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Organic light-emitting field-effect transistors (OLEFETs) are regarded as a novel kind of device
. architecture for fulfilling electrical-pumped organic lasers. However, the realization of OLEFETs
Accepted: 02March 2016 : with high external quantum efficiency (EQE) and high brightness simultaneously is still a tough
Published: 17 March 2016 : task. Moreover, the design of the resonator structure in LED is far from satisfactory. Here, OLEFETs

. with EQE of 1.5% at the brightness of 2600 cdm~2, and the corresponding ON/OFF ratio and
. current efficiency reaches above 10* and 3.1 cdA~?, respectively, were achieved by introducing
1,4,5,8,9,12-hexaazatriphenylene-hexacarbonitrile (HAT-CN) as a charge generation layer. Moreover,
a vertical microcavity based on distributed Bragg reflector (DBR) and Ag source/drain electrodes is
successfully introduced into the high performance OLEFETs, which results in electroluminescent
spectrum linewidth narrowing from 96 nm to 6.9 nm. The results manifest the superiority of the vertical
microcavity as an optical resonator in OLEFETs, which sheds some light on achieving the electrically
pumped organic lasers.
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Organic light-emitting field-effect transistors (OLEFETS) are a novel kind of electroluminescent (EL) devices with
field-effect characteristic, which show great potential for use in low-cost displays and integrated optical commu-
nications"?. The unique architecture of OLEFETS also enables them with minimum excitonic losses, efficient light
confinement and high current density, thus is conducive to the realization of net gain in laser devices. Therefore,
OLEFETs are also regarded as a promising device architecture for fulfilling electrical-pumped organic lasers®=.
: To demonstrate electrically pumped lasing in OLEFETSs, one challenge is how to build a suitable resonator
: which could provide effective optical feedback in OLEFETs. More specifically, obtaining a narrow band emission
spectrum by incorporating an optical resonator while maintaining high device performance (i.e., high emission
efficiency and high brightness) is an important step towards electrically pumped organic lasers based on the
architecture of OLEFETs. Resonator structures such as distributed feedback (DFB) cavity®, single crystal based
: F-P cavity’ as well as grating cavity® have been investigated in OLEFETs, however, the linewidth (full width at
- half maximum, FWHM) was limited in the range of 10~25nm. There were some other reports on 1D/2D pho-
. tonic crystal imported in OLEFETs which resulted in very narrow linewidth, however, the fabrication process of
© photonic crystals, such as electron-beam lithography, reactive ion etching and lamination, would probably bring
. some physical damage to the morphology of OLEFETS, leading to poor device performance®!?. Considering
. that the emission from OLEFETSs is mainly in the vertical direction, it would be more appropriate to introduce a
. resonator vertically. Recently, OLEFETs with large emission area under the source/drain (S/D) electrodes have
. been reported by several groups''~'. Although the absorption loss from the metal electrodes would increase, it
is of great convenience to build a vertical microcavity in such an OLEFET, since the metal electrodes can act as
. one of the mirrors of the cavity. Moreover, since distributed Bragg reflector (DBR) is uaually used as the bottom
© mirror for a vertical microcavity, its relatively smooth morphorlogy is beneficial for the growth of high quality
. organic films on top, which would be a big obstacle for the optical feedback structures such as DFB and 1D/2D
. photonic crystal due to their large morphorlogy fluctuations. Very recently, we have reported a DBR/Au vertical
. microcavity in an area-emitting OLEFET where the peak of the EL spectrum could be adjusted'®. However, the
: FWHM of the EL spectrum was as large as 26 nm due to the low reflectance of the Au mirror since a thin Au
film has to be used in order to get enough emission intensity. How to build a vertical microcavity in OLEFETS to
obtain narrower EL spectrum is one of the questions that we concern in this work.
On the other hand, it is generally believed that heterostructured OLEFETS consist of a p-type and (or) a n-type
carrier transport layer and an emissive layer (EML) have the potential in achieving better overall performance
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Figure 1. Device structure and optical properties of mirrors. (a) Schematic of a microcavity OLEFET.

(b) Chemical structure of HAT-CN. (c) Simulated and experimental reflectance of the bottom mirror.

(d) Reflectance and transmittance of the top mirror for 40 nm and 80 nm Ag; the transmittance of 40 nm and
80 nm Ag without AL

compared with single layer devices since high mobility materials and high EL efficiency materials can be simul-
tanously introduced as the carrier transportation layer (CTL) and EML, respectively'®-18. However, there are usu-
ally large carrier injection barriers both at the interfaces of electrodes/CTL and CTL/EML, which would hinder
the injection or transportation of one or two kinds of the carriers. Large amount of studies have been focused on
the interfaces of electrode/CTL and insulator/CTL'%, while few reports on the interface between the organic
layers.

Here, we used 1,4,5,8,9,12-hexaazatriphenylene-hexacarbonitrile (HAT-CN), a strong electron acceptor
with high electron affinity?"?, to act as a charge generation layer between the hole transportation layer and hole
buffer layer of heterostructured OLEFETS, where high EQE and high brightness were obtained simultaneously.
More importantly, low-cost and stable metal Ag was employed as the S/D electrodes, despite that the electrodes
with both high work function (i.e., Au) and low work function (i.e., Ca, Mg) are required for high performance
OLEFETs!?. Compared to other metals, Ag is the most widely used metal mirror in microcavity since it can pro-
vide higher reflectance in the visible spectral region. We successfully built a DBR/Ag microcavity in the OLEFETS,
which shows strong microcavity effect. By optimizing the cavity length and the reflectance of the top mirror,
FWHM as narrow as 6.9 nm was obtained. The results manifest the superiority of vertical microcavity as an opti-
cal resonator for potential application in electrically pumped lasing techniques in OLEFETs.

Results

Figure la shows the schematic of the device: the bottom mirror was formed by DBR and a thin layer of ITO.
The DBR was fabricated by depositing 15 pairs of TiO,/SiO, while the ITO also functioned as the gate elec-
trode. Poly-4-vinylphenol (PVP) /polystyrene (PS) acted as the dielectric. Pentacene and HAT-CN (Fig. 1b)
were used as the hole transportation layer and charge generation layer, respectively. N,N’-di(naphthalene-1-yl)-
N,N’-diphenyl-benzidine (NPB) was selected as a hole buffer layer since its highest occupied molecular orbital
(HOMO) level lies between that of pentacene and the EML. The EML used was a typical material in organic
light-emitting diodes (OLEDs): tris(8-hydroxyquinoline)-aluminum(III) (Alqs) : 2-[2-(1-Methylethyl)-6-[2-
(2,3,6,7-tetrahydro-1,1,7,7-tetramethyl- 1H,5H-benzo[ij]quinolizin-9-yl)ethenyl]-4H-pyran-4-ylidene] propan-
edinitrile (DCJTT). Bathophenanthroline (Bphen) was used both as the electron-injecting layer and hole-blocking
layer due to its low lowest unoccupied molecular orbital (LUMO) level and high HOMO level, respectively. Ag
was used as the S/D electrodes, before which an ultra thin layer of Al (1 nm) was inserted to further promote the
electron injection as demonstrated in top-emitting OLEDs*4%°. Figure S1 shows the molecular structures of the
active materials and the energy schematic diagram of the devices. The thin layer of Al together with the Ag layer
formed the top mirror. Fig. 1c,d shows the reflectance of the bottom mirror and top mirror, respectively. The
reflectance of the bottom mirror is about 97.9% around the central wavelength of the bottom mirror (618 nm),
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Figure 2. Characteristics of devices. (a) Transfer characteristic (Vpg= —100V) and the corresponding

brightness and gate leakage current, (b) output characteristic, (c) the corresponding EQE and current efficiency
(Vgs= —40~ —120V) for devices with and without DBR. (d) EL spectra for devices with (Vpg= —100V, V4
changes from —50V to —100V in step of —10V) and without DBR (Vps= V= —100V, the intensity is twice
magnified).

which is a little lower than the simulated result (98.4%). For the top mirror with 80 nm and 40 nm Ag, the reflec-
tance is about 96.9% and 91.4%, respectively, at around 618 nm. Since the reflectance of the top mirror is lower
than that of the bottom mirror, the light is collected from the top of the devices with DBR while from the bottom
of the devices without DBR. Figure 1d also shows the transmittance of 80 nm and 40 nm Ag both with and with-
out Al. The transmittance of Ag is slightly lowered when Al is inserted. Considering the large absorption of Al in
the visible spectral region, it is reasonable to have a thin thickness of Al

Figure 2 presents the main optoelectrical characteristics for devices with and without DBR. The thickness of
Agis 80 nm for both of the devices. Figure 2a is the transfer characteristic (Vps= —100V) and the corresponding
brightness along with the gate leakage current (Igs). The transfer characteristic for both of the devices is almost
the same, which indicates that the DBR does not influence the film quality of the top organic layers. Both of them
exhibit p-type transportation characteristic, which is due to the high hole mobility of pentacene and the intro-
duction of the charge generation layer. The hole mobility and ON/OFF ratio are 0.54 & 0.2cm?*V~!s™! and above
10%, respectively. The brightness increases with the increasing drain current (I)s) for both of the devices, which is
consistent with those of heterostructured unipolar OLEFETs!®?, The maximum brightness for the device without
DBR reaches 2600 cdm 2, which is among the best results ever reported for red OLEFETSs. In contrast, the bright-
ness for the device with DBR is only 600 cdm 2, which is mainly resulted from the top emission mode, since the
transmittance of the top mirror is very low. Not surprisingly, when biased at the same condition, the brightness
for device without DBR from the top is only 435 cdm~? (Figure S2 and Table 1). The gate leakage currents remain
at a relatively low level of about 1077 A, which is about 3 orders of magnitude lower than the drain currents, thus
their influence for the performance of the devices can be excluded.

Figure 2b is the output characteristic for both of the devices, where typical unipolar transportation charac-
teristic with distinct linear and saturation regimes can be found. Figure 2¢ shows the corresponding EQE and
current efficiency. Considering that the spatial distribution of emission intensity for a microcavity device is no
longer Lambertian, the EQE in this work was calculated based on the actual spatial distribution of emission
intensity of the devices. The EQE for the device without DBR reaches as high as 1.8% around Vg=—70V and
maintains at 1.5% at the brightness of 2600 cdm~2. The high EQE mainly results from the high exciton recombi-
nation efficiency, which is typically in the order of 1072~10°% in the literatures'*'>?, due to the well energy level
alignment between the organic layers. Given to the formular? that ®pqp = ® g X Ppin X Ppp X P, where
is the outcoupling efficiency, @, is a factor to take account of spin statistics, ®p; is the fluorescent quantum
efficiency that is ~68% by the measurement, and @, is the exciton recombination efficiency. When assuming
@, and g, as 20% and 25%, respectively, the @4 can be as high as 44% for EQE of 1.5%. As for device with
DBR, the maximum EQE is about 0.3% around Vg= —50V and reduces to 0.07% when the brightness gets the
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Max. Brightness (cdm~2) 2600 435 600 1900
EQE at Max. Brightness (%) 1.5 0.05 0.07 0.39
Current efficiency (cdA™") 3.1 0.1 0.2 1
Linewidth (nm) 96 96 6.9+0.2 95402
Width of emission area (um) 10045 2042 33+2 4542
g‘r,::;;’ef)l (80% energy 70° 70° 45° 30°

Q factor / / 89 64

Table 1. Comparison of the characteristics for different devices.

6 Single layer Polymer DFB ~80 ~27 N/A N/A
7 Single Crystal F-P ~36 ~14 N/A N/A
8 Single Crystal DFB ~58 ~26 1.72%x 1073 N/A
9 Single Crystal 2D DFB N/A 9.8@main peak N/A N/A
10 Single Crystal DFB 421 2.05 1.72x 1073 N/A
This work Multilayer Small Molecule Microcavity 96 6.9 0.07 600

Table 2. Comparison of OLEFETSs with vertical microcavity and other reported resonators. The EQE and
brightness are values with resonators.

maximum. The current efficiency for the device without DBR is more than 3.1 cdA~, which is even comparable
with typical OLEDs using Alq;:DCJTI as the EML?. The current efficiency for the device with DBRis 0.2cdA™".
The lower EQE as well as current efficiency for the device with DBR results also from the low transmittance of the
top mirror. Figure 2d shows the EL spectra for both of the devices. The peak of the spectrum of the device with
DBR is 612.3 nm, which is similar to that of the device without DBR and is near the central wavelength of the bot-
tom mirror. This attributes to the accurate adjustment of the cavity length. The EL spectrum for the device with
DBR keeps unchanged with the increasing of Vs from —50V to —100 V. The FWHM of the spectrum for the
device with DBR is only 6.9 nm, while that for device without DBR is 96 nm. The narrow FWHM mainly results
from the high reflectance of the two mirrors of the microcavity, which will be discussed in detail later. Table 2
compares the reported results for OLEFETs with different types of resonators. The microcavity in this work shows
a better potential to reduce the FWHM while maintaining relatively high EQE and brightness.

Despite of the different emission directions between the two devices, the inferiority of the emission character-
istics (brightness, EQE, and current efficiency) for the device with DBR seems quite puzzled since the microcavity
is generally used in OLEDs to improve the EL performance®. In order to get a high EL efficiency, the reflectance
of the mirror at the side of light output in normal microcavity OLEDs should be at a lower level so that a weak
microcavity effect can be formed to allow more optical modes to couple out together. While, the mirror with quite
high reflectance was used here so that only limited or single resonant mode can couple output, resulting in a nar-
rowed linewidth. When a high reflectance mirror is used in microcavity OLEDs, the EL intensity would be much
lower than that without microcavity®. In other words, the decrease of the brightness, EQE and current efficiency
for the device with DBR compared to that of the device without DBR indicates a lower integrated intensity for
the microcavity. However, the emission from the resonance optical mode has been enhanced significantly. Given
from the EL spectra in Fig. 2d, the intensity at the resonance wavelength (612.3 nm) for the device with DBR is
significantly enhanced, which is 4.5 times of that for device without DBR. Theoretically, the enhancement of the
emission intensity along the cavity axis at the resonance wavelength is given by*"*%

G, = £Ttop(1 + VRbot)Z Tcav

‘ 2 (1 - vaothop)z T (1)

where, R, and R,,, are the reflectance of the bottom mirror and the top mirror, respectively; T, is the transmit-
tance of the top mirror and (is the antinode enhancement factor.  has a maximum value of 2 when the emitting
dipoles (i.e., the exciton recombination zone) is located exactly at the antinode of the standing wave. 7, /7 is the
ratio of exciton lifetime in the cavity device and the noncavity device. For device with DBR in this work, Ry, Ry,
and T,,, at 612.3nm are 97.9%, 96.9%, and 0.15%, respectively (Fig. 1). Considering that the thickness of the EML
is 28 nm, the emitting dipoles can not locate exactly at the antinode of the standing wave, here, we take (=1.4%!.
Meanwhile, the exciton lifetime is likely to be shorter due to cavity effects, we take 7,,/7= 0.8%, then we can
calculate that G, = 5, which agrees quite well with the measured value of 4.5.

Figure 3 shows the optical images for different devices biased at Vgg= —120V, V,g3= —100 V. All of the
devices exhibit area-emitting characteristic under the drain electrode. The width of the emission area for the
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Figure 3. Optical images of devices. Optical images for the device without DBR, (a) bottom emission, (b) top
emission. Optical images for the DBR device with different top mirrors, (c) 80nm Ag, (d) 40nm Ag. All the
devices are biased at Vg = —120V, Vpg= —100 V. The scale bar is 50 um.

device without DBR (Fig. 3a) is about 100 um, while is only 20 um when observed from the top (Fig. 3b), which
is due to the low transmittance of the Ag electrode. As for the devices with DBR, the width of the emission area is
about 33 pum when the thickness of Ag is 80 nm (Fig. 3¢), and it extends to about 45 um when the thickness of Ag
reduces to 40 nm (Fig. 3d). The dynamic behavior of the emission area when V5 sweeps can be found in Videos
S$1 and S2. The maximum intensity of the emission is near the edge of the drain electrode, and the area extends
outward as Vg increases. It indicates that large amount of holes are accumulated in the hole transportation layer
under the drain electrode!’.

Figure S3a shows the UV-vis-NIR absorption spectra of a pentacene film, a HAT-CN film and a
HAT-CN-doped pentacene film (50% mol HAT-CN). The newly emerged charge transfer peak around 950 nm
in the HAT-CN-doped pentacene film indicates that there is charge transfer between HAT-CN and pentacene®,
which is probably the main reason for the high performance of the OLEFTEs. For comparison, the electrical
transfer and luminescence characteristics for device (80 nm Ag) without HAT-CN layer and DBR are presented
in Figure S4. The maximum drain current is dramatically lowered by two orders of magnitude to the range of
a few microampere. The brightness, EQE, and current efficiency are also reduced to a few cdm™2, 0.4% and 0.5
cdA ™!, respectively. Sun, et al. investigated the behavior of carrier transportation when HAT-CN contacts with
different types of p-type organic semiconductors?. They found that when under a certain bias, the electron could
tunnel, which follows the Zener tunneling rule, from the HOMO level of p-type materials into the LUMO level
of HAT-CN, thus, generating an electron in the LUMO level of HAT-CN and producing a hole in the HOMO
level of p-type materials. In our case, when the devices are operating in the hole accumulation mode, assisted
by the strong electric field near the source electrode, extra holes can be generated in the HOMO level of penta-
cene resulted from the electron tunneling from the HOMO level of pentacene into the LUMO level of HAT-CN.
The generated holes together with the holes injected from the source electrode, will accumulate at the interface
between pentacene and the insulate layer due to the field effect and transport towards the drain electrode. The
holes will then accumulate under the drain electrode and inject to the HOMO level of the EML. The use of NPB
can make the process of injection more efficient since the hole injection barrier is lowered. The holes will recom-
bine with the electrons injected from the drain electrode in the LUMO level of the EML, which results in the
intense emission beneath the drain electrode. The high HOMO level of Bphen can block the holes which further
promotes the exciton recombination efficiency. The schematic representation of the carrier injection and trans-
portation is shown in Figure S3b.

Next, we will focus on the characteristics related to the microcavity. In a microcavity, only the optical standing
waves can be existed, which means that the emission wavelengths have to meet the resonance condition®:

2nL,, = m\ 2

where, L, and n are the effective cavity length and the effective refractive index, respectively, m is an integer
(in our case, m = 3). In the device with DBR that we discussed above, the thickness of PVP (460 nm) is carefully
optimized so that the resonance wavelength of the microcavity can agree well with the emission peak of the EML
material in the free space, thus a maximum emission intensity can be obtained. Figure 4a shows the EL spectra for
DBR devices with different thicknesses of PVP. As the thickness of PVP increases, a red shift of the EL spectrum
is observed. When the EL peak shifts to 655 nm, a second peak appears at 545 nm, which results from the reso-
nance optical mode out of the stop-band of the microcavity. Figure 4b shows the spatial distribution of emission
intensity for different devices. As expected, the spatial distribution for the device without DBR is similar to that of
Lambertian. As for devices with DBR, when the thickness of Ag is 40 nm, 80% of the emission intensity is concen-
trated within 45° from the normal direction. When the thickness of Ag increases to 80 nm, the emission intensity
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Figure 4. EL emission characteristics of devices. (a) EL spectra for DBR devices with different thickness of
PVP. (b) Spatial distribution of emission intensity for different devices. Normalized EL spectra under different
viewing angles for DBR devices with (c) 80nm Ag, (d) 40nm Ag. (e) Normalized EL spectra for DBR devices
with different thickness of Ag.

is further concentrated within 30° from the normal direction. This indicates that the microcavity has intense
influence on the spatial distribution of emission intensity: the higher the reflectance of the mirror is, the more the
emission intensity will be concentrated to the cavity axis. Another characteristic for a microcavity device is that
the EL spectrum is viewing angle depended?'. Figure 4c,d shows the EL spectra under different viewing angles for
DBR devices with 80 nm Ag and 40 nm Ag, respectively. As the viewing angle increases, a significant blue shift of
the EL spectrum is observed. When the viewing angle increases to 60°, the EL peaks in both of the devices shift to
about 540 nm, which means that the blue shift is more than 70 nm.

Quality factor (Q factor), which is determined by the total energy storages in a cavity and the energy dis-
sipation rate, is an important parameter to characterize an optical cavity®. High Q factor is prefered since the
threshold of microcavity laser devices can be significantly reduced, which means that it is much easier to achieve
lasing®. The Q factor is given in the following equation®>¢:

A 2mnL,, 1

= A_)\ - A aLcav - ln( Rtaprot) 3)

where L, and n are the effective cavity length and the effective refractive index, respectively, « is an average
distributed loss constant. The most common loss mechanism in optical cavity includes absorption and scattering
of the mirrors and the inner components as well as the diffraction loss®. Given to Equation 3, supposing that «
is a constant, then a longer cavity length and a higher reflectance will result in a higher Q factor and a narrower
spectrum linewidth. Given to equation (2), the cavity length for the microcavity OLEFETs in this work is 3X\/2n,
while it is usually \/2n for microcavity OLEDs. The cavity length for microcavity OLEDs is restricted by the
high resistivity of the organic layers since the current will decrease significantly as the thickness of the organic
layers increases. Hoffmann, et al.*” investigated microcavity OLEDs with different cavitylength, i.e., \/2n, \/n and
3X\/2n, which verified that both the current and the EQE of the devices decreased as the cavity length increased.
Therefore, benefiting from the wide adjustment of the thickness of the insulator, the microcavity OLEFETSs are
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able to achieve higher Q factor than common microcavity OLEDs. Figure 4e shows the EL spectra for DBR
devices with different thickness of Ag. The linewidth of the EL spectrum for the DBR device with 40 nm Ag
extends significantly from 6.9 nm to 9.5 nm and the Q factor decreases from 89 to 64 compared with that of DBR
device with 80 nm Ag for its lower reflectance of the top mirror. However, since the transmittance is higher for
40nm Ag, the EL emission intensity is much higher than that of the DBR device with 80 nm Ag. Figure S2 gives
the transfer characteristic and the corresponding brightness, gate leakage current, EQE, and current efficiency for
the DBR device with 40 nm Ag.

From Equation 3, we can also see that a higher Q factor and narrower linewidth can be achieved by minimiz-
ing «. This reminds us that a high reflectance mirror with lower absorption loss, i.e., hybrid mirror composed of
thin Ag and dielectric cap layers, or dielectric-only mirror**?, should be a much better choice for the microcavity
mirror. It is ideal to combine a dielectric-only mirror with an OLEFET that emitting in the channel since the
absorption loss from the metal electrode could also be minimized. To move the emission area away from the
electrode, possible methods include using asymmetrical S/D electrodes, doping the electron injecting layer, and
introducing materials with high electron mobility'®'°. We believe that with further optimization of microcavity
structures and the fabrication process, vertical microcavity OLEFETs with higher Q factor and better emission
characteristics could be achieved.

In conclusion, we have demonstrated high performance OLEFETS by incorporating a novel charge generation
layer of HAT-CN. The devices have shown EQE of 1.5% at the brightness of 2600 cdm~2, and the corresponding
ON/OFF ratio and current efficiency reaches above 10* and 3.1 cdA™}, respectively, which is among the best
results ever reported. Owing to the area-emitting characteristic and the Ag S/D electrodes, an effective DBR/Ag
vertical microcavity structure is introduced into the high performance OLEFETs. The influences of the cavity
length and the reflectance of the top mirror have been investigated and EL spectrum linewidth as narrow as
6.9nm has been obtained. Although further optimization of the microcavity structure and improvement of the
fabrication process are needed to overcome the limited Q factor, our work manifests the superiority of the vertical
microcavity as an optical resonator for the combination with OLEFETSs, which provides a useful reference for
designing and achieving electrical-pumped organic lasers.

Methods

Device Fabrication. TiO, (66 nm), SiO, (106 nm), and ITO (78 nm) were deposited onto the glass substrate
by E-beam evaporation under a base pressure of 1.5 x 10~* Pa, evaporation rate of 2 A/s, and substrate tempera-
ture of 300°C. An end-Hall ion source was used to assist the deposition. PVP (460 nm) and PS (30 nm) were spun
coated in the way reported elsewhere®. Pentacene (12nm), HAT-CN (2nm), NPB (10nm), Alq;:DCJTI (28 nm,
weight concentration of 1.5%), Bphen (14 nm) and Al (1 nm) were successively thermal evaporated with the rate
0f 0.2, 0.1, 0.2, 2, 0.2 and 0.2 A/s, respectively. Ag was evaporated through a shadow mask with channel length
and width of 45 pm and 3000 pum, respectively. The devices were encapsulated with UV glue in the glovebox (H,O,
0, < 0.1 ppm) before testing.

Device Characterization. The electrical characteristics 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 EL spectra were measured by
AvaSpec-ULS2048L fiber spectrometer. The absorption spectra were recorded by Shimadzu UV-3101PC
UV-vis-NIR spectrophotometer. The reflectance and transmittance were recorded by PerkinElmer Lambda 1050
UV-vis-NIR spectrophotometer. Absolute fluorescent quantum yield measurements were performed with a cal-
ibrated integrating sphere on an Edinburgh FLS920 spectrometer. The carrier mobilities were calculated by the
formula for the saturation regime: I = puC,(W/2L)(Vs-V1)? (where p is the field-effect mobility, C; is the gate
dielectric capacitance density, V is the threshold voltage, W and L are the channel width and length, respec-
tively). The brightness was calculated by comparing the photocurrent with a standard OLED of known brightness
(1000 cdm—2) and emission area (3 mm X 1 mm) with structure of ITO/NPB/Alq;:DCJT1/Alq,/LiF/Al The EQE
was calculated from the brightness, the drain current, the EL emission spectrum, and the spatial distribution of
emission intensity of the devices.

References
1. Muhieddine, K., Ullah, M., Maasoumi, E, Burn, P. L. & Namdas, E. B. Hybrid area-emitting transistors: solution processable and
with high aperture ratios. Adv. Mater. 27, 6677-6682 (2015).
2. Muccini, M. A bright future for organic field-effect transistors. Nat. Mater. 5, 605-613 (2006).
3. Bisri, S. Z., Takenobu, T. & Iwasa, Y. The pursuit of electrically-driven organic semiconductor lasers. J. Mater. Chem. C 2, 2827-2836
(2014).
4. Hotta, S., Yamao, T., Bisri, S. Z., Takenobu, T. & Iwasa, Y. Organic single-crystal light-emitting field-effect transistors. J. Mater. Chem.
C2,965-980 (2014).
5. Santato, C., Cicoira, F. & Martel, R. Organic photonics spotlight on organic transistors. Nat. Photonics 5, 392-393 (2011).
6. Gwinner, M. C. et al. Integration of a rib waveguide distributed feedback structure into a light-emitting polymer field-effect
transistor. Adv. Funct. Mater. 19, 1360-1370 (2009).
7. Bisri, S. Z. et al. Organic single-crystal light-emitting transistor coupling with optical feedback resonators. Sci. Rep. 2, 985 (2012).
8. Maruyama, K. et al. Ambipolar light-emitting organic single-crystal transistors with a grating resonator. Sci. Rep. 5, 10221 (2015).
9. Makino, Y., Okada, A., Hotta, S. & Yamao, T. Spectrally-narrowed emissions from organic transistors composed of layered crystals
laminated on a two-dimensional diffraction grating. Mol. Cryst. Liq. Cryst. 566, 8-12 (2012).
10. Yamao, T. et al. Current-injected spectrally-narrowed emissions from an organic transistor. Adv. Mater. 22, 3708-3712 (2010).
11. Ullah, M. et al. Defining the light emitting area for displays in the unipolar regime of highly efficient light emitting transistors. Sci.
Rep. 5, 8818 (2015).
12. Kajii, H., Tanaka, H., Kusumoto, Y., Ohtomo, T. & Ohmori, Y. In-plane light emission of organic light-emitting transistors with
bilayer structure using ambipolar semiconducting polymers. Org. Electron. 16, 26-33 (2015).

SCIENTIFICREPORTS | 6:23210 | DOI: 10.1038/srep23210 7



www.nature.com/scientificreports/

13. Toffanin, S. et al. Organic light-emitting transistors with voltage-tunable lit area and full channel illumination. Laser Photonics Rev.
7,1011-1019 (2013).

14. Song, L., Hu, Y., Li, D., Chen, H. & Liu, X. Pixeled electroluminescence from multilayer heterostructure organic light-emitting
transistors. J. Phys. Chem. C 119, 20237-20243 (2015).

15. Huy, Y, Song, L., Li, D,, Lin, J. & Liu, X. In-plane electroluminescence from microcavity organic light-emitting transistors. Org.
Electron. 26, 92-98 (2015).

16. Capelli, R. et al. Organic light-emitting transistors with an efficiency that outperforms the equivalent light-emitting diodes. Nat.
Mater. 9, 496-503 (2010).

17. Ullah, M. et al. Efficient and bright polymer light emitting field effect transistors. Org. Electron. 17, 371-376 (2015).

18. Ullah, M. et al. Simultaneous enhancement of brightness, efficiency, and switching in RGB organic light emitting transistors. Adv.
Mater. 25, 6213-6218 (2013).

19. Tandy, K., Ullah, M., Burn, P. L., Meredith, P. & Namdas, E. B. Unlocking the full potential of light emitting field-effect transistors by
engineering charge injection layers. Org. Electron. 14, 2953-2961 (2013).

20. Gwinner, M. C. et al. Solution-processed zinc oxide as high-performance air-stable electron injector in organic ambipolar light-
emitting field-effect transistors. Adv. Funct. Mater. 20, 3457-3465 (2010).

21. Zhang, D., Duan, L., Li, Y., Zhang, D. & Qiu, Y. Highly efficient and color-stable hybrid warm white organic light-emitting diodes
using a blue material with thermally activated delayed fluorescence. J. Mater. Chem. C 2, 8191-8197 (2014).

22. Sun, H. et al. High efficiency tandem organic light emitting diode using an organic heterojunction as the charge generation layer: an
investigation into the charge generation model and device performance. Acs Photonics 2, 271-279 (2015).

23. Namdas, E. B. et al. Phosphorescent light-emitting transistors: harvesting triplet excitons. Adv. Mater. 21, 4957-4961 (2009).

24. Chen, C. W. et al. Top-emitting organic light-emitting devices using surface-modified Ag anode. Appl. Phys. Lett. 83, 5127-5129
(2003).

25. Hung, L. S., Tang, C. W,, Mason, M. G., Raychaudhuri, P. & Madathil, ]. Application of an ultrathin LiF/Al bilayer in organic surface-
emitting diodes. Appl. Phys. Lett. 78, 544-546 (2001).

26. Hsu, B. B. Y. et al. Ordered polymer nanofibers enhance output brightness in bilayer light-emitting field-effect transistors. Acs Nano
7, 2344-2351 (2013).

27. Hsu, B. B. Y. et al. Control of efficiency, brightness, and recombination zone in light-emitting field effect transistors. Adv. Mater. 24,
1171-1175 (2012).

28. Chen, C. H., Tang, C. W,, Shi, J. & Klubek, K. P. Recent developments in the synthesis of red dopants for Alq(3) hosted
electroluminescence. Thin Solid Films 363, 327-331 (2000).

29. Xiang, C., Koo, W., So, E, Sasabe, H. & Kido, J. A systematic study on efficiency enhancements in phosphorescent green, red and blue
microcavity organic light emitting devices. Light. Sci. Appl. 2, €74 (2013).

30. Coens, A. et al. Experimental optimization of the optical and electrical properties of a half-wavelength-thick organic hetero-
structure in a micro-cavity. Opt. Express 20, 29252-29259 (2012).

31. Dodabalapur, A. et al. Physics and applications of organic microcavity light emitting diodes. J. Appl. Phys. 80, 6954-6964 (1996).

32. Helander, M. G. et al. Oxidized gold thin films: an effective material for high-performance flexible organic optoelectronics. Adv.
Mater. 22, 2037-2040 (2010).

33. Matsushima, T. et al. Interfacial charge transfer and charge generation in organic electronic devices. Org. Electron. 12, 520-528
(2011).

34. Chakaroun, M. et al. Optimal design of a microcavity organic laser device under electrical pumping. Opt. Express 19, 493-505
(2011).

35. Yariv, A. In Quantum electronics 3rd edn, Ch. 7, 147-149 (John Wiley & Sons, 1989).

36. Schubert, E. E et al. Highly efficient light-emitting diodes with microcavities. Science 265, 943-945 (1994).

37. Hofmann, S. et al. Top-emitting organic light-emitting diodes: Influence of cavity design. Appl. Phys. Lett. 97, 253308 (2010).

38. Liu, X. Y, Li, H. B,, Song, C. Y,, Liao, Y. Q. & Tian, M. M. Microcavity organic laser device under electrical pumping. Opt. Lett. 34,
503-505 (2009).

39. Zhang, N. et al. N-channel transparent organic thin-film transistors with Ag/LiF bilayer transparent source-drain electrodes
fabricated by thermal evaporation. Appl. Phys. Express 7, 021601 (2014).

Acknowledgements

This work was supported by the CAS Innovation Program, and the National Natural Science Foundation of
China through Grant No. 6140031454, and Project supported by State Key Laboratory of Luminescence and
Applications.

Author Contributions

Y.H. designed and performed experiments, analysed data and wrote the paper; J.L. and L.S. assisted in sample
design, preparation, and participated in discussion; Q.L. and W.Z. assisted in sample measurements; X.L.
proposed the idea and supervised the research.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hu, Y. et al. Vertical Microcavity Organic Light-emitting Field-effect Transistors.
Sci. Rep. 6,23210; doi: 10.1038/srep23210 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:23210 | DOI: 10.1038/srep23210 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Vertical Microcavity Organic Light-emitting Field-effect Transistors

	Results

	Methods

	Device Fabrication. 
	Device Characterization. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Device structure and optical properties of mirrors.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Characteristics of devices.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Optical images of devices.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ EL emission characteristics of devices.
	﻿Table 1﻿﻿. ﻿ Comparison of the characteristics for different devices.
	﻿Table 2﻿﻿. ﻿  Comparison of OLEFETs with vertical microcavity and other reported resonators.



 
    
       
          application/pdf
          
             
                Vertical Microcavity Organic Light-emitting Field-effect Transistors
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23210
            
         
          
             
                Yongsheng Hu
                Jie Lin
                Li Song
                Qipeng Lu
                Wanbin Zhu
                Xingyuan Liu
            
         
          doi:10.1038/srep23210
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23210
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23210
            
         
      
       
          
          
          
             
                doi:10.1038/srep23210
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23210
            
         
          
          
      
       
       
          True
      
   




