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ABSTRACT: Thermally activated delayed fluorescence (TADF) offers
promising routes to enhance the efficiency of organic light-emitting devices
by enabling utilization of both triplet and singlet excitons. In this study, we
investigate the performance of multilayer organic heterostructures
incorporating the TADF emitter DMAC-DPS blended with CBP, under
field-effect charge transport conditions in transistor-based devices. We
systematically studied the optical and electronic properties of emissive
blends within the device architecture. Two key findings emerge from this
study: (a) a DMAC-DPS concentration of 15% yields the highest
electroluminescence efficiency, which we attribute to balanced charge
transport within the emissive layer, and (b) electrical excitation induces a
pronounced red shift in the emission spectrum, suggesting electroplex
formation at the interface between the emissive blend and the n-type
semiconductor. These results highlight the critical role of balanced charge transport and interfacial interactions for the understanding
of light generation mechanisms and overall improvement of the device performances while offering new insights into the design of
TADF-based light-emitting transistors.
KEYWORDS: Organic light-emitting transistor (OLET), field-effect devices, emissive layer,
Thermally-Activated Delayed Fluorescence (TADF) molecules, DMAC-DPS, light emission

■ INTRODUCTION
Organic materials and devices have continuously attracted
significant attention as potential low-cost, lightweight, semi-
transparent, and customizable solutions for a wide variety of
applications in fields such as wearable and flexible electronics.
In these fields, conventional inorganic and complementary
metal-oxide semiconductor (CMOS)-based technologies are
currently facing major bottlenecks due to the shortage and
brittleness of materials. Organic materials can be engineered
through synthesis to achieve a broad range of optical and
electronic properties to address specific functionalities and they
are generally inexpensive, biocompatible, easier to be
integrated in low-cost manufacturing processes and environ-
mentally friendly, when coming to their end-of-life disposal.1−3

For example, organic light-emitting devices have been
exploited for applications such as solid-state lighting and
displays due to their high electroluminescence efficiency and
brightness and the ability to be manufactured on various
substrates. In fluorescent emitters, light is emitted from singlet
excited states, with the internal quantum efficiency (IQE)
limited to 25%, determined by the 1:3 singlet-to-triplet ratio
resulting from the charge recombination (holes and electrons).
At room temperature, the remaining 75% of charge
recombination events due to triplets is typically not emissive,

thus leading to major losses in the devices. Heavy-metal-
containing phosphorescent emitting materials have been
proposed as exciton harvesters, with the emission occurring
from both the singlet and triplet excited states arising from
enhanced spin−orbit coupling (SOC) via enhanced inter-
system crossing (ISC).4 However, during device operation,
these materials also exhibit some drawbacks, including color
instability (especially for emission in the blue region of the
spectrum)5 and cost (related to synthesis/fabrication). There-
fore, they are not the optimal candidates when high-production
output is required, such as in lighting and display industries,
also giving potential future scarcity of the global supplies of
rare-earth elements.6

Several mechanisms have been suggested to harvest triplets
in organic luminescent materials such as hot exciton7 and
thermally activated delayed fluorescence (TADF) materials.8,9

In the latter one, as it occurs in fluorescent emitters, the light
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emission arises from the singlet excited state; if the singlet−
triplet energy gap ΔEST is small enough, this allows for efficient
upconversion of triplet excitons into singlet excitons through
reverse intersystem crossing (rISC) by means of thermal
activation.10 This can then lead to an IQE of nearly 100%
compared to the 25% in conventional singlet fluorescent
emitters.

Over the past decade, the TADF mechanism has led to
significant improvements in the efficiency of light-emitting
devices (mainly OLEDs) with high brightness and state-of-the-
art color coordinates.11−13 TADF molecules with a small
singlet−triplet energy splitting can be designed and synthe-
sized using covalently linked electron donor and acceptor
units, creating a strong charge transfer (CT) character and
minimal overlap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), reducing the energy gap between the singlet and
triplet states. Since the first report on thermally activated
delayed fluorescence by Adachi et al. in 2012,14 TADF
molecules have been successfully exploited in emissive layers
(EMLs) in organic light-emitting diodes (OLEDs), from either
vacuum thermal evaporation or solution-based processing.15

Zhao et al. demonstrated that anchoring flexible chains
terminating in bipolar 9,9′-spirobi[fluorene] can promote a
higher degree of molecular planarity, leading to improved
horizontal dipole alignment and increased photoluminescence
in neat films. As a result of this molecular design, nondoped,
solution-processed OLEDs demonstrate a record-high external
quantum efficiency exceeding 30%.16 Host(s)−guest config-
urations are commonly adopted in emissive layers: these are
optimized to suppress concentration quenching, resulting from
long-lived triplet excitons; on the other hand, introducing host
matrices complicates device fabrication and increases the
overall fabrication costs.17 Thermal stability of thermally
activated delayed fluorescent materials is similar to that of
fluorescent materials, while their internal quantum efficiency
(IQE) can be comparable to that of phosphorescent ones, i.e.,
nearly 100% IQE (by harvesting both singlet and triplet
excitons).18,19 Chen et al. demonstrated a green TADF emitter
with an extended linear donor−acceptor−donor structure
designed to simultaneously enhance horizontal emitting dipole
orientation, reverse intersystem crossing rate (∼106/s), and
photoluminescence quantum yield (PLQY; ∼95%). The
resulting OLED exhibited an EQE of nearly 40% without
external light-extraction structure, along with a power
efficiency (>100 lm/W) and reduced efficiency roll-off.20

Jiang et al. introduced bulky carbazolyl units to separate the
planar TADF molecule core to reduce quenching of the
emission, achieving an EQE of 40% with a narrow emission
(fwhm = 25 nm), which is so far the highest reported for a
single OLED combining high efficiency and spectral purity.
Further, those devices retain an EQE above 30% even at 30 wt
% doping, demonstrating excellent doping insensitivity and
stability.21 Recent studies also demonstrated enhanced stability
in OLEDs using blue TADF when compared to blue
phosphorescent; this holds great potentials for a final solution
to the stability challenges in highly efficient blue OLEDs.22,23

However, further studies are still needed, considering the still
considerably shorter lifetime than that of green devices to
date.24,25

Organic light-emitting transistors (OLETs) combine in a
single device the switching capability of a f ield-ef fect
transistor26 and light-emitting (sensing) function of an

OLED; fundamentally different from OLEDs in structure
and operation, charge transport occurs horizontally in OLETs
compared to vertically in OLEDs.27,28 Organic light-emitting
field-effect devices are also capable of light spatial modulation
within the device through the control of both source-drain and
gate bias, leading to top-emission (as well as bottom emission
if gate is optical transparent), differently from the diode
counterpart.29 This also supports an effective separation
between the exciton population and the charge carriers within
the transistor, thus limiting the quenching phenomena. The
presence of the dielectric layer also renders the device less
sensitive to pinholes and shorts between electrodes, as
compared to that of the case for the case of OLEDs.
Undoubtedly, OLETs offer for example a route to remarkably
simplified display pixel circuitry, as no driving TFTs are
potentially needed when OLETs are used as light source in an
active-matrix display, thus representing a key advantage to less
expensive large-scale production of organic active-matrix
electroluminescence displays (AM-OLETs).30,31 Beyond dis-
plays, OLETs are increasingly explored for applications in
optical sensors, photonic circuits, and biointegrated elec-
tronics, owing to their solution processability, mechanical
flexibility, and compatibility with large-area, low-cost fabrica-
tion methods.32

To achieve organic light-emitting transistors with high-
performance requires both large course-drain currents at low
biases and large light output; this can be addressed in several
ways by optimizing various components, including high-
mobility and high-performance organic semiconductors,33,34

device architecture (multilayer heterostructures, nonplanar
electrodes, injection layers, vertical transistor geometry),35

luminescent materials, with high fluorescence and PLQY in
solid state and tunable color coordinates,36 dielectric layer
(capacitance per unit area and favorable interface with
semiconductor layer),37 and control over interfacial and bulk
trap states at different interfaces within heterostructured
devices.38

While planar multilayer and single crystal OLETs have
achieved modest efficiencies,39,40 the field has advanced
significantly with novel architectures such as vertical organic
permeable base light-emitting transistors (OPB-LETs), intro-
duced by Wu et al., which achieved devices operating below 5
V with exceptionally high external quantum efficiencies (24.6%
for green, 19.6% for red, and 11.8% for blue emission). This
performance results from the combination of a nanoporous
permeable base electrode and an integrated optical microcavity
that precisely balance charge injection and maximize light
output.41 Further, a hybrid architecture combining colloidal
quantum dots and light-emitting field-effect transistor (QD-
HLET) using solution-processed InScO/ZnO as transport
layers delivered a peak EQE of 22.8%, high brightness
(∼145,000 cd/m2) and mobility (∼3.1 cm2/(V s)), and an
operational lifetime exceeding 150,000 h at 100 cd/m2.42

Recently, Lee et al. demonstrated through optical simulation
the potential to reach an efficiency value of approximately 40%
by carefully engineering the thicknesses and refractive indices
of both the transporting layers and the gate dielectric material
in multilayer heterostructure OLETs.43

Available studies in the literature on light-emitting field-
effect transistors using TADF molecules have been very
limited.10 Initial reports on light-emitting transistors employed
a thermally activated exciplex system based on the
TCTA:B3PYMPM donor−acceptor blend rather than a
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single-molecule TADF emitter. These devices achieved
moderate performances, including an exciton utilization
efficiency of 60.3%, a maximum EQE of 0.93% and luminance
exceeding 1000 cd/m2.44 The first demonstration of the use of
OLETs employing intramolecular TADF material used
4CzIPN as the emissive layer. Both p-type and n-type transistor
configurations were explored, yielding EQEs around 0.1% and
brightness levels ranging from 100 to 1000 cd/m2, depending
on the electrode polarity and configuration. The relatively low
efficiency in these devices was attributed to exciton
recombination occurring beneath the metallic electrode,
which limits outcoupling.45 Laterally integrated organic light-
emitting transistors incorporating intrinsic optical micro-
cavities have shown potential for both high color purity and
efficiency. In fact, Miao et al. reported OLET devices with
ultranarrow electroluminescence line widths, with fwhm values
of 13 nm (blue), 14 nm (green), and 18 nm (red), achieving a
high color purity and high current efficiencies of 37 cd/A
(green) and 26 cd/A (red).46 Ahmad et al. developed highly
efficient light-emitting field-effect transistors by solution
processes using the TADF emitter ACRXTN, with devices
exhibiting external quantum efficiencies of ∼1%, high ON/
OFF ratios (∼105), and low bias operation (∼22 V), with
minimal EQE roll-off at brightness levels of ∼ 1500 cd/m2.
Optical simulations suggested that the lower EQE in the case
of the OLET primarily arises from reduced out-coupling
efficiency (∼0.8%), when compared to OLEDs (∼24%).47

Here we report on the behavior of 10,10′-(4,4′-sulfonylbis-
(4,1-phenylene))bis(9,9-dimethyl-9,10-dihydroacridine)
(DMAC-DPS), in combination with 4,4′-bis(N-carbazolyl)-
1,1′-biphenyl 4,4′-bis(N-carbazolyl)-1,1′-biphenyl (CBP),
used as a host−guest system within a multilayer hetero-
structure in a transistor device architecture. DMAC-DPS is one
of the most used donor groups for the design of highly efficient
TADF emitters, due to its planar rigid configuration and strong
electron-donating capability; it shows a high PLQY (ratio of
photons absorbed to photons emitted through fluorescence) of
88% in neat films and HOMO and LUMO values of −5.92 and
−2.92 eV, respectively.48 Engineering the length of the alkyl
chains49 or the acceptor group50 has been shown to tune
emission properties to realize efficient devices. In addition to
delayed fluorescence, DMAC-DPS and DMAC-based com-
pounds also exhibit further interesting emission properties,
including aggregation-induced emission (AIE), mechanochro-
mic response (ML), and room-temperature phosphorescence

(RTP).51 On the other hand, CBP is also a very common host
material in the solid state, given its broad energy gap (HOMO:
−6.0 eV, LUMO: −2.9 eV), making it suitable for a very broad
range of emitters within the entire visible spectrum.52 While T1
energy values (with respect to the ground state) of CBP (−2.6
eV) and DMAC-DPS (−2.91 eV) are energetically close (0.3
eV difference), the LUMO and HOMO of DMAC-DPS can
potentially form electron and hole traps for direct charge and
exciton capture.53

In this work, we fabricated and compared different emissive
blends (different DMAC-DPS contents) integrated in a
multilayer heterostructure architecture, for which we found
the most efficient light generation process for the emissive
blend containing 15% DMAC-DPS and we interpreted our
findings in terms of the (balanced) transport of the blend itself
combined with an improved direct electron injection within
the device structure. Further, we also found a red-shifted
emission in the case of electrical excitation when compared to
photoexcitation, which we suggest is the result of electroplex
formation at the interface between the emissive layer and the
electron-transporting semiconductor. Our study not only
demonstrates that TADF molecules can be successfully
implemented in f ield-ef fect devices but also provides further
insights on the role played by the charge transport occurring in
the emissive layer in the light generation process, thus
suggesting additional potential avenues to engineer and
improve the overall device efficiency.

■ RESULTS AND DISCUSSION
Photoexcitation in CBP:DMAC-DPS Blends. Figure 1a

shows the normalized photoluminescence (nPL) spectra for
TADF-based blends deposited on a quartz substrate,
containing CBP as a host and different concentrations of the
guest DMAC-DPS (5, 10, 15 and 20%). All blends have a
thickness of 60 nm; corresponding spectra for both CBP (60
nm) and DMAC-DPS (60 nm) neat films are also included as
reference (dashed lines). Molecular structures of both host and
guest materials are presented in Figure 1b. We refer the reader
to the Supporting Information for a brief description of the
TADF mechanism (Figure S1, Supporting Information). All
spectra show a broad emission due to strong charge-transfer
(CT) characteristics, with the main peak at around 460 nm
(Figure 1c). The overall shape of the spectra is consistent with
the fluorescence signal of DMAC-DPS both in solution and in
the solid state (neat film and blends21) as well as the double-

Figure 1. (a) Normalized photoluminescence (nPL) for CBP:DMAC-DPS emissive blends as a function of DMAC-DPS content within the blend.
Photoluminescence of pure CBP and DMAC-DPS films are also reported. (b) Chemical formula of the CBP (host) and the DMAC-DPS (guest).
(c) Optical image of one of our representative blend films on quartz when optically excited.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.5c01335
ACS Photonics 2025, 12, 5958−5969

5960

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c01335/suppl_file/ph5c01335_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5c01335/suppl_file/ph5c01335_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01335?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.5c01335?fig=fig1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.5c01335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


peaked structure of CBP neat film.54 We observed a red-shift of
the main emission peak when DMAC-DPS is within the blend
as compared to neat film (DMAC-DPS only), which tends to
increase with increasing guest content within the blend (Figure
S2, Supporting Information); further, the contribution from
CBP decreases, indicating the role of CBP in the energy
transfer in the host−guest system. This suggests that the
exciton density depends (increases) from the concentrations of
DMAC-DPS. Except for the blend with 5% DMAC-DPS
content, the variation of the main emission peak among the
different DMAC-DPS concentration is within experimental
error (<1−2 nm), suggesting that PL for CBP:DMAC-DPS is
overall nearly concentration independent, as previously
reported for DMAC-DPS in blends using for example mCP
as host.55 Further, we observed a small variation of the width of
the main emission peak, due to the increased dispersion of the
emission energies produced.56 This could be related to the
sterically constrained motion of the host molecules, which can
lead to strong, permanent local electric fields, leading to a
spectral shift of individual molecules.

Multilayer Light-Emitting Field-Effect Transistor
Using CBP:DMAC-DPS Blends as Emissive Layer. Figure
2a shows the schematics of our bottom-gate/top-contacts (BG-
TC) transistors. We used a poly(methyl-methacrylate)
(PMMA) layer with a thickness of approximately 430 nm as
gate dielectric; this was spin-coated and annealed on a hot
plate in air on top of the transparent gate (G) electrode
(indium tin oxide, ITO). PMMA was chosen as a polymer
dielectric layer since it offers a suitable interface for organic
materials in terms of surface roughness.57 The multilayer active
region consists of three stacked organic layers (from bottom to
top): (a) the hole-transporting layer (2,7-dioctyl[1]-
benzothieno[3,2-b][1]benzothiophene, C8BTBT, 30 nm,
Sigma-Aldrich) in direct contact with the dielectric surface,
(b) the emissive layer, where the electron−hole recombination
and light generation occur, is a host−guest system (60 nm
blend of CBP and DMAC-DPS, both materials from Ossila),
and (c) the electron-transporting layer (α,ω-diperfluorohexyl-
quarterthiophene, DFH-4T, 45 nm, Sigma-Aldrich). Drain (D)
and source (S) electrodes (silver, 70 nm) are then deposited

Figure 2. (a) Schematic of the multilayer transistor heterostructure and (b) its corresponding energy levels. (c) Saturation transfer curves (IDS vs
VG@VDS = VDS,max = −100 V) for 3L OLET with CBP:DMAC-DPS emissive layer with DMAC-DPS contents of 5, 10, 15 and 20% (as labeled).
The right y-axis refers to the measured light output (bottom emission). The direction of sweeps is also indicated.
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on top of the uppermost organic layer. Throughout this paper,
we will refer to this device structure as 3L-OLET.

In such a multilayer heterostructure, the p- and the n-type
semiconductors provide holes and electrons to the emissive
layer under the effect of both external fields (Figure 2b). All
values of HOMO and LUMO are considered from the
literature. We refer the reader to refs 39 and 58 for more
general considerations on these materials and their energetics
in similar configurations.

Figure 2c shows the optoelectronic characterization (transfer
characteristics) of organic light-emitting transistors using
CBP:DMAC-DPS blends with the same thickness (60 nm)
but different DMAC-DPS contents within the CBP host
molecules (as labeled). We fabricated two substrates for each
transistor configuration, with each substrate containing a total
of 8 devices with a common gate. All devices have the same
geometry (channel length and width), with organic semi-
conductor layers fabricated at the same time, with the only
difference being the emissive layer and its guest content. The
right y-axis in all panels reports the electroluminescence (EL)
signal measured with a photodiode in direct contact with the
substrate (bottom emission in our case). We show the same
scale for both left and right y-axes in all panels for a more direct
comparison. We recall that measured electroluminescence is
only a part of the total light which is generated in the device.
Measuring top emission (light extracted from the top of the
device) is currently beyond our experimental capabilities.
Within the same substrate, we observed a variability in
performances between 5 and 10% among working devices.

All organic light-emitting transistors exhibit ambipolar
behavior independently of the composition of the emissive
layer (typical “V” shape of the p-transfer curve in all panels in
Figure 2c). Hole transport is the dominating charge transport
mechanism and it is approximately 2 orders of magnitude
larger than the electron counterpart; within the range of
applied bias (|100| V), this leads to an unbalanced charge
transport in all devices. Ambipolar operation in our multilayer
heterostructure transistor can be schematically represented as
two vertically stacked organic thin-film transistors, each one
carrying one type of charge (holes for the bottom C8BTBT
layer and electrons for the topmost DFH-4T layer).

During the IDS−VG sweep (at VDS = −100 V, Figure 2.d),
electroluminescence is observed under two distinct regimes:
(a) when charge transport is governed solely by holes within
the device (right-hand side of the black curve) and (b) in
proximity of the curve apex, where both transistors operate in
their ON-state and more equilibrated distribution of charges is

achieved. In this latter regime, an increasing population of
minority electrons originating from the n-type semiconductor
layer is injected and transported laterally toward the
recombination region. In ambipolar transistors, the drain-
source current IDS in the saturation region can be described as
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where Ci (6.6 nF/cm2 for PMMA) is the capacitance per unit
area of the dielectric layer, μsat and Vth are the device saturation
mobility and threshold voltages for holes (h) and electrons (e),
and Wch (5 mm) and Lch (100 μm) are the transistor channel
width and length, respectively.

Table 1 summarizes the optoelectronic properties of 3L-
OLETs using CBP:DMAC-DPS blends with different DMAC-
DPS contents. At the largest applied bias (VDS,max = VG,max = |
100| V), we observed a variation of approximately <15%
between hole and electron currents among different DMAC-
DPS doping contents. Field-effect saturation mobility and
threshold voltage are calculated from the linear fit of

IL
W C DS sat
2

,
ch

ch i
(forward sweep of the IDS vs VG = VDS). We

found values of hole (electron) mobilities of 1−2 (0.02−0.15)
cm2/(V s) (see Table 1), which are approximately 1 order of
magnitude smaller than those of the single-layer organic field-
effect transistor counterpart. We refer the reader to one of our
earlier works using the same set of materials.59

Threshold voltages found ([−36, −25] V for holes and [38,
53] V for electrons) are consistent with OLETs using a low-k
dielectric layer such as PMMA.60 Larger variation in the case of
the holes among different guest concentrations might be due to
the dielectric interface affecting both charge injection and
transport within the stack. Within the range of our applied
voltage, all transistors exhibit negligible gate leakage currents
(∼few tens of nA), which is several orders of magnitude lower
than the largest drain-source current, IDS,max) and values of
ON/OFF ratio of the order of 105, calculated in the limit of
unipolar regime (consistent with values previously reported for
ambipolar devices). Both mobility and threshold values do not
exhibit seemingly any clear dependence on the DMAC-DPS
content within the emissive blend. We also observed a non-
negligible hysteresis in all of the OLETs, with a constant shift
of approximately 8−9 V toward higher bias (considering the
apex as a reference point). Measured light output closely
follows this behavior and it is consistent with previous

Table 1. Optoelectronic Properties of Organic Light-Emitting Multi-Layer Transistor Using CBP:DMAC-DPS Emissive
Blends with Different DMAC-DPS Contents

DMAC-DPS content (%)

unit 5 10 15 20

hole current, IDS@VDS,max μA 886 908 1150 981
electron current, IDS@VDS,max μA 38 6.6 8.6 21.5
saturation hole mobility,a μh,sat cm2/(V s) 1.2 1.1 1.96 2.1
saturation electron mobility,a μe,sat cm2/(V s) 0.08 0.02 0.15 0.04
hole threshold,a Vth

h V −33.5 −25.4 −34.6 −26
electron threshold,a Vth

e V 40.5 52.9 48.7 38.7
electroluminescence, EL@VDS,max nW 4.7 7.5 32.5 6.3
external quantum efficiency, EQE@VDS,max 10−3 % 0.25 0.42 1.38 0.3
ON/OFF ×105 3.05 1.16 1.31 1.36

aForward sweep.
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observations on multilayer heterostructures using similar sets
of materials.61 We anticipate this to be related to different
injection regimes (holes vs. electrons) and possible charge
trapping localized at the dielectric interfaces,62 which might
indirectly also affect the light generation mechanism; further, a
more detailed investigation of this effect is currently ongoing.

Figure 3 shows the external quantum efficiency EQE
(=emitted optical power/injected current) for our organic

light-emitting transistors as a function of DMAC-DPS content
with the emissive layer, as calculated from transfer curves in
Figure 2c. We recall that these values are overall an
underestimate of the real efficiency of devices, since we are
currently limited to the measurement of only bottom emission
for our devices. Table T1 (Supporting Information) compares
the present work with other works in the literature for light-
emitting transistors using TADF emitters. We found that 3L
OLETs with 15% DMAC-DPS content is the most efficient
emissive blend, which is approximately 3−5 times larger than
the other concentrations. We note that for this structure we
also found the largest values of f ield-ef fect mobilities of the
device for both holes and electrons.

The inset of Figure 3 shows the light generated in our device
(bottom emission) in one of our representative devices in its
ON-state. For all of our devices, we found that the efficiency
remains approximately the same in the saturation regime,
independent of the applied gate voltage (Figure S3, Supporting
Information).

For a given organic semiconductor, molecular packing and
intermolecular interactions critically determine both electronic
transport and optical performance.63 To directly compare
optical and device properties, the blends used for spectroscopic
studies (Figure 1) were prepared at the same time with those
integrated into the 3L-OLET architecture (Figure 2c), with
deposition carried out on different substrates: quartz for optical
characterization and a C8BTBT layer on a PMMA dielectric
for device fabrication. Figure 4 shows the surface structure of
each organic layer within the multilayer trilayer organic stack
investigated by atomic force microscopy (AFM). Each panel

Figure 3. External quantum efficiency (EQE) as a function of
different DMAC-DPS contents within the emissive blend for
multilayer organic light-emitting transistors. The dashed line is a
guide-to-the-eye only. (Inset) Optical image of one of our
representative OLET (emissive layer: CBP:DMAC-DPS 15%) in its
ON-state.

Figure 4. Atomic force microscopy (AFM) images of (a) C8BTBT deposited on PMMA, (b) emissive blends deposited on C8BTBT with different
DMAC-DPS contents, and (c) DFH-4T deposited on each blend in (b). The image size (10 μm × 10 μm) and scale bar (2 μm) are the same for all
micrographs. The arrow indicates increasing concentration of DMAC-DPS in the blend (as labeled). Roughness values (rms) are also reported.
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also reports the average surface roughness of the layer (rms,
root-mean square value). The image scan size is 10 μm × 10
μm, and the scale bar is 2 μm for all micrographs.

Figure 4a reveals the island-like structure of C8BTBT on
PMMA, consistent with the growth mechanism reported in
earlier studies.64 The film displays an exceptionally smooth
surface (rms <2 nm) with large, interconnected grains,
indicative of efficient π−π stacking and reduced grain
boundary scattering. Such morphological features are highly
advantageous for charge transport, providing percolation
pathways, leading to the large hole mobility observed in the
multilayer heterostructure.

Deposition of the emissive layer retrace the underlying
C8BTBT surface (Figure 4b), as we have already observed in
some of our previous works deposited on the same p-type
layer.65 All surfaces exhibit very similar structures and values of
surface roughness (17−20 nm) with no clear dependence on
the DMAC-DPS content within the host. In the case of a host
triplet energy closer to the ones of the guest (or slightly
higher), a uniform distribution of the guest within the host
matrix at the molecular level can lead to the reduction of the
average time and distance for host−guest triplet energy
transfer, thus potentially improving the utilization of triplet
excitons, while also reducing charge quenching (CQ) and
triplet−triplet annihilation (TTA).66 Based on similarity-
intermiscibility theory and because of their similar shape/
configuration, CBP and DMAC-DPS can lead to a uniform
dispersion of DMAC-DPS in CBP during the thin film
fabrication process. Fan et al., on the other hand, reported
large roughness for a neat DMAC-DPS film due to the strong
intermolecular interaction induced crystallization and aggrega-
tion.67 When the electron-transporting layer (DFH-4T) is
deposited on the topmost surface (Figure 4c), the underlying
surface and structure of the emissive layer appear to be
completely buried. We observed an overall increased surface
roughness (rms ∼ 22−24 nm) and no correlation with the
guest concentration. While a rough DFH-4T surface can lead
to more efficient charge injection from the electrodes, our
results suggest that a difference in contact resistance between
the layer and the topmost electrode, if any, can be neglected.
We also report the surface morphology of a single DFH-4T
layer deposited directly on PMMA as reference (Figure S4,
Supporting Information). In summary, the morphological
analysis of different interfaces within the device shows no
major differences within the active organic stack.

Intramolecular charge transfer (ICT) between the host
(CBP) and the guest (DMAC-DPS) at the interface between
the emissive layer and the electron-transport layer should be
considered, which can give rise to the formation of a low-
energy exciplex.68,69 Based on morphological studies (Figure
4), electron injection should be favored at the interface DFH-
4T/metal; in fact, a rougher surface (i.e., DFH-4T) can lead to
a more efficient injection mechanism due to the actual contact
area (consistent with the electrode fabrication process) and
hotspots (nanoscale regions where field is locally enhanced).70

Also, an unbalanced transport (holes are predominant in the
device) will lead to light being generated closer to the drain
electrode, where increased charge-exciton quenching can
occur.71

While the overall surface morphology does not exhibit any
macroscopic variation depending on DMAC-DPS content
within the blends (Figure 4), differences in the shapes of both
the host and guests and their dispersion in a blend can play a

role in the charge transport at the nanoscale. Recent works,72

including one of ours,61 have suggested that the improved
electroluminescence for a specific host−guest blend can result
from either a pure improved optical response or improved
electrical properties of the blend itself. In this study, the former
is highly unlikely; very low values of PLQY have been for
example reported for CBP:DMAC-DPS blends, which further
decrease with increasing guest concentration,73 and emission
following optical and electrical excitation shows a different
trend as a function of the DMAC-DPS content (Figure S2,
Supporting Information).
Electronic (Field-Effect) Properties of CBP:DMAC-DPS

Blends. To study the electronic properties of the emissive
blends, we have fabricated bottom-gate/top-contacts field-
effect transistors, where the blend itself is the active layer.
Figure 5 shows the IDS vs. VDS (=VGS) for both hole (left side)

and electron (right side) curves of CBP-DMAC-DPS blends
OFETs (60 nm thickness, same as in multilayer OLETs) for
different DMAC-DPS contents; these transistors have the same
geometry as the OLETs in Figure 2 (Wch = 5 mm and Lch =
100 μm, PMMA dielectric). Sweeps for both holes and
electrons are shown and labeled accordingly, as well as the
DMAC-DPS doping concentration within the blends. We
observed that all blends show an overall very balanced
transport for both holes and electrons. Time-of-flight (ToF)
studies have shown that CBP exhibits a value of mobility of 2 ×
10−3 (3 × 10−4) cm2/(V s) for holes (electrons)74. TADF
emitters often exhibit both hole and electron transport
properties as a result of their intrinsic molecular structure
(acceptor−donor−acceptor). The HOMO level of the
DMAC-DPS is close to that of p-type host CBP; thus, holes
tend to be transported on the host molecule in these blends.

We found that these transistors, while exhibiting f ield-effect
response in the range of our biases (|100| V), do not emit light,
suggesting that the presence of semiconducting layer(s) is a
key enabling component for light emission (exciton creation
and decay);75 also the hole charge transport shows a larger
hysteresis compared to the electron counterpart, indicating
some larger trapping mechanism at the dielectric interface. A
more detailed analysis of the electronic properties of our

Figure 5. IDS vs VDS (=VG) curves of OFET with the blend as active
layer showing the ambipolar nature of the blends for all DMAC-DPS
contents. Sweep directions and DMAC-DPS contents are as labeled.
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blends shows a constantly larger electron conduction
contribution than the hole properties; interestingly, we found
also that the largest contribution of electron transport to the
blend transport occurs for the emissive blend with 15%
DMAC-DPS (Ie/Ih @|100| V = 1.51, see Table T2, Supporting
Information). While these blends have been deposited at the
same time as the device in Figure 2, these are potentially not
the same blends since these are deposited directly on the
PMMA surface (as compared to onto the C8BTBT layer),
where morphology and interfaces are different (not shown).
While these experimental results represent one of the few
reported measurements of electronic properties in emissive
blends, further investigation is certainly needed to further
elucidate how the blend electronic properties can affect the
overall light generated in the device in the limit of a field-effect
transport regime (i.e., emissive layer thickness variation, more
guest concentrations, measurement of mobility with Time-of-
flight experiments). In fact, we believe that a greater electron
contribution can potentially favor the exciton formation within
the blends when in a multilayer heterostructure, thus leading to
a larger electroluminescence in OLET devices as well as
preventing charge-exciton quenching mechanisms, including
the electro-oxidation effect.76 These results clearly indicate the
key role played by not only the optical properties but also the
electronic properties of the blend for device electrolumines-
cence.
Optical and Electrical Excitation in CBP:DMAC-DPS

Blends. Figure 6 shows the electroluminescence of our 3L-
OLET devices using different CBP:DMAC-DPS blends with
(a) 5%, (b) 10%, (c) 15%, and (d) 20% DMAC-DPS contents
(same devices as in Figure 2 and Figure 3). Photoluminescence
spectra for the same multilayer stack (solid line) and for the

blends on quartz (dashed line, data from Figure 1) are also
reported as reference. While we observed minor differences
between the photoluminescence of the blends on quartz and
within the multilayer heterostructure, we found a clear (red)
shift between optical excitation (black curves) and electrical
excitation (orange curves). Seemingly, we found no depend-
ence of the value of this shift on the concentration; however,
we note that the largest shift occurs in the case of the most
efficient device (also the largest amount of light generated).

With its rigid, planar biphenyl core with two electron-rich
carbazole units attached at the 4- and 4′-positions, CBP can
undergo noncovalent dimerization or aggregation through π−π
interactions between carbazole units in the solid state or at
high concentrations. This can introduce new low-energy
excited states (typically excimers) that emit at wavelengths
longer than those of the monomeric emission, thus resulting in
red-shifted and broadened emission and altered energy transfer
dynamics. In such a case, we would expect the spectral shift to
be present in both photoluminescence and electrolumines-
cence.

On the other hand, any type of excitation process can lead to
the formation of excitons inside the organic material, with the
nature of the excited states determining the emission spectra.
In organic semiconductors, bimolecular excited states can form
through the interaction of excited and ground-state donor−
acceptor molecules, involving charge or energy exchange; in
the case of the same (different) molecule, the resulting excited
state is called the excimer (exciplex). Both are well reported in
the literature77 and can form under either optical or electrical
excitation. However, electromers and electroplexes, two other
types of charge-transfer complexes, are typically observed only
under electrical excitation. Their formation tends to occur in

Figure 6. (Left y-axis) Normalized photoluminescence of CBP:DMAC-DPS blends on quartz (dashed lines) and in a multilayer stack (solid line)
and (right y-axis) normalized electroluminescence spectra in 3L-OLET for (a) 5%, (b) 10%, (c) 15%, and (d) 20% DMAC-DPS content within the
emissive blend showing a red shift of the main emission peak, depending on type of excitation.
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systems with planar, tightly packed molecules, where charge
recombination between neighboring sites is more likely,78 or in
materials with a high net dipole moment, where an external
electric field can polarize the molecular environment. This can
shift energy levels, stabilize intermediate states, and create
favorable conditions for forming these electrically induced
species.79 Such polarization effects do not occur under optical
excitation, this being the reason these species are not seen in
photoluminescence experiments.

In the case of the blends deposited on quartz (Figure 1), the
photoluminescence spectrum is characteristic of exciplex
emission arising from host−guest interaction. This suggests
that the emissive state originates from the interaction between
the donor and acceptor components within the blend. A
similar PL emission profile is retained in the three-layer
configuration, where both electron and hole semiconductor
layers are introduced, indicating that the added layers do not
significantly perturb the photophysics response of the system
under optical excitation (Table T3, Supporting Information).
While the emission intensity varies, the peak position does not
shift appreciably, implying that the same emissive states are
populated regardless of structural complexity under photo-
excitation. On the other hand, electroluminescence spectra
exhibit a significant red shift in the emission peak (∼65−80
nm) for the different concentrations of DMAC-DPS in the
blend, with the highest efficiency leading to the most red-
shifted spectrum. This concentration-dependent spectral
evolution strongly suggests the formation of new emissive
states, distinct from the photoexcited exciplex. Further, the
study of the dependence of the electroluminescence from the
applied gate bias at a constant VDS = −100 V for such 3L-
OLET (with CBP:DMC-DPS 15% blend, Figure S5 in the
Supporting Information) shows a variation of its amplitude
from the bias; however, all detectable EL spectra exhibit the
red-shifted main emission component. In addition, the absence
of light emission in the OFET blend configuration (Figure 5)
as well as no observed shift when the n-type layer is removed
from the device multilayer structure (not shown, currently
under study) both suggest that this emission originates from an
electroplex formed at the interface between the blend and the
electron-transporting layer, where charges are indeed moving
horizontally under the field-effect. While this is consistent with
our observations in organic light-emitting transistors, further
investigations are currently ongoing to elucidate in more detail
the spectral change upon electrical excitation in our devices.

■ CONCLUSION
In summary, we have investigated the optical and electronic
behavior of multilayer organic heterostructures incorporating
the TADF emitter DMAC-DPS in a CBP matrix, in the limit of
f ield-ef fect conditions in transistor architectures. Our findings
reveal two key outcomes: first, a 15% DMAC-DPS content
yields the highest electroluminescence efficiency, attributed to
improved and balanced charge transport within the emissive
blend; second, electrical excitation leads to a significant red-
shift in the emission spectrum, consistent with the formation of
electroplexes at the interface between the emissive layer and
the electron-transport semiconductor. These results highlight
the importance of both blend composition and interfacial
effects in optimizing electroluminescence in TADF-based
organic light-emitting transistors.

■ EXPERIMENTAL METHODS
Device Fabrication and Characterization. Glass/ITO

substrates were carefully cleaned to ensure high-quality film
deposition. The cleaning sequence involved sonication in
diluted Hellmanex III (10 min), deionized water (5 min),
acetone (two cycles of 10 min), and 2-propanol (10 min),
followed by drying under nitrogen flow. To further improve
surface wettability and remove residual organic contaminants,
the substrates were treated with oxygen plasma (15 min, 100
W) prior to dielectric coating. PMMA (Allresist AR-P 669.06)
dielectric layers were then deposited by spin-coating and
annealed on a hot plate at 110 °C for 30 min in ambient air, a
step that ensured solvent removal and stabilized the polymer
layer. Film thicknesses of both dielectric and organic layers
were determined using a stylus profilometer (Dektak/XT),
while surface morphology was examined by atomic force
microscopy (AFM, Bruker Dimension Icon) over a 10 μm ×
10 μm scan area. Device fabrication was carried out in a
Moorfield Nanotechnology MiniLab90, equipped with four
low-temperature evaporation sources for organics and two
thermal sources for metals, operating at a base pressure of
∼10−7 mbar.

For optical studies, DMAC-DPS thin films (30 nm,
deposition rate 0.15 Å/s) and CBP:DMAC-DPS emissive
blends (60 nm) were deposited on precleaned quartz
substrates under high vacuum (5 × 10−7 mbar). The
deposition rate of the CBP host was fixed at 1 Å/s for all
blends, while the DMAC-DPS guest rate was adjusted to
obtain the desired composition.

Electro-optical characterization was performed inside a
nitrogen glovebox at room temperature by using a custom-
built setup coupled to a Keysight B1500A semiconductor
parameter analyzer. The emitted light was collected in a
bottom-emission configuration with a calibrated Hamamatsu
S1337 photodiode placed in direct contact with the substrate,
thereby enabling accurate quantification of light output directly
through the transparent electrode and substrate. Electro-
luminescence spectra were recorded by using a Konica Minolta
CS-2000 spectroradiometer.
Photoluminescence Studies. Fluorescence spectra were

obtained with a custom spectroscopy setup based on a
continuous-wave He−Cd gas laser (Plasma HCCL-15UM).
Pump radiation (325 nm, 15 mW) was spectrally filtered
(short-pass 400 nm and bandpass 325 nm filters) to suppress
the radiation from the nonlasing plasma discharge lines,
attenuated, and focused on the sample surface using an
aluminum of f-axis parabolic mirror (25.4 mm reflective focal
length). Power delivered to the sample was in the 1−10 μW
range. Photoluminescence was collected using a custom-built
spectroscopic system, including a He−Cd laser (λexc = 325 nm)
as the excitation source and an IR2000 spectrometer to collect
the emitted light. Spectra were recorded in the 400−800 nm
range with 1 s exposure time. An optical density (OD) 2.0 filter
was incorporated into the optical path to mitigate potential
high excitation power effects.
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