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ABSTRACT: The near-infrared (NIR) to visible upconversion
devices have attracted great attention because of their potential
applications in the fields of night vision, medical imaging, and
military security. Herein, a novel all-organic upconversion
device architecture has been first proposed and developed by
incorporating a NIR absorption layer between the carrier
transport layer and the emission layer in heterostructured
organic light-emitting field effect transistors (OLEFETs). The
as-prepared devices show a typical photon-to-photon upcon-
version efficiency as high as 7% (maximum of 28.7% under low
incident NIR power intensity) and millisecond-scale response
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time, which are the highest upconversion efficiency and one of the fastest response time among organic upconversion devices as
referred to the previous reports up to now. The high upconversion performance mainly originates from the gain mechanism of
field-effect transistor structures and the unique advantage of OLEFETSs to balance between the photodetection and light
emission. Meanwhile, the strategy of OLEFET' also offers the advantage of high integration so that no extra OLED is needed in
the organic upconversion devices. The results would pave way for low-cost, flexible and portable organic upconversion devices

with high efficiency and simplified processing.
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1. INTRODUCTION

The near-infrared (NIR) to visible upconversion devices have
attracted great attention due to their promising applications in
the fields of night vision, medical imaging and military
security.' > A prevalent approach to accomplish upconversion
devices is to integrate an organic/inorganic photodetector
(PD) and an organic light-emitting diode (OLED).* There-
into, all-organic upconversion devices can offer fascinating
functions for low cost, large area, and flexibility in comparison
to hybrid structures."”® However, despite the great advances in
the device performance, it is not inevitable to obtain a high
upconversion efficiency by connecting the PD and OLED in
series. One reason is that the internal electric field of the PD
and OLED can not be tuned separately in the two terminal
upconversion devices, resulting in a performance trade-off
between the two parts.” Besides, there is an upper limit of 100%
for the photon-to-electron (p-to-e) efficiency for common PDs
due to the absence of gain mechanism.

For better performance (photon-to-photon (p-to-p) effi-
ciency) of upconversion devices (decided by the product of the
p-to-e efficiency of the PD and the electron-to-photon (e-to-p)
efficiency of the OLED), an effective approach is to utilize a
phototransistor (PT) instead of a PD because PTs can
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simultaneously achieve light detection and signal amplification
(gain) without increasing noise, and thus can obtain much
higher p-to-e efficiency than common PDs.*’ For instance, by
combining with OLEDs, both the p-n-p InGaAs/InP PT and
the PbS quantum dot vertical PT have exhibited excellent
upconversion ef"ﬁciency.7’lo’11 Up to now, organic PTs (OPTs)
have not been incorporated in upconversion devices, resulting
in a very limited p-to-p efficiency for organic upconversion
devices.""”

Organic light-emitting field effect transistors (OLEFETS) are
a kind of multifunctional optoelectronic devices that integrate
both the switching function of organic field-effect transistors
(OFETs) and the luminescence function of OLEDs.'*'
OLEFETs show promising applications in the fields of flat
panel displays, sensors, and optical communication,"*™"* and
may also become a kind of OPT with high gain because of their
basic structure of OFETs. However, to the best of our
knowledge, the light detection as well as the upconversion
function of the OLEFETS has not yet been explored.
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Figure 1. (a) Schematic of the upconversion devices based on OLEFETS. (b) Optical images of a working device with (right) and without (middle)
the NIR illumination. The unconverted green emission is visible in the right image. The left is the image of a device without bias voltage under bright
background. (c) Molecular structures of p-6P and VOPc. (d) Absorption spectra of the VOPc film (60 nm) and the whole active layers (including

the dielectric layer) with and without p-6P on quartz substrates.

In this work, on the basis of OLEFETS, we propose a novel
device architecture for the NIR to visible organic upconversion
devices, showing a typical p-to-p efficiency as high as 7%, a
maximum value of 28.7% when under low incident NIR light
intensity, and millisecond-scale response time. It is revealed
that the high performance originates mainly from the gain
mechanism of OLEFET's and their unique advantage to balance
between the photodetection and light emission. Meanwhile,
there is no need to make extra OLEDs owing to the high
integration of OLEFETsS, which offers potential opportunity to
simplify the structure of high-efficiency NIR to visible
upconversion devices.

2. EXPERIMENTAL SECTION

The schematic of the devices is shown in Figure la. The devices can be
fabricated by simply evaporating a NIR absorption layer between the
carrier transport layer and the emission layer in common
heterostructured OLEFETs. Vanadyl-phthalocyanine (VOPc, molec-
ular structure in Figure 1c) is used as the NIR absorption layer, before
which an inducing layer of para-sexiphenyl (p-6P, molecular structure
in Figure 1c) is used. The other layers constitute the typical OLEFETS,
among which, the indium tin oxide (ITO) works as the gate electrode,
400 nm poly-4-vinylpenol (PVP)/30 nm polystyrene (PS) acts as the
dielectric layer (capacitance C; ~ 7.5 nFem™2), pentacene (12 nm),
1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN, 2 nm)/
N,N’-di(naphthalene-1-yl)-N,N’-diphenyl-benzidine (NPB, 10 nm),
4,4’-bis(carbazol-9-yl)biphenyl:Fac-tris (2-phenylpyridinato) iridium-
(Im) (CBP:Ir(ppy); 25 nm, 6 wt %), and bathophenanthroline
(Bphen, 14 nm) act as the hole transport layer, hole injection layer,
emission layer, and electron injection layer and are successively
evaporated at the rates of 0.15, 0.05, 0.15, 0.05, 1.6, and 0.2 A/s,
respectively. The source/drain electrodes are constituted by a thin Al
(1 nm) and Ag (100 nm) with channel length and width of 45 and
3000 pm, respectively. The devices were encapsulated in the glovebox
(H,0, O,< 0.1 ppm) before test. The light emission from the device
was collected from the ITO side, whereas the NIR incident light
illuminated from the ITO side for the upconversion measurement.

The electrical characteristics were performed by Keithley 4200 SCS
at room temperature under ambient air. The photocurrent was
recorded by HAMAMATSU S1336 photodiode. The NIR incident
light for upconversion measurement is a diode laser (continuous wave)
with the wavelength of 808 nm. The incident light intensity was
carefully calibrated by THORLABS PM320E optical power and energy
meter. The wavelength dependence characteristic was measured by
utilizing a lock-in amplifier at a chopping frequency of 120 Hz under
illumination by monochromatic light from a xenon lamp. The
response characteristic was measured by combining the diode laser
with a Tektronix DPOS104 digital phosphor oscilloscope. The crystal
structure of VOPc films were analyzed by X-ray diffraction (XRD, D8-
DISCOVER, Bruker). The atomic force microscopy (AFM) measure-
ment was performed on a Shimadzu SPM-9700. The absorption
spectra were measured by UV-3101PC UV—vis-NIR spectrophotom-
eter and the electroluminescence (EL) spectra of the devices were
measured by AvaSpec-ULS2048L fiber spectrometer. The carrier
mobilities were calculated by the formula for the saturation regime: Ipg
= uC(W/2L)(Vgg — Vp)* (where p is the field-effect mobility, C; is
the gate dielectric capacitance density, Vyy, is the threshold voltage, W
and L are the channel width and length, respectively). The brightness
was calculated by comparing the photocurrent with a standard OLED
of known brightness (1000 cdm™) and emission area (3 mm X 1 mm)
with structure of ITO/NPB/ CBP:Ir(ppy)3/Bphen/LiF/Al. The EQE
was calculated from the brightness, the drain current and electro-
luminescent (EL) emission spectrum assuming Lambertian emission.

3. RESULTS AND DISCUSSION

As a widely adopted organic photosensitive material, VOPc can
exhibit three paramorphs involving amorphous phase, mono-
clinic crystal structure (phase I) and triclinic crystal structure
(phase II), which can be generally distinguished by their
absorption spectra.'”*° The absorption spectrum of B band for
the amorphous phase and monoclinic crystal structure
(molecular axis perpendicular to the substrate) is around
330—360 nm, while the absorption spectrum of Q-band is
around 710—760 nm. The triclinic crystal structure (molecular
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Figure 2. Schematic representations of (a) carrier injection and transport, and (b) the corresponding working mechanism without NIR illumination.
Schematic representations of (c) carrier injection and transport, and (d) the corresponding working mechanism with NIR illumination. Note that the
ultrathin layer of p-6P is shown by a dashed box in b and d because of its negligible hole blocking effect as described in the text. In b and d, the
charge generation and transfer process from HAT-CN to pentacene mainly happen under the source electrode because of the applied bias voltage.

axis parallel to the substrate) shows similar absorption
spectrum of B band to the monoclinic crystal structure, but a
red-shifted absorption spectrum of Q-band around 810—850
nm. Therefore, to enhance the NIR absorption of the devices,
triclinic crystal structure of VOPc is more desired. For this
purpose, we introduced an ultrathin p-6P (~3 nm) as the
inducing layer,”" which has been used to epitaxially induce
highly oriented VOPc film with triclinic crystal structure by
choosing an appropriate substrate and controlling the growth
condition to change the arrangements of molecules in grown
film.”” The absorption spectra of the VOPc films with and
without p-6P inducing layer on a quartz substrate are shown in
Figure 1d. Both films show similar absorption peak of Q-band
at 742 nm, however, there is a stronger absorption peak at 830
nm for the VOPc film induced by p-6P layer, indicating the
existence of more triclinic crystal arrangements for the VOPc
film induced by p-6P. Similar results can be found from the
absorption spectra for samples with the whole organic active
layers: the absorption peak for samples without p-6P is at 752
nm, while a new absorption peak emerges at 825 nm for the p-
6P induced samples. It illustrates that the use of ultrathin p-6P
inducing layer is a facile and efficient method for preparing
VOPc films with triclinic crystal structure.

The influence of the p-6P inducing layer on the growth of
VOPc film can be further understood by the XRD patterns
(Figure Sla). For VOPc film evaporated on pentacene/HAT-
CN substrate without p-6P, there are two distinct diffraction
peaks at 20 = 7.5° and 20 = 26.3°, which correspond to phase II
and phase 1> respectively. For VOPc film with p-6P

36105

inducing layer, the diffraction peak at 20 = 26.3° disappears,
which indicates that the VOPc film is mainly in phase II
Likewise, a stronger diffraction peak at 26 = 7.5° is observed for
VOPc film with p-6P evaporated directly on quartz substrate
compared to that without p-6P. These results are in consistent
with those from the absorption spectra. Figure S1b shows the
AFM morphology of different organic films. The roughness of
VOPc film with p-6P increases slightly compared to that
without p-6P, which probably arises from the higher roughness
of p-6P (surface roughness: R,=53 nm) than HAT-CN (Rq =
4.1 nm). The VOPc film with p-6P also shows larger average
grain size (~75 nm) than that without p-6P (~60 nm), which is
in accordance with the XRD patterns which have a better
crystallinity of phase II for the samples with p-6P inducing
layer. The better crystallinity of phase II means a stronger
absorption in NIR region,””** which also agrees with the
absorption spectra. Figure Slc presents the absorption spectra
for other organic active layers, which shows negligible
absorption in the NIR region.

Figure 2 describes the working mechanism for the NIR
upconversion devices. Because of the hole-dominated charac-
teristic of pentacene, the devices are generally biased under gate
to source voltage (Vg) < 0 V and drain to source voltage (Vpg)
< 0 V to ensure the hole accumulation mode. In this mode,
when there is no NIR illumination, as described in Figure 2a, b,
the holes will be injected from the source electrode and
accumulate to form a conducting channel at the interface
between pentacene and the dielectric layers. Near the bottom
of the drain electrode, the accumulated holes in the channel will

DOI: 10.1021/acsami.7b10538
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Figure 3. (a) Transfer curves of the devices with and without the illumination at Vg = —80 V, and the corresponding p-to-e efficiency. (b) Measured
and fitted results of the photocurrent at different incident light intensities and the corresponding p-to-e efficiency at Vgg=-60 V, Vg = —80 V. (c)
Drain current of the devices with and without the illumination at different Vg with fixed Vizg = —60 V, and the corresponding p-to-e efficiency. (d)
Drain current of the devices with and without the illumination for VOPc thickness of 25, 50, 75, and 100 nm at Vg = —60 V, Vg = —80 V, and the

corresponding p-to-e efficiency.

move toward the emission layer under the vertical electric field
and form excitons with the electrons injected from the drain
electrode. It is noticed that the HOMO level of VOPc (-5.5
eV)? is very close to that of NPB (—5.4 eV),*® therefore the
incorporation of VOPc probably will not bring large hole
injection barrier. Although the HOMO level of p-6P is
relatively high (—6.1 eV),”” we presume that it do not cause
serious influence on the transport of holes since the thickness is
only one molecular layer. Actually, the drain current for p-6P
induced devices is much higher than that for noninduced ones,
as is shown in Figure S2. The increase of the drain current
presumably originates from the change of the crystal structure
of VOPc since phase II is more conducive for the carrier
transport than phase I*® due to large intermolecular 7-orbit
overlap and short intermolecular distance of the highly z-
stacked structure for phase IL>” The interfacial layer of HAT-
CN can significantly promote the concentration of holes by
charge transfer with the p-type materials which we have
discussed in a previous study.’’

When under NIR illumination, considering the absorption
property of the used organic active layers (Figure Slc), the
incident light will be mainly absorbed by the VOPc layer where
excitons are generated (Figure 2c and 2d). The photogenerated
excitons can be separated into electrons and holes efficiently
near the source electrode due to the vertical electric field. The
electrons will move across NPB/CBP:Ir(ppy); and Bphen and
finally accumulate under the source electrode, where they can
effectively lower the hole injection barrier, resulting in an
effective decrease of the contact resistance and a concomitantly
positive shifted threshold voltage.””* The photogenerated
holes, together with the injected holes from the source
electrode, will move down to pentacene and accumulate in
the channel, followed by transporting along the interface of
dielectric/pentacene because of the horizontal electric field.
Finally, the accumulated holes will transport into the emission
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layer followed by exciton formation with the electrons injected
from the drain electrode.

Because the upconversion efficiency (p-to-p) depends on the
characteristics of both the photodetection (p-to-e) and light
emission (e-to-p) of the devices, we will discuss each of them
respectively in the following. To minimize the errors, for each
kind of structures in the work, we analyzed at least 6 samples
for average.

Figure 3 presents the photodetection characteristics of the
devices. In the transfer curves (Figure 3a, Vg = —80 V), there
is a distinct increase of the drain current for devices under NIR
illumination (326 mW cm™) compared to that in dark
(transfer curves for different incident light intensities are shown
in Figure S3a). Meanwhile, the threshold voltage shifts
positively for more than 20 V, which can be ascribed to the
decrease of the contact resistance at the source electrode as

described above. The p-to-e efficiency (EQE__ = %R, where

p—e

% is the photon energy, q is the electron charge, R is the

Lighe = Lgankc

photoresponsivity, R = ) liighe is the drain current under

NIR illumination, Iy, is the drain current in dark, and P; is
the incident NIR power on the channel area) increases as the
gate voltage (Vgg) increases negatively because the photo-
generated carriers separate more easily under higher vertical
electric field. The p-to-e efficiency reaches 173.2%, which is
greater than 100%, at Vg3 = —60 V, demonstrating gain
machanism in the OLEFETs when they function as OPTs.

To better understand the role of OPTs for the OLEFETsS, we
further look into the operation mechanisms of the devices.
Generally, two kinds of effects can happen in OPTs when
under illumination. For Vigg < Vyy, the p-type OPTs are biased
under the on-state, and the drain current is mainly affected by
the photovoltaic effect. In this case, the photocurrent (Iph'Pv)
can be expressed as™*’

DOI: 10.1021/acsami.7b10538
ACS Appl. Mater. Interfaces 2017, 9, 36103—36110


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b10538/suppl_file/am7b10538_si_001.docx
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b10538/suppl_file/am7b10538_si_001.docx
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b10538/suppl_file/am7b10538_si_001.docx
http://dx.doi.org/10.1021/acsami.7b10538

ACS Applied Materials & Interfaces

(a)1500- 1.5 (b) 16+ L
_ 6
&' 10001 0§ #1237 ms
o S 615618 720 723
% % = 8 Time (ms)
Qo 7]
¢ 500 os > =
2 P 4
o -
o . : : +0.0 o
300 500 700 900 1100 200 400 600 800 1000
Wavelength (nm) Time (ms)
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I AV, = A_kT] [ rlq/l "‘C] IPh'PC = (qﬂPpE)WD = BER, (2)
ph.pv — g Th I..h

1 dark!t (1) herein, y, represents the hole mobility, p is the hole
concentration, E = Vp¢/L is the lateral electric field in the
channel, W is the gate width, D is the absorption depth of the
active layer, and B is the fitting parameter. Similarly, the
photocurrent of the devices under the off-state can be well
fitted by eq 2 (coefficient of determination R* = 0.983),

indicating that the devices follow the photoconductive effect

where g, = dIps/dVg represents the transconductance of the
devices, A is a proportionality parameter, k is the Boltzmann
constant, T is the operating temperature, A is the wavelength of
the incident light, # is the external quantum efficiency, h
denotes Planck’s constant, and P, is the incident NIR power.
Figure 3b shows the relationship between the photocurrent

st auon ‘ ' under the off-state.
(Iph-on) and the incident light intensity of the devices under the Figure 3b also shows the p-to-e efficiency at different
on-state (Vg = —60 V, Vg = —80 V). Both the I

ph-on and the incident light intensities. When the incident light is weak
threshold voltage shift (Figure S3b) can be well-fitted by eq 1 (~10.4 yW cm™2), the p-to-e efficiency can be higher than
(coefficient of determination are 0.998 and 0.98S, respectively), 530%. It decreases gradually with the increasing of the incident

which indicates that the devices follow the photovoltaic effect light power density, which agrees well with most OPT-only
when working under the on-state. On the other hand, when Vg devices, and can be mainly ascribed to the recombination of the
> Vrpy, the p-type OPTs are biased under the off-state. The photogenerated carriers.” Figure 3¢ shows the drain current at
drain current will change with the incident light intensity different Vg (Vg = —60 V) and the corresponding p-to-e
because of the photoconductive effect, in this case, the efficiency. As Vpg increases negatively, the Ig, improves
photocurrent follows by’ gradually, whereas the I keeps relatively stable, accordingly,
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Table 1. Summary of the Primary Characteristics of the Upconversion Devices in This Work

devices VOPc  p-6P (w or mobility (dark) threshold voltage
(nm) w/o) (em® V7's7h) shift (V)*
25 w 0.058 + 0.05 13.5 + 1.6
NY w 0.038 + 0.0 197 £ 2
N w/o 0.023 + 0.03 187 £ 2
75 w 0.022 + 0.04 217 £ 2
100 w 0.013 + 0.03 28.1 + 2.4

brightness (w/o NIR)  brightness (w NIR) p-to-e p-to-p
(cd m™2) (cd m™)? efficiency (%) efficiency (%)“
415 +3 274 + 20 130.2 + 10 647 + 0.5
226 + 1 266 + 20 143.6 + 10 6.57 + 0.5
596 + 1 44+ 5 495+ 6 0.67 £ 0.1
104 + 1 250 + 15 1719 + 11 7.0 + 04
43+ 0.5 156 + 13 181.5 + 12 4.83 + 0.4

“The values are obtained under illumination of 3.26 mW cm™ at Vgg = —60 V, Vg = —80 V.

the p-to-e efliciency increases. It is also noticed that for Vg
higher than —60 V, the change gradually flattens, which
indicates that most of the photogenerated carriers have been
separated.”*° The detailed output curves for devices with and
without the illumination are shown in Figure S3c.

To illustrate the role of the NIR absorption layer in the
performance of the devices, Figure 3d presents the p-to-e
efficiency of the devices with different thickness of VOPc (25,
50, 75, and 100 nm). When there is no incident light, the drain
current decreases gradually as the thickness of VOPc grows.
This is reasonable, as the bulk resistance of the active layers will
increase because of the relatively poor conductivity of the
organic materials. When under illumination, the drain current
no longer decreases with the increase of the VOPc due to the
existence of photogenerated carriers. Consequently, the p-to-e
efficiency improves from 130.1% for 25 nm VOPc to 181.5%
for 100 nm VOPc. The influence of the p-6P inducing layer is
also evaluated, as is shown in Figure S 3d (50 nm VOPc, 2.08
mW cm™). The introduce of p-6P brings 2—14 times
enhancement for the p-to-e efliciency, which can be attributed
to the improved NIR absorption and carrier transport ability”®
for the phase II crystal of VOPc.

We also investigated the wavelength dependence of the
devices, as is shown in Figure 4a. The incident light intensity is
limited to ~2.5 W cm™ by the measurement system. The
wavelength dependence is in agreement qualitatively with the
absorption spectrum of the device, which shows two high
response regions corresponding to the absorption of Q-band
and B band for VOPc, respectively. The device maintains a high
p-to-e efficiency of more than 765% in the NIR region of 780—

RAl/Z
Qqle)"™’
is the device area) is higher than 2.08 X 10" Jones (Figure S4).
The response characteristic of the devices is shown in Figure
4b, which is obtained at the incident light intensity of 3.2 mW
em™2 and Vgg = —60 V, Vg = —80 V. The measurement was
performed by utilizing a shutter to switch the incident light on
and off with the time duration of 100 ms. The rising (from 10
to 90%) and falling (from 90 to 10%) time of the drain current
deduced from the inset of Figure 4b is only 2.37 and 1.73 ms,
respectively, indicating a relatively high cutoff frequency (>250
Hz) among the high gain OPTs.” ™

The upconversion light emission characteristics of the
devices are shown in Figure S. The luminance of the devices
in dark is very low, which is estimated to be only ~10 cd m™
even at Vgg = —60 V (Figure Sa). However, when under
illumination (3.26 mW cm™2), the devices lit (~2.3 cd m™2) at
Vs as low as —10 V and the brightness increases rapidly with
the negative increase of Vg, and reaches ~250 cd m™ at Vg =
—60 V. The emission spectrum of the devices (Figure SSa)
shows a main peak at 514 nm with a shoulder peak around 549
nm, demonstrating the EL emission comes from the emission

860 nm, and the corresponding detectivity (D* =

layer of CBP:Ir(ppy)s.*" Photographs of a sample with and
without the illumination are shown in Figure 1b.

The upconversion efficiency (p-to-p) of the devices can be
obtained by

S0
_ R(Mhe di

con

APin

he (3)
where Iph(ﬂ) and R(4) are the photocurrent and photo-
responsivity of the photodetector collecting the emitted visible
photons, respectively, and Az and P are the wavelength and
the incident NIR power on the channel area, respectively. As is
shown in Figure Sa, the p-to-p efficiency increases as the Vg
increases negatively, and reaches a maximum value of ~7% at
Vgs = —60 V. To the best of our knowledge, this is the best
result ever reported for all-organic upconversion devices (Table
S1). Figure Sb shows the brightness and the corresponding 7.,
of the devices under different incident light intensities at Vg =
—60 V, Vg = —80 V. It is noticed that the 7, can reach as
high as 28.7% under low incident light intensity (104 yW
cm™?). The brightness increases with the increase of the
incident light intensity and a maximum brightness of more than
1600 cd m™ can be obtained under 196 mW cm™ with a
corresponding 7., of 0.93%. Influenced by the p-to-e
efficiency, the p-to-p efficiency of the devices decreases with
the increase of the incident light intensity.

Figure Sc shows the brightness and p-to-p efliciency at
different Vp. Distinct from that of the p-to-e efficiency, the p-
to-p efficiency and brightness of the devices do not increase
persistently as Vpg varies from —40 V to —100 V, and a
remarkable decrease can be found at Vg = —100 V. It indicates
that the decrease of the brightness and p-to-p efficiency at high
Vps (< —80 V) should arise from the decrease of the e-to-p
efficiency of the devices since the p-to-e efficiency increases
with the negative increase of V. In fact, the e-to-p efficiency of
the devices decreases persistently with the negatively increasing
of Vppg (Figure S5b), which can be probably attributed to the
overbalance of holes and electrons resulting from the increased
hole injection.*

The influence of the thickness of VOPc on the upconversion
light emission characteristics is shown in Figure Sd. As the
thickness of VOPc increases from 25 to 100 nm, the brightness
of the devices reduces persistently. We speculate that it is
resulted from the block of holes for thicker VOPc, which can be
inferred from the decreased hole mobility for devices with
thicker VOPc (Table 1). The hole blocking effect may also
reduce the hole injection efficiency from pentacene to the
emission layer, resulting in the decrease of the e-to-p efliciency
from 5.51% for devices without VOPc to 2.66% for devices with
100 nm VOPc (Figure SSc). Although the e-to-p efficiency is
much lower than the EQE of OLEDs based on CBP:Ir(ppy);
(15% ~ 20%),"" considering the simultaneously obtained high
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p-to-e efficiency, the performance still shows an obvious
advantage for the OLEFETs to balance between the photo-
detection and light emission compared with two terminal
devices. On the other hand, with the increase of the thickness
of VOPc, the p-to-p efficiency first increases and then
decreases. It is worth noting that the p-to-p efficiency varies
little in a wide range of thickness (25—75 nm), which also
signifies that the OLEFETSs offer much flexibility for structure
design. The primary characteristics of the upconversion devices
in this work are summarized in Table 1.

4. CONCLUSION

To summarize, we have successfully demonstrated a class of all-
organic NIR to visible upconversion devices based on the
OLEFETs. The current gain originated from the basic structure
of OFETs ensures a high p-to-e efficiency. Meanwhile, the
incorporation of the infrared photosensitive layer does not
cause a severe impact on the e-to-p efficiency, guarantying
state-of-the-art p-to-p efficiency for the organic upconversion
devices. The devices also show good response characteristic. It
is believed that by further implementing approaches'***** such
as reducing the channel length, using transport materials with
higher carrier mobilities, increasing the gate capacitance, and
adopting asymmetric electrodes, there is still much room to
improve the comprehensive performance involving the opera-
tional voltage, luminance, e-to-p efficiency, and p-to-p efficiency
of the devices. The results in this work will not only extend the
functionalities of the OLEFETSs but also provide some helpful
insights for developing flexible and portable NIR to visible
organic upconversion devices with high efficiency and simple
processes.
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