of organic light-emitting transistors with DPEPO:t-DABNA emissive layers with different t-DABNA content.

t-DABNA content Saturation mobility, psat Threshold voltage, Vi»  ON/OFF EQE EL peak EL FWHM
(%) (cm?/Vs) ) (x 10°) (%) (nm) (nm)
5 0.15+0.04 -33+3 21.9 0.06 466 30
10 0.24 +£0.03 -38+4 3.8 0.18 468 30
15 0.23+£0.04 -28+4 9.3 0.11 469 39
20 0.19+0.04 -26+2 15.5 0.06 468 37

4| J. Name., 2012, 00, 1-3
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Figure 3. (a) External quantum efficiency of our organic light-emitting transistors as function of the t-DABNA content within the blend. Dashed line is a guide-to-the-eye only. (b) Optical
image of a bilayer OLET using DPEPO:t-DABNA 10 % as emissive blend in its ON-state (Vgs = Vgs = -100 V).

The light emission occurs near the edge and under the drain
electrode, due to the unipolar nature of charge transport in our
device.

Variations in molecular packing and surface morphology can
lead to changes into injection mechanism, thus potentially
affecting the optoelectronic properties of the devices®°.

Figure 4 shows the surface morphology of our emissive layers
within the device channel as studied by atomic force
microscopy (AFM). We observed that all blends exhibit very
similar morphology with generally smooth surfaces (root mean
square roughness, rms of approximately 4-5 nm), with the blend
growth retracing the underlying C8-BTBT surface.

This is also consistent with some of our previous work, using
different emissive blends?224. AFM image of the underlying p-
type surface layer (on PMMA) is reported in Figure S4
(Supporting Information) as reference. Figure 4 shows no
correlation between surface morphology and the t-DABNA
content within the emissive blend, suggesting that contribution

to charge injection, and possible contact resistance, is

expectedly the same for all devices. Thus, our experimental
results on optoelectronic properties of our light-emitting
transistors (Figure 2) along with the morphology information
(Figure 4) suggest that the improved efficiency of the device
using the blend DPEPO:t-DABNA 10% (Figure 3) is more likely
related to the intrinsic photophysical properties of the blend
itself.

60 nm

50

40

30

20

0 rms = 4.4 nm

Figure 5a shows the normalized electroluminescent spectra for
our organic light-emitting transistors using emissive blends with
different t-DABNA content (as labelled). Similarly to our results
in case of optical excitation (Figure 1), all spectra exhibit a
dominant emission peak at around 468 * 3 nm, which is
independent of the content of t-DABNA within the blend and a
broadening of the spectra with increasing concentration. All
devices present a FWHM below 40 nm, with 5% and 10%
DPEPO:t-DABNA OLETs exhibiting a FWHM as low as 30 nm,
which is smaller than the FWHM reported in organic light-
emitting transistors with phosphorescent®® and TADF
emitters?? 24 6264 For increasing t-DABNA concentrations (15
and 20%) within the blend, we observed an overall broadening
of the electroluminescent spectra. Colour coordinates of our
devices are reported in Table T2 (Supporting Information),
along with their placement on the Commission Internationale
d’Eclairage (CIE) 1931 diagram (Figure S3b, Supporting
Information). Figure 5b shows the dependence of the
electroluminescence spectrum) from the applied bias (Vgs = Vs
as labelled) for our organic light-emitting transistor (DPEPO:t-
DABNA 10% emissive blend). We observed an increase in the
amplitude of the electroluminescence with increasing applied
bias, while the position of the main emission peak and its width
remaining unchanged, as shown in the inset. In addition to
efficiency and spectral purity, operational and spectral stability

60 nm 60 nm
50 50
40 40
30 30
20 20
10 10
0 0

Figure 4. Atomic force microscopy (AFM) micrographs of emissive blends with different t-DABNA content as deposited on C8-BTBT: (a) 5, (b) 10, (c) 15 and (d) 20 %. Values of surface
roughness are also reported in the bottom right corner. Image size 10 um x 10 pm and scale bar is 2 um for all micrographs.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) Normalized electroluminescence for OLET using different DPEPO:t-DABNA emissive layer (as labelled). (b) Electroluminescence spectrum as function of applied bias
(Vds = Vgs) for organic light-emitting device using DPEPO:t-DABNA 10% blend. (inset) Main emission peak (y-left) and full width half maximum (right y-axis) as function of applied
bias (Vds = Vgs).

under electrical bias are key requirements for practical OLET
applications (beyond the scope of the present work).

Our study suggests that the incorporation of MR-TADF emitters
into OLETs presents a promising route for further
improvements in organic light-emitting transistors.

Conclusions

In this work we systematically investigated a multi-resonant
TADF material, t-DABNA, embedded in DPEPO as a blue
emissive layer in organic light-emitting transistors and we
analysed our experimental results in terms of optical properties,
morphological and optoelectronic properties of the blend itself.
Optical characterization indicated that increasing the guest
concentration resulted in a broadening of the main emission

Data availability

The data that support this publication are available within the
article and its supplementary information or are available from
the corresponding authors upon request.
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