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ABSTRACT: The utilization of triplet excitons plays a key role in
obtaining high emission efficiency for organic electroluminescent
devices. However, to date, only phosphorescent materials have
been implemented to harvest the triplet excitons in the organic
light-emitting field effect transistors (OLEFETs). In this work, we
report the first incorporation of exciplex thermally activated
delayed fluorescence (TADF) emitters in heterostructured
OLEFETs to harvest the triplet excitons. By developing a new
kind of exciplex TADF emitter constituted by m-MTDATA
(4,4′,4″-tris(N-3-methylphenyl-N-phenylamino)triphenylamine)
as the donor and OXD-7 (1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene) as the acceptor, an exciton utilization
efficiency of 74.3% for the devices was achieved. It is found that the injection barrier between hole transport layer and emission
layer as well as the ratio between donor and acceptor would influence the external quantum efficiency (EQE) significantly.
Devices with a maximum EQE of 3.76% which is far exceeding the reported results for devices with conventional fluorescent
emitters were successfully demonstrated. Moreover, the EQE at high brightness even outperformed the result for organic light-
emitting diode based on the same emitter. Our results demonstrate that the exciplex TADF emitters can be promising candidates
to develop OLEFETs with high performance.

KEYWORDS: exciplex, light-emitting, field-effect transistors, thermally activated delayed florescence, triplet excitons,
reverse intersystem crossing

■ INTRODUCTION

Organic light-emitting field effect transistors (OLEFETs) have
emerged as a promising element in simplified displays,
integrated optical communication, and even electrically driven
organic lasers, mainly due to their unique characteristic of
combining the switching property of a transistor and the
emitting property of an organic light-emitting device
(OLED).1−6 Among the emerged device structures of single
layer,7,8 bilayer,9 and multilayer,10,11 the multilayer hetero-
structured OLEFETs (HOLEFETs) have shown superior
optical and electrical characteristics in terms of brightness,
external quantum efficiency (EQE), on/off ratio, as well as
aperture ratio due to their flexibility of incorporating emission
layer (EML) with high emission efficiency and charge transport
layer (CTL) with high carrier mobilities simultaneously.12−14

Despite the significant advances of the optical performance for
the HOLEFETs, it is still much inferior to that of the OLEDs,
especially that the EQE at high brightness, which is of practical
significance, can hardly compete with that for OLED with an
identical emission layer.13,15−17 It is also noticed that the recent
advances mainly benefited from the improvement of the charge
injection and transport ability. For instance, strategies such as

asymmetric source/drain electrodes,18 interfacial modifica-
tion,19 developing new CTLs with high mobility12 have been
proposed. Whereas the exciton utilization of the EML also plays
a crucial role on the device perfomance, it is far from been
satisfactorily investigated.
Harvesting triplet excitons is known to be an effective route

to promoting the optical performance for organic electro-
luminescence devices including HOLEFETs.20−23 For instance,
HOLEFETs with phosphorescent emitters have presented
superior performance than those with conventional fluorescent
emitters by virtue of better utilization of the triplet excitons.13

Unfortunately, phosphorescent emitters suffer from expensive
and nonrenewable heavy metals which would restrict the
practical application in the future. Besides, phosphorescent
emitters are often dispersed in host materials to suppress the
concentration quenching,24 whereas the hosts normally have
large bandgaps that will cause large energy barriers between the
CTLs and EML and subsequently result in unbalanced carrier
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injection into the EML. It is therefore necessary to explore
alternatives to make use of the triplet excitons in HOLEFETs.
Thermally activated delayed fluorescence (TADF)25,26 is a

novel strategy to utilize the triplet excitons via the reverse
intersystem crossing (RISC) and has already inspired a new
wave of research in OLEDs owing to their potential of low cost
and high performance.27,28 An essential prerequisite for efficient
up-conversion from triplet state to singlet state is a small energy
gap (ΔEST) between the lowest triplet excited state (T1) and
singlet excited state (S1), which requires small spatial overlap
between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the
emitter.25,29 The well-designed electron donor−acceptor
TADF molecules can satisfy this requirement; however, they
are usually needed to be doped in host materials whose energy
bandgaps27 would cause large energy barriers with the CTLs for
common HOLEFETs. Alternatively, the exciplex emitter
composed of physical mix of a donor molecule and an acceptor
molecule inherently also has small ΔEST since it has delocalized
HOMOs centered at the donor and LUMOs centered at the
acceptor, respectively,26,30,31 ensuring it as an important class of
TADF emitters in OLEDs. Another merit of incorporating the
exciplex TADF emitters in OLEDs is that low turn-on
voltage32−36 can be achieved due to the low HOMO level of
the donors and the high LUMO level of the acceptors which
could lower the energy barriers between the CTLs and the
EML. This feature could also be attractive for overcoming the
energy barriers between the CTLs with high mobility and the
EML in the HOLEFETs if exciplex TADF emitters were
implemented. Despite these advantages for exciplex TADF
emitters, they have not yet been demonstrated as the EML in
the HOLEFETs.

In this study, we reported the first incorporation of exciplex
TADF emitters in HOLEFETs to harvest the triplet excitons.
The feasibility of harvesting the triplet excitons was confirmed
by using the exciplex of TCTA ((4,4′,4″-tris(N-carbazolyl)-
triphenylamine):B3PYMPM (bis-4,6-(3,5-di-3-pyridylphenyl)-
2-methylpyrimidine), which shows an exciton utilization
efficiency of 60.3% with a maximum EQE of 0.93% for the
devices. We further developed a new kind of exciplex TADF
emitter constituted by m-MTDATA (4,4′,4″-tris(N-3-methyl-
phenyl-N-phenylamino)triphenylamine) as the donor and
OXD-7 (1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]-
benzene) as the acceptor, which shows better aligned
HOMO levels between the hole transport layer and the
exciplex donor as well as improved exciton utilization efficiency
of 74.3% for the devices. Consequently, a much enhanced
maximum EQE of 3.76% with an on/off ratio of ∼104 was
successfully achieved for the devices. Moreover, the EQE at
brightness exceeding 1100 cdm−2 even outperforms the result
for the OLED based on the same emitter. Our study not only
demonstrates that the exciplex TADF emitters can be
promising candidates for developing high performance HOLE-
FETs but also provides some insights for the construction of
exciplex based HOLEFETs.

■ RESULTS AND DISCUSSION

A well-known exciplex TADF emitter composed of TCTA
(donor) and B3PYMPM (acceptor) was investigated first since
it exhibits efficient RISC process in OLEDs and a moderate
photoluminescence quantum yield (PLQY) (36%).37 Figure 1a
shows the schematic of the device structure. Pentacene acted as
the hole transport layer due to its high hole mobility. In our
previous work, we found that organic heterojunction (OHJ)

Figure 1. (a) Schematic of the device structure. (b) Energy-level diagram of the organic active materials. (c) Electrical and optical transfer
characteristics for HOLEFETs with TCTA/B3PYMPM exciplex TADF emitter at VDS = −80 V. (d) Corresponding relationship between EQE and
brightness at VDS = −80 V. Inset is the EL spectrum of the device.
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consists of a p-type organic molecule and 1,4,5,8,9,11-
hexaazatriphenylenehexacarbonitrile (HAT-CN) can be used
as a modification layer to improve the carrier injection and
transport for HOLEFETs.13 Therefore, here we adopt TCTA/
HAT-CN as an OHJ modification layer. The charge transfer
process between TCTA and HAT-CN can be verified by the
absorption spectrum where an additional absorption peak
around 520 nm appears for the mixed TCTA:HAT-CN film
compared with that for pure TCTA and HAT-CN films (see
Figure S1). B3PYMPM was used as the electron injection layer
as well as hole blocking layer. Considering the large HOMO
level offset between pentacene and TCTA as shown in Figure
1b, a device with another OHJ modification layer of NPB
(N,N′-di(naphthalene-1-yl)-N,N′-diphenylbenzidine)/HAT-
CN was also fabricated for comparison. The molecular
structures for the organic active layers are shown in Figure S2.
Figure 1c presents the transfer characteristics for devices with

different OHJ modification layers at drain to source voltage
VDS= −80 V. Both devices exhibit quite similar electrical
properties that are typical p-type characteristics. The on/off
ratio is ∼104 within the test range. The maximum drain current
(IDS) is more than 2 orders of magnitude higher compared with
that for devices without the OHJ modified layer (see Figure
S1b), which can be mainly attributed to the extra charges
generated in the OHJ modification layers. The brightness for
both devices increases as the drain current becomes larger.
However, the maximum brightness for NPB/HAT-CN
modified device (1116 cdm−2) is much higher than that for
TCTA/HAT-CN modified one (62 cdm−2). The maximum
EQE for TCTA/HAT-CN modified device is 0.05% (Figure
1d), while that for NPB/HAT-CN modified device shows a
much enhanced value of 0.93% and is well maintained above
0.75% at the brightness of 1000 cdm−2. The inferior optical
performance for TCTA/HAT-CN modified device can be
attributed to the larger hole injection barrier between the
HOMO levels of pentacene and TCTA than NPB (see Figure
1b). The replacement of TCTA by NPB could lower the barrier
and thus facilitate the hole injection from pentacene to the
TCTA/B3PYMPM emitter. The inset in Figure 1d gives the EL
spectrum with a peak of ∼510 nm, which coincides well with
the reported result.37 Since the reported photoluminescent
spectrum shows a peak around ∼490 nm,37 there is a red-shift
for the EL spectrum, which probably comes from the enhanced
proportion of the delayed fluorescence under EL excitation.26

Although the maximum EQE of 0.93% for the HOLEFET is
inferior to that of OLED with the TCTA/B3PYMPM exciplex
emitter, it is comparable to the state-of-the-art results for
HOLEFETs with conventional fluorescent emitters.12,38−40

Considering the relatively low PLQY, we attribute the high
EQE to the efficient utilization of triplet excitons. For a better
understanding, we present the detailed operating mechanism of
the devices in Figure 2. When the devices are working in the
hole accumulation mode (gate to source voltage VGS < 0, VDS <
0), the holes will inject from the source electrode and move
downward to pentacene. Meanwhile, holes can also be
generated at the NPB/HAT-CN OHJ via the charge transfer
process.41 The injected holes as well as the generated holes will
accumulate at the interface between penatcene and the
dielectric and transport along the interface due to the
horizontal field effect, followed by injection into the EML
beneath the drain electrode and subsequent formation of
excitons with the electrons injected from the drain electrode.
The electrical activation ordinarily generates 25% singlet
excitons and 75% triplet excitons in the EML as is shown in
Figure 2b. The singlet excitons can radiate directly from S1 to
S0, resulting in the prompt fluorescence, while the utilization of
triplet excitons from the RISC process results in delayed
fluorescence. The efficient RISC process for TCTA/
B3PYMPM37 will facilitate the delayed fluorescence. We can
estimate the exciton utilization efficiency by the following
equation:42

γ= Φ Φ ΦEQE spin PL out (1)

where γ is the capture efficiency (CE) of electrons and holes
injected into the emission layer, Φspin is the exciton utilization
efficiency, ΦPL is the PLQY (36%)37 of the emitter, and Φout is
the outcoupling efficiency which is assumed to be 0.2−0.3
without any light outcoupling enhancement. Since the capture
efficiency can be derived from the following equation
considering the exciplex with thermally activated delayed
fluorescence,43

γ= Φ +
Φ

− Φ − Φ
Φ

⎡
⎣⎢

⎤
⎦⎥EQE 0.25 0.75

1 ( )PL
DF

PL DF
out

(2)

where ΦDF is the delayed fluorescence efficiency (13%),37 we
can obtain a Φspin of 60.3%, which is much higher than the
theoretical value of 25% for traditional fluorescent emitters.

Figure 2. (a) Schematic representation of the carrier injection and transport as well as the light emission mechanism. The arrow denotes the
transport direction of the carriers. (b) Process for harvesting triplet excitons in the mixed TCTA:B3PYMPM film under electrical excitation. D, A,
PF, DF represent the donor, acceptor, prompt fluoresence, and delayed fluorescence.
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It is worth noting that the maximum γ for NPB/HAT-CN
modified device is 14.3−21.4% while it is only 0.8−1.2% for
TCTA/HAT-CN modified one. The more than 1 order of
magnitude improvement for the capture efficiency by virtue of
NPB confirms the importance of reducing the energy barrier
between the hole transport layer and the donor of the exciplex
emitter. Nevertheless, there are still energy barriers between the
HOMO levels of NPB and pentacne as well as the EML which
may further limit the performance of the device.
To diminish these energy barriers, we next developed and

investigated a new kind of exciplex emitter adopting m-
MTDATA (molecular structure is presented in Figure 3a) as

the donor due to its well aligned HOMO level (−5.1 eV) with
that of pentacene. OXD-7 is used as the acceptor. The large
energy difference between the HOMO/LUMO levels of m-
MTDATA and OXD-7 (∼1.4 eV in HOMO level offset and
∼0.8 eV in LUMO level offset as shown in Figure 3b) is
conducive to the charge accumulation and charge transfer
between them to form the exciplex excitons.44,45 The formation
of exciplex in the mixed film of m-MTDATA:OXD-7 can be
confirmed by the absorption and photoluminescence (PL)
spectra. Figure 3c shows the absorption and photolumines-
cence (PL) spectra of the pristine m-MTDATA and OXD-7
films and the mixed m-MTDATA:OXD-7 (molar ratio of 1:1)
film. In contrast to the pristine films, the absorption spectrum
of the mixed film does not show any additional features,
indicating weak electronic interactions on the ground state of
the mixed film.46 Meanwhile, the PL spectrum of the mixed film
exhibits broadening and obvious red-shift relative to those of
the pure m-MTDATA and OXD-7 films. The emission peak of
the mixed film centers at 545 nm which corresponds to a
photon energy of 2.3 eV which matches well with the energy
gap between the HOMO level of m-MTDATA and the LUMO
level of OXD-7. These features clearly suggest the formation of
exciplex in the mixed film of m-MTDATA:OXD-7.
The transient PL decay curves for the mixed film of m-

MTDATA:OXD-7 and the pure constituting films at 300 K are
shown in Figure 4a and Figure S3, respectively. Both the pure
m-MTDATA and OXD-7 films show a single exponential decay
with the lifetime of 2.4 and 2.2 ns, respectively. Remarkably, the
mixed film exhibits much slower decay which includes a prompt
lifetime of 444 ns and a delayed lifetime of 4.96 μs fitted by the
double exponential decay function: I(t)= A1 exp(−t/τ1) +
A2 exp(−t/τ2). Figure 4b shows the time-resolved spectra of the
mixed film. The PL spectrum of the prompt component almost
overlaps with that of the delayed component, indicating the
same transition from S1 to S0 (the ground state) for both
components and hence demonstrating an up-conversion of the
triplet to the singlet excited states via RISC process assisted by
the environmental thermal energy. The peak of the PL
spectrum for the delayed component represents a slight red-
shift in comparison with that of the prompt component, which
agrees well with that for other exciplex TADF emitters in the
literature26,31,47 and can probably be ascribed to the broad
distribution of the energy levels of the exciplex resulting from
the different geometric arrangement between donor and
acceptor or the influence of T1 on the nuclear configuration
of the S1 originated from RISC process.14,35 The PLQY of the

Figure 3. (a) Molecular structures of the donor (m-MTDATA) and
acceptor (OXD-7). (b) Schematic diagram of energy levels of m-
MTDATA and OXD-7 and exciplex emission formed between them.
(c) Absorption and photoluminescence spectra of the pristine m-
MTDATA and OXD-7 films and the mixed m-MTDATA:OXD-7
(molar ratio of 1:1) film.

Figure 4. (a) Transient PL decay curves for the mixed film of m-MTDATA:OXD-7 at 300 K monitored at 545 nm. (b) Time-resolved PL spectra of
the mixed film at 300 K.
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m-MTDATA:OXD-7 film measured using a calibrated
integrating sphere is 28% with the prompt fluorescence
efficiency (ΦPF) of 11.8% and the delayed fluorescence
efficiency (ΦDF) of 16.2%. The efficiency ratio of ΦDF/ΦPF

(1.37) is 2.4 times higher than that for TCTA:B3PYMPM
(0.56), indicating a more efficient TADF process.26,37

Interestingly, the molar ratio between m-MTDATA and
OXD-7 makes little influence on the transient PL decay
characteristics of the mixed film (see Figure 5a), which means
that the delayed component remains unchanged as the molar
ratio increases from 4:6 to 5:5 and 6:4. Meanwhile, there are
also slight differences in the PLQYs for films with the three
molar ratios, which are 28%, 28%, and 25%, respectively.
We subsequently implement the film of m-MTDATA:OXD-

7 with different molar ratios as the emission layer in
HOLEFETs. Accordingly, m-MTDATA/HAT-CN was used
as the OHJ modification layer. The electrical and optical
transfer curves for the devices are shown in Figure 5b. All the
devices exhibit p-type transport characteristics. As the molar
ratio increases from 4:6 to 5:5 and 6:4, the maximum drain

current (hole current) increases continuously. This can be
attributed to the decreased hole-blocking effect as the
proportion of OXD-7 reduces. The hole mobilities extracted
from the saturation regions for three devices are 0.04, 0.11, and
0.19 cm2 V−1 s−1, respectively (see Table 1). The variation of
the hole current for different devices implies that the carrier
balance can be tuned by adjusting the molar ratio between m-
MTDATA and OXD-7. The brightness for all the devices
increases continuously as their respective drain current
increases concurrent with a progressively broadened emission
zone underneath the drain electrode, indicating that more holes
have entered into the EML and formed excitons with the
electrons injected from the drain electrode. Figure S4 gives a
typical result of the emission zone for device with the molar
ratio of 5:5 biased at VDS = −60 V and different VGS. The
maximum brightness for devices with the three molar ratios
reaches approximately 990, 1890, and 1910 cdm−2, respectively.
The characteristics of gate-voltage-dependent light-emission
intensity and emission zone width are quite similar to those for

Figure 5. (a) Transient PL decay curves for mixed m-MTDATA:OXD-7 films with different molar ratios. (b) Electrical and optical transfer
characteristics and (c) relationship between EQE and brightness for devices with different molar ratios at VDS = −60 V. (d) Current density−voltage
curves for hole- and electron-only devices with different molar ratios. Hole-only devices: ITO/exciplex emitter (80 nm)/HAT-CN (5 nm)/Al (100
nm). Electron-only devices: Al (100 nm)/Cs2CO3 (3 nm)/exciplex emitter (80 nm)/Cs2CO3 (2 nm)/Al (100 nm).

Table 1. Key Electrical and Optical Performance for HOLEFETs with Different Exciplex TADF Emitters

m-MTDAT:OXD-7

emitter TCTA:B3PYMPM

molar ratio 1:1 4:6 5:5 6:4
PLQY 36% 28% 28% 25%
hole mobility (cm2 V−1 s−1) 0.26 0.04 0.11 0.19
max EQE (%) 0.93 3.66 3.76 1.60
max CE (%) 14.3− 21.4 58.6−87.9 60.2−90.3 29.1−43.7
max brightness (cdm−2) 1116 990 1890 1910
on/off ratio 104 104 104 104

Φspin 60.3% 74.3% 74.3% 74.3%
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unipolar HOLEFETs with phosphorescent and fluorescent
emitters in the literature.12,48

The relationships between the brightness and EQE
corresponding to the transfer curves are shown in Figure 5c.
The EQE for all the devices shows similar trend including a
gradual rising section at low brightness and a slight decrease as
the brightness becomes higher. This is the phenomenon of
efficiency roll-off as has been widely reported in OLEDs, which
can be further interpreted by the corresponding relationships of
the drain current versus EQE (Figure S5). The maximum EQE
for devices with the molar ratios of 4:6, 5:5 and 6:4 are 3.66%
(at 36 cdm−2), 3.76% (at 326 cdm−2), and 1.6% (at 601
cdm−2), respectively. The device with molar ratio of 5:5 shows
better performance for the maximum EQE and also exhibits
higher value of EQE under high brightness (>100 cdm−2). This
can be mainly ascribed to the better balanced carrier transport
which can be verified by the current density−voltage curves of
the hole-only and electron-only devices with different molar
ratios as shown in Figure 5d. As the proportion of m-MTDATA
increases, the hole current density increases while the electron
current density decreases. The hole current and electron
currents become more balanced for the molar ratio of 5:5 than
the others. The maximum γ calculated by eq 2 for the device
with molar ratio of 5:5 (60.2−90.3%) is also much higher than
the results for devices with molar ratio of 4:6 (58.6−87.9%)
and 6:4 (29.1−43.7%). These results reveal the importance of
optimizing the molar ratio of the donor and acceptor for
HOLEFETs with exciplex emitters. It is worth noting that the
maximum γ is more than 4 times higher for devices with
exciplex TADF emitter of m-MTDATA:OXD-7 than
TCTA:B3PYMPM, which also confirms the significance of
reducing the energy barrier between the hole transport layer
and exciplex emission layer. The resulting Φspin from eq 1
reaches as high as 74.3%, demonstrating better utilization of the

triplet excitons than that for devices with exciplex TADF
emitter of TCTA:B3PYMPM.
OLEDs using m-MTDATA:OXD-7 (molar ratio 5:5) as the

EML (inset of Figure 6a) were also fabricated for a further
comparison. Optimized optoelectrical properties for the device
are presented in Figure 6a and Figure 6b. The turn-on voltage
is only 2.35 V which is close to the photon energy of the
emitted light divided by the elementary charge. The low turn-
on voltage suggests that there is small energy barrier for the
hole and electron injection into the EML as shown in the inset
of Figure 6b. The device shows moderate values of 2060 cdm−2,
5.6%, and 15.6 c dA−1 for the maximum brightness, EQE, and
current efficiency, respectively. Figure 6c compares the EQE for
HOLEFETs and OLEDs at different brightness. It is noticed
that the HOLEFET shows much smaller efficiency roll-off. The
EQE of HOLEFETs keeps at about 3.5% and outperforms that
of the OLEDs when the brightness is higher than 1100 cdm−2.
The smaller efficiency roll-off for HOLEFETs can be ascribed
to the separated regions for charge transport and exciton
formation, which can suppress the exciton−charge interac-
tions.10 To the best of our knowledge, this is the first time that
the emission characteristic of a HOLEFET can truly compare
with that of an OLED using the same emitter at high
brightness.13,15−17,22,49−51 The EL spectra for both the
HOLEFETs and OLEDs are shown in Figure 6d with peak
wavelength at 555 nm, which resemble the PL spectrum,
indicating good restriction of excitons in the EML.
The high EQE for the HOLEFETs with exciplex TADF

emitter of m-MTDATA:OXD-7 mainly benefits from the
efficient utilization of triplet excitons and well-matched HOMO
levels due to the judiciously selected exciplex materials.
However, the exciplex of m-MTDATA:OXD-7 still suffers
from the drawback of low PLQY. Besides, despite the relatively
high capture efficiency achieved in the unipolar HOLEFETs,
the lack of electron transport layer with high mobility restrains

Figure 6. (a) Current density−voltage−brightness curves of OLEDs based on the exciplex emitter of m-MTDATA/OXD-7 (5:5 molar ratio). Inset
is the device architecture where m-M stands for m-MTDATA. (b) Current efficiency−brightness−EQE curves of the OLEDs. Inset is the energy
schematic diagram for the device. (c) Comparison of EQE between HOLEFET and OLED for different brightness. (d) EL spectra for HOLEFET
and OLED.
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the emission zone mainly beneath the drain electrode where a
large amount of electrons injected and accumulated, which may
also lead to the exciton-charge quenching loss.10 Therefore,
strategies such as doping the exciplex with efficient fluorescent
materials52 or exploring novel exciplex TADF materials to
improve the PLQY47 and introducing electron transport layer
with high mobility or implementing nonplanar asymmetrical S/
D electrodes18 to promote the electron injection and transport
can be considered to further soar the performance of such
devices.

■ CONCLUSION

In summary, HOLEFETs implementing different exciplex
TADF emitters have been investigated. By virtue of harvesting
the triplet excitons, the device with the exciplex of
TCTA:B3PYMPM showed a maximum EQE of 0.93%, which
is comparable to the state-of-the-art results for devices with
conventional fluorescent emitters despite the large hole
injection barrier. The implementation of a new exciplex
TADF emitter of m-MTDATA:OXD-7 further reduced the
hole injection barrier and improved the exciton utilization
efficiency to as high as 74.3%. Together with a careful
adjustment of the carrier balance by changing the mole ratios
of m-MTDATA and OXD-7, devices with excellent perform-
ance of a maximum EQE of 3.76% and an on/off ratio of ∼104
were demonstrated. Moreover, the EQE at high brightness even
outperforms the result for OLED based on the same emitter.
The results not only demonstrate that the exciplex TADF
emitters can be promising candidates for developing colorful
and low-cost HOLEFETs with high performance but also open
a way to explore the full potential of the emission layer for
HOLEFETs.

■ EXPERIMENTAL SECTION
Film Fabrication and Characterization. The pure m-MTDATA

(50 nm), OXD-7 (50 nm), TCTA (40 nm), HAT-CN (40 nm) films,
mixed film of m-MTDATA:OXD-7 (50 nm with molar ratio 1:1) and
HAT-CN-doped TCTA film (40 nm, 50 mol % HAT-CN) were
thermally evaporated onto the quartz glass to measure their optical
characteristics.
The UV−vis−NIR absorption spectra of these films were performed

with a Shimadzu UV-3101PC UV−vis−NIR spectrophotometer. PL
spectra were measured using Hitachi florescence spectrometer F-7000.
Absolute fluorescent quantum yield measurements, transient PL decay
properties, and time-resolved spectra were performed by Edinburgh
FLS920 spectrometer.
Device Fabrication and Characterization. The poly(4-vinyl-

phenol) (PVP, 420 nm) was spin-coated onto indium tin oxide (ITO)
glass substrates using solution prepared with PVP and poly(melamine-
co-formaldehyde) (2:1 wt %) in propylene glycol monomethyl ether
acetate (PGMEA) (90 mg/mL) and then annealed at 200 °C for 1
h.The polystyrene (PS, 30 nm) dissolved in toluene (6 mg/mL) was
successively spin-coated (30 s at 3000 rpm) on PVP and annealed at
85 °C for 1 h. Pentacene (14 nm), hole injection layer (10 nm, TCTA
or NPB or m-MTDATA), HAT-CN (1 nm), emission layer (30 nm,
TCTA:B3PYMPM or m-MTDATA:OXD-7), electron injection layer
(20 nm, Bphen or OXD-7), Cs2CO3 (1 nm), and Al (1 nm), were
successively thermal evaporated with the rate of 0.2, 0.3, 0.1, 2, 0.3 0.2,
and 0.2 Å/s, respectively. Ag was thermally deposited through a
shadow mask with channel length and width of 45 and 3000 μm,
respectively. For the fabrication of OLED, m-MTDATA (30 nm), m-
MTDATA:OXD-7 (45 nm), OXD-7 (35 nm), Cs2CO3 (1 nm) were
subsequently thermally deposited onto the ITO glass substrates with
the rate of 2, 4, 2, 0.5 Å/s, respectively. The Al electrode (40 nm) was
then thermally deposited with the rate of 4 Å/s. All the devices were

encapsulated with UV glue in the glovebox (H2O, O2 < 0.1 ppm)
before testing. The light emission was detected from the ITO side.

The brightness and current density of OLEDs were measured using
a Keithley 2400 source meter and a luminance meter KONICA
MINOLTA LS-110. The electrical characteristics of HOLEFETs were
performed by Keithley 4200 SCS at room temperature under air
ambient. The photocurrent was recorded by HAMAMATSU S1336
photodiode. The optical images were captured by Olympus BX51TRF
CCD microscope. The electroluminescence spectra were measured by
AvaSpec-ULS2048L fiber spectrometer. The brightness for HOLE-
FETs was calculated by comparing the photocurrent with the
fabricated OLED at fixed brightness (500 cdm−2) and emission area
(2 mm × 3 mm). The EQE for HOLEFETs was calculated from the
brightness, the drain current, and the EL emission spectrum assuming
Lambertian emission. The carrier mobilities were calculated by the
formula for the saturation regime: IDS = μCi[W/(2L)](VGS − VT)

2

(where μ is the field-effect mobility, Ci is the gate dielectric capacitance
density, VT is the threshold voltage, and W and L are the channel
width and length, respectively).
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