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Light-emitting field-effect transistors (LETs) have drawn much
attention for their special capability of combining switching and
electroluminescence capacity in a single device. Herein, we report
a colour-saturated, high-efficiency red quantum-dot hybrid
light-emitting field-effect transistor (QD-HLET) with a solution-
processed InScO/ZnO-nanoparticle heterojunction channel layer
and a deep-level organic hole transport layer (HLT). The red
QD-HLET exhibits a field-effect mobility of 3.1 cm? V! s~ with
an on/off ratio of ~10° a maximum brightness of 145000 cd m—2
with a peak external quantum efficiency (EQE) of 22.8% and low
efficiency roll-off (an EQE of 17.0% at a brightness of 100 000 cd m2).
In addition, the operating stability of the HLET is investigated by
monitoring the time-dependent change in the brightness of the
QD-HLET under various Vs, while an operational lifetime of more than
153000 hours at 100 cd m~2 is achieved. A comprehensive study on the
electrical and optical characteristics of the red QD-HLET under different
operation modes is conducted, and an operation model is proposed.

Introduction

As a novel multifunctional three-terminal active device which
combines the functions of electroluminescence of an organic/
quantum-dot light-emitting diode (OLED/QLED) and current
modulation with the gate voltage of a thin-film transistor (TFT)
in a single device,'” light-emitting field-effect transistors
(LETs) have aroused growing interest for potential applications
in display pixels, optical communication devices, electric pump
lasers, etc.*”” During the past few years, great efforts have been
made to improve the performances of LETs with various device
structures,®*° such as multilayer,>*"” vertical,"""'* unsymmetrical-
source/drain,"'® and split-gate® structures. For single-layer LETS,
it is almost impossible to concurrently improve the field-effect
mobility and the luminous efficiency, because the compact n-r
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New concepts

In this manuscript, we demonstrate high-performance hybrid quantum-
dot light-emitting field-effect transistors (QD-HLETs), which combine the
high electron mobility of the InScO/ZnO heterostructure and high
luminous efficiency of the core-shell QD emitting material. A field-
effect mobility of 3.1 cm® V'' s™' and a peak EQE of 22.8% are
obtained. To the best of our knowledge, the efficiency of the red
QD-HLET is higher than those of any kinds of LETs, and even higher
than those of any top-emitting QLEDs ever reported. We find that the
device performances can be modified by simply optimizing the thickness
of ZnO. And, interestingly, the device demonstrates different optical and
electrical characteristics under different operation modes, which is
beneficial to understand the operational mechanism of the LET and
maintain a high EQE in a wide range of current density. In addition, it is
the first time that the operating stability of an HLET is investigated by
monitoring the time-dependent change in the brightness of the QD-HLET
under various Vgs. Corresponding to that, the estimated operational
lifetime at 100 cd m ™ is more than 153 000 hours.

conjugate stacking for providing high carrier mobility would result
in severe exciton quenching.®® Hence, multilayer structures are
employed to take advantage of both the high luminous efficiency
of emitting materials and high mobility of channel materials.
Capelli et al® demonstrated an organic LET (OLET) with a
p-channel/emitter/n-channel trilayer structure and attained a peak
external quantum efficiency (EQE) of ~5%, which is more than
100 times that of the equivalent OLED. Although the mobility is
low and the EQE is still lower than the state-of-the-art OLEDs, it
proves for the first time that LETs can be more efficient than the
equivalent light-emitting diodes.

To improve the field-effect mobility of LETs, hybrid light-
emitting field-effect transistors (HLETs) with an organic emitting
layer and inorganic semiconductor channel layer are proposed.
Compared to most organic semiconductor channel materials,
inorganic metal oxide (MO) semiconductors have the advantages
of higher electron mobility, better uniformity, better chemical and
electrical stability, and higher transparency for visible light.*'~>*
Moreover, MO films, which can be prepared by solution processes
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using precursor solutions, can hardly be etched by most of the
organic solvents typically used for dissolving organic materials,
which benefits cost-efficient solution-processed multilayer devices
with intermixing-free interfaces.'”'® However, the Fermi levels (Er)
for most MO semiconductors are deep, which will form large
carrier-injection barriers with organic emitting materials that have
shallow lowest unoccupied molecular orbitals (LUMOs), and lead
to low luminous efficiency and a narrow emitting area.

Compared to organic emitting materials, colloidal quantum
dots (QDs) have deeper LUMO levels close to the Er of MO
semiconductors.>**> Liu et al'® report a QD-HLET with a
vertical MO channel, but the vertical channel causes a large
off-current (I,g) and low on/off ratio (only about 10, judging
from the output curves). In our previous work, we demon-
strated a QD-HLET with a solution-processed MO semiconductor
channel and a QD emitting layer, and attained a mobility of
0.8 cm® V7' 57! and a maximum EQE of 8.7%."” Although the
overall performance is better than those of most LETs, the EQE is
still lower than the equivalent QLEDs, and the mobility is not high
enough for practical applications.****

Herein, we demonstrate a red QD-HLET with high mobility
and good electroluminescence performance that is comparable
to the state-of-the-art quantum-dot light-emitting diodes
(QLEDs) by using a solution-processed InScO/ZnO-nanoparticle
heterojunction channel layer, a colloidal core/shell QD emitting
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layer and a deep-level organic hole transport layer (HTL). And,
interestingly, the device demonstrates different optical and
electrical characteristics when under different operation modes,
which is beneficial to research the operational mechanism of
the QD-HLET. In addition, the operating stability of the HLET is
investigated by monitoring the time-dependent change in the
brightness of the QD-HLET under various Vgs. A comprehensive
study on the electrical and optical characteristics as well as the
operation stability of the QD-HLETs under different operation
modes is carried out. On the basis of the experiment and
calculation results, an operation model for the HLETSs is
proposed.

Results and discussion
Characteristics of TFTs

Firstly, the influence of the heterojunction channel on the
electrical characteristics of the TFTs was investigated. For
comparison, TFTs with a single layer of ZnO-nanoparticles or
InScO were also prepared. The device structures of the TFTs
with solution-processed ZnO-nanoparticle (50 nm), InScO
(3.4 nm) and InScO/ZnO-nanoparticle heterojunction (with
optimized thicknesses of 3.4 nm/50 nm) channels are shown
in Fig. la-c, respectively. The three devices share the same
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Fig.1 (a—c) The device structure of the TFTs with solution-processed ZnO-nanoparticle, INScO and InScO/ZnO-nanoparticle heterojunction (with
optimized thicknesses of 3.4 nm/50 nm) channels by spin-coating, respectively. (d—f) The transfer characteristics of TFTs with different channels

measured at Vps = 30 V and Vgs = =30 to 30 V.
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bottom-gate and top-contact structure. For the heterojunction
TFT, a uniformly continuous InScO film was covered by a thick
ZnO-nanoparticle layer with a clear interface, as shown in
Fig. S1b (ESIT). The corresponding transfer curves of the TFTs
with different channels are shown in Fig. 1d-f. All devices
exhibit typical n-type field-effect characteristics. The TFT with
the ZnO-nanoparticle channel exhibits low electron mobility
(0.003 em® V' s7"), which is ascribed to the large boundary
gaps between adjacent nanoparticles (see the TEM images in
Fig. S1b, ESIt). The TFT with the single InScO channel exhibits
much higher mobility of 1.5 cm® V™' s and less hysteresis
in the transfer curves between forward and reverse sweeps
compared to the one with the ZnO-nanoparticle channel. The
InScO/ZnO-nanoparticle heterojunction TFT exhibits the high-
est mobility of 2.7 cm® V™" s~ ' and almost no hysteresis with an
on/off current ratio as high as ~10’. The mobility enhance-
ment of the InScO/ZnO-nanoparticle heterojunction TFT is
attributed to the large carrier density difference between the
InScO film (9.2 x 10" em ) and the ZnO-nanoparticle film
(2.0 x 10" em ™). In this case, most carriers are confined to the
InScO film, and the ZnO-nanoparticle film acts as a protection
layer to prevent the InScO film from being doped by water/
oxygen molecules or being damaged when depositing QD layers.

The characteristics of the QD-HLET

The QD-HLETs were fabricated with a bottom-gate, top-emitting
and asymmetric non-planar source/drain configuration (Fig. 2a),
which consists of an Al:Nd (3% Nd) gate reflective electrode and
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an anodic Al,03:Nd dielectric layer, followed by spin-coating of
the InScO (precursor solution)/ZnO-nanoparticle (colloid solution)
heterojunction channel and QD (colloid solution) emitter layer in
sequence. After that, an organic HTL (4,4',4"’-tris(carbazol-9-yl)-
triphenylamine, TCTA) was deposited on the QD emitting layer by
vacuum thermal evaporation. Finally, asymmetric non-planar Al
and MoOy/Au electrodes were employed to enhance the injection
of electrons and holes."® Fig. 2¢c and d show the scanning
transmission electron microscopy (STEM) images of the QD-HLET
with different magnifications (the corresponding element distri-
bution maps are shown in Fig. 2e). A distinct stack of functional
layers and clear interfaces are observed, revealing that the
functional layers are hardly damaged by subsequent solvents.
Furthermore, 2-3 layers of QDs are uniformly covered on the
ZnO-nanoparticle film, and almost no particle aggregation is
found for both the QD and ZnO-nanoparticle films, indicating
good dispersion of the suspensions.

Fig. 2b shows the photoluminescence (PL) spectrum of the
QD film and the electroluminescence (EL) spectra of the red
QD-HLET, the bottom-emitting QLED and the equivalent
top-emitting QLED (using the equivalent device construction
with a uniform functional layer, and the structures of the
QLEDs are shown in Fig. S2, ESIf). Colour-saturated deep-red
EL emission with an emission peak of 638 nm and a full-width
at half-maximum (FWHM) of 25 nm is observed from the whole
drain electrode of the red QD-HLET. The EL spectrum of the
red QD-HLET corresponds to Commission Internationale de
I'Eclairage (CIE) colour coordinates of (0.70, 0.30), which is
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Fig. 2 (a) Device structure of the QD-HLET. (b) PL spectrum of the red QD film and normal EL spectra of the QD-HLET, bottom-emitting QLED and
equivalent top-emitting QLED. (c and d) STEM images with different magnifications of the QD-HLET. (e) EDS mapping image of the QD-HLET.
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(a) The electrical and optical transfer characteristic curves, (b) CE versus current density curves and (c) EQE versus current density curves of the

QD-HLET (Vps was held at different voltages of 10, 20, and 30 V, and Vgs swept from —50 to 30 V at each Vps). (d) The electrical and optical output
characteristic curves, (e) current efficiency versus current density curves and (f) corresponding EQE versus current density curves of the QD-HLETs
(Vas was held at different voltages between —30 and 30 V in steps of 10 V, and Vps swept from 0 to 30 V at each Vs); the insets of (e and f) are the
corresponding amplified curves. (g and h) The histogram of the peak mobility and max EQE for 11 devices, respectively. (i) The operating lifetime curves of

the red QD-HLET at a constant current density of 71 mA cm™2

ideal in display applications, and is consistent with the equiva-
lent top-emitting QLED except lower emission at the root
segment of the spectra. Compared to the PL spectrum of the
QD film, the EL emission peak red shifts from 634 nm to
638 nm, which is mainly attributed to the electric-field-induced
Stark effect and the microcavity effect,’*** as discussed later.
Fig. 3a shows the electrical and optical transfer curves of the
red QD-HLET with the TCTA HTL. The drain voltage (Vps) was

2442 | Mater. Horiz., 2020, 7, 2439-2449

, corresponding to an initial luminance of 15686 cd m

-2

held at various voltages of 10, 20, and 30 V, and the gate voltage
(Vgs) swept from —50 to 30 V at each Vpg. The device exhibits
typical unipolar n-channel transistor characteristics with an
electron field-effect mobility of 3.1 ecm® V™' s~ and a saturation
current as high as 1.3 x 107> A um™' at Vpg = 30 V, which
indicates that the abundant electrons injected from the source
can cross the channel speedily and recombine with holes injected
from the drain in the QD emitting layer. Meanwhile, the device

This journal is © The Royal Society of Chemistry 2020
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exhibits an on/off ratio of ~10> corresponding to an off-state
current as low as 10"° A um ™" and a gate leakage current as low as
10~° A (Fig. S3, ESIt). The more negative threshold voltage of the
QD-HLET compared to that of the TFT is attributed to the
QD/HTL/MoOx stack layers, which block the oxygen molecules
in the air from adsorbing onto the surface of the back channel.
The higher off-state current of the QD-HLET compared to
that of the TFT is caused by the HTL (TCTA, hole mobility
~2 x 107° em™> V' s7"), which provides another carrier
transport path between the source and drain.

It can be seen from Fig. 3a and Fig. S4 (ESIT) that the red
QD-HLET exhibits excellent optical modulation with the gate
voltage, with an on/off brightness ratio greater than 10°, There
is no luminescence from the QD-HLET when Vgs < Vi,
(turn-on voltage, defined as the V5 when drain/source current
begin to increcse rapidly) due to the low off-state current
and gate leakage current. However, the current density and
brightness increase steeply once Vgs > Vo, and a maximum
brightness as high as 145000 cd m ™2 is obtained at Vg = 30 V
and Vps = 30 V. As shown in Fig. 3b and c the transfer
measurements at various Vpg yield significantly different lumi-
nous efficiency curves. The device demonstrates higher current
efficiency (CE) under lower Vpg in particular with low current
density. A peak external quantum efficiency (EQE) as high as
22.8% with a corresponding peak CE as high as 21.8 cd A" is
achieved at Vpg = 10 V with a brightness of 500 cd m~? for this
device. To the best of our knowledge, it is the highest efficiency
(EQE) for all kinds of LETs. However, the peak EQEs are 21.1%
and 19.0% at a brightness of 6500 cd m™* (Vpg = 20 V) and
23000 cd m~2 (Vps = 30 V), respectively. The slight decline of
the peak EQE with increasing Vpg is mainly attributed to more
exciton quenching and nonradiative recombination induced by
a stronger electric field and higher current density.>*™°
In addition, a high EQE of more than 20% is maintained in a
wide current density range of 0.3-193 mA cm ™2, corresponding
to a brightness range of 60-37 000 cd m 2. It is worth noting
that the QD-HLET exhibits low efficiency roll-off. An EQE
as high as 15.5% is attained even at a current density as
high as ~1000 mA ¢m™?, corresponding to a brightness of
~145000 cd m 2, which is promising for high-power
applications.>® Fig. 3g and h show the distributions of the
field-effect mobility and the maximum EQE for 11 QD-HLETs
fabricated at different times, respectively. The mobility distri-
bution range is 2.6-5.3 cm® V- ' s, and the EQE distribution
range is 20.5-23.2%, which show good reproducibility.
By contrast, the equivalent top-emitting QLED and the
bottom-emitting QLED (see Fig. S2, ESIt) exhibit a peak CE of
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only 8.6 and 10.2 cd A" (corresponding to a peak EQE of 9.0%
and 9.0%), respectively, with serious efficiency roll-off (see
Fig. S5, ESIt). The EQE of the equivalent top-emitting QLED
steeply declines to 50% of the peak EQE at a brightness of
35000 cd m~>. To the best of our knowledge, the EQE of the red
QD-HLETs with the InScO/ZnO-nanoparticle heterojunction
channel is higher than those of any other kinds of LETs
(Table S1, ESI$),>"*'**73 and even higher than those of any
top-emitting QLEDs ever reported (Table 1),°**" and close to
those of the state-of-the-art bottom-emitting QLEDs.>®23?
As is known, top-emitting architectures are more preferred
for display applications, because light transmitting from the
top contact can improve the aperture ratio of the displays
greatly and allow the fabrication of QLEDs on opaque or
semitransparent flexible substrates like polyimide (PI), which
is the main kind of substrate for commercial flexible displays.*®
Hence, the QD-HLET shows its tremendous potential for high
resolution and flexible displays.

Fig. 3d shows the electrical and optical output curves of the
red QD-HLET (Vgs was held at different voltages between
—20 and 30 V in steps of 10 V, and Vpg swept from 0 to 30 V
at each Vgg). The device shows a distinct “crowded” effect
at Vps < 5V, which is attributed to the increase of contact
resistance after insertion of QD/TCTA/MoOx layers between the
ZnO-nanoparticles and drain electrode. The device exhibits a
brightness turn-on voltage for Vpg (Von, defined as the Vpg when
the brightness of the devices is 1 cd m™?) of about 2.4 V and a
distinct carrier injection start point, which is in accordance
with the diode characteristic of QLEDs (Fig. S5 and S6, ESIt).>*
In addition, the output current and brightness increase
with increasing Vgs, suggesting that the electron concentration
in the heterostructure channel can be modulated well by
Vgs. Interestingly, there are significant differences in the
CE-current density curves for different Vs (Fig. 3e), suggesting
a different electron/hole injection rate under different Vg, as
discussed later.

In addition, the operational lifetime, which is an important
indicator for photoelectric devices in practical applications, has
not been reported yet for LETs. In this study, the operational
lifetime of the red QD-HLET was evaluated by testing
the brightness as a function of time, as shown in Fig. 3i.
Tso (defined as the time at which the device luminance
decreases to half of the initial luminance (L,)) for the red
QD-HLET is 78 h, which is measured at a constant drain
current density of 71 mA cm ™2 and a constant Vgg of 5 V with
an initial luminance of 15686 cd m 2. By using the relation
Lg Tso = const. (assuming an acceleration factor n = 1.5), T, for

Table 1 Comparison of the performances of the red QD-HLET with the best-performance top-emitting red-QLED ever reported

Device types

Jmax (fM)  FWHM (nm) EQE. (%) EQE at 50000 cd m ™ (%) Lpax (ed m™>) Tso at 100 cd m™> (h) Ref.

QD-HLET 638 25 22.8 19.5
TE-QLED (equivalent) 638 25 9 N/A
TE-QLED 632 32 12.5 N/A

TE, top-emitting; N/A, not available.

This journal is © The Royal Society of Chemistry 2020
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the red QD-HLET at 100 cd m ™~ is predicted to be ~153 000 h.
By contrast, T, for the equivalent red QLED (top-emitting
configuration, see Fig. S3b, ESI{) measured at a constant
current density of 71 mA cm ™2 is 28000 h at 100 cd m™? (see
Fig. S5¢, ESIT). The great improvement in the lifetime of the red
QD-HLET compared to the equivalent top-emitting red QLED
is mainly attributed to more balanced electron and hole
concentrations,”**! which can be modulated by Vs and Vs,
respectively. The detailed mechanisms will be discussed in the
following section.

Operational mechanism for QD-HLETSs

In an ideal QLET or QLED, the emitting layer should have unity
photoluminescence quantum yield (PLQY), and the electron
transport layer (ETL) should have a shallower lowest unoccu-
pied molecular orbital (LUMO) level than the emitting layer,
while the HTL should have a deeper highest occupied molecular
orbital (HOMO) level than the emitting layer.® In this work, high
luminous efficiency red core-shell QDs with a solution PLQY of
90% are employed, but they have a deep LUMO level of —4.0 eV.*
The energy band levels of the InScO and ZnO-nanoparticle films
can be derived from the ultraviolet photoelectron spectroscopy
(UPS) and UV-visible absorption spectroscopy measurements, as
shown in Fig. S7 (ESIt). The energy level diagram of the QD-HLET
is depicted in Fig. 4c. The CBM of the ZnO-nanoparticles (—4.0 eV)
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is very close to the LUMO level of the QDs, resulting in more
effective injection of electrons (Fig. S7 and S8, ESIT). In addition,
the CBM offset between InScO and the ZnO-nanoparticles can be
neglected, so there is almost no barrier between InScO and
the ZnO-nanoparticles, which facilitates electron injection. The
relatively thick ZnO-nanoparticle layer keeps the QDs away from
the accumulation layer of electrons, which reduces the exciton
quenching induced by high electron concentration. The HOMO
of TCTA (—5.9 eV) provides efficient injection of holes into the QD
emitting layer.

However, there are some significant differences in the
operating mechanism between the QD-HLET and QLED (see
Fig. 4a and b). For the two-terminal QLEDs, the electrons and
holes are injected from two electrode, the cathode and anode,
respectively. Charge carrier balance in the emitting layer is
difficult to achieve, because ideal ETLs and HTLs are difficult to
find and their energy levels will change under different electric
fields. It means that the carrier balance of the QLEDs will be
broken under different applied voltages. In contrast, as a three-
terminal active device, the QD-HLET has the advantage of
tuning the carriers continuously with the gate voltage so that
the charge carriers can be balanced simply by adjusting the gate
voltage. When Vs is lower than the turn-on voltage (V,n), the
electrons in the channel are depleted, so almost no electrons
are injected into the QD emitting layer. As a result, the device
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Fig. 4 The schematic of the operating mechanism of the top-emitting (a) QLEDs and the (b) QD-HLETs with electrons accumulated and confined in the
InScO layer. (c) Energy level diagram of the QD-HLETs. (d) The current density and brightness of the peak EQE as a function of Vps for the transfer
characteristic of the red QD-HLET. (e) The peak EQE and corresponding Vs for the transfer characteristic of the red QD-HLET with different Vps. (f) The
peak EQE and corresponding current density as a function of Vgs for the output characteristic of the red QD-HLET.
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exhibits an off state with low drain current and almost no
luminance. However, when Vgs > Vo, electrons are generated
and accumulated in the channel, and are injected into the QD
emitting layer by applying a positive Vps, and then recombine
with the holes injected from the drain electrode. The number of
electrons in the channel can be controlled by Vgs, so balanced
electrons and holes can be achieved by adjusting Vgs (see
Fig. S9, ESIY).

It can be derived from the definition of the mobility (u = V/E,
where v is the velocity of carriers, and E is the electric field
strength) that the current density (/) can be expressed as

J=nqv=ngup (1)

where n is the carrier density, and ¢ is the charge of a single
carrier. In the QD-HLETS, n can be modulated by Vs, and E can
be modulated by Vps. Therefore, the electron concentration and
electron/hole injection speed can be well controlled by Vgs
and Vps, respectively. Because n for electrons in the drain
regime decreases as Vpg increases (increasing Vpg results in a
decreasing gate-to-drain voltage, Visp) and v for electrons
increases as Vpg increases, the change of electron injection
with increasing Vpg is small. In contrast, 7 for holes is almost
unchanged as Vpg increases, and v for holes increases as Vps
increases. Thus, as Vpg increases, hole injection will be enhanced
more greatly compared to electron injection. As a result, balanced
electrons and holes can be implemented simply by adjusting Vs
and Vps, making it easy to maximize the luminance efficiency of
the QD-HLETS.

Interestingly, the influence of the excess electrons/holes
on the performance of the QD-HLETs can be investigated
by simply changing Vgs and Vps. The relations between the
luminous efficiency and current density at different Vy,g (Fig. 3b
and c) are analyzed in detail. The current efficiency firstly
increases and then decreases with increasing current density
for all Vps. However, at a low current density, the efficiency at
lower Vpg is higher than that with higher Vi (at a fixed current
density), e.g., the device has an EQE of 22.0%, 18.5%, and
11.5% at a current density of 1 mA cm™> under a Vpg of 10 V,
20 V, and 30 V, respectively. It means that at lower current
density, increasing hole concentration (increasing Vps) causes
excess holes, leading to a decrease of the efficiency.*>>°
At higher current density, the electrons and holes become more
and more balanced as Vpg increases, so the efficiency increases.
For each Vps of 10 V, 20 V, and 30V, the peak EQE is achieved at
a current density of 2.3, 32.4, and 127.2 mA cm™ 2, respectively,
corresponding to a brightness of 502.3, 6537.5, and 23172.0 cd m ™2,
and a Vgs of —26.5, —17.0, and —8.5 V (Fig. 4d and e). The increase
of the peak EQE current at larger Vps is ascribed to the fact that
larger Vg provides more hole charges, and requires more positive
Vgs to increase the electron concentration to balance the charge
concentration.*

As shown in Fig. 3e and f, at each Vg, the efficiency firstly
increases and then decreases with the current density. That
means that at a fixed electron concentration the hole injection
is weak at low Vpg, leading to an excess of electrons. As the hole
injection is enhanced (Vps increases), the electrons and holes
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become more and more balanced until a peak efficiency is
reached (see the insets of Fig. 3e and f); further enhancing the
hole injection leads to an excess of holes and in turn decreases
the efficiency. More interestingly, the efficiency peaks shift
toward the positive direction as Vg increases (the insets of
Fig. 3e and f and Fig. 4f). It means that more holes (higher Vps)
are required to balance the electrons due to the higher
electron concentration at higher Vgs. Simultaneously, the
device exhibits a higher efficiency at more negative Vs when
the current density is low, but exhibits a higher efficiency at
more positive Vgs when the current density is high (compared
at a fixed current density, Fig. 3e and f). Surprisingly, there is a
brightness peak in the saturation regime (the brightness drops
when Vpg > 20V, see Fig. $10, ESIt), while the current is almost
unchanged, which corresponds to the rapid CE decrease
with current density, because of nonradiative recombination
induced by excess holes due to the electron concentration being
limited by Vgs. This is further evidence for the QD-HLET being
superior to the QLED, because the QD-HLET can change the
brightness (as well as efficiency) at a constant current, while it
is impossible for the QLED.

Mechanisms for the long lifetime

Balanced charge concentration not only enhances the lumi-
nance efficiency, but also improves the lifetimes of QLEDs/
QD-HLETs. The operational lifetime has been extensively
studied in inorganic-organic hybrid QLEDs. It has been
reported that the operational instability results from the non-
radiative Auger recombination processes of negative trions
(two electrons and one hole, X7) in the QDs induced by the
accumulation of excess charge carriers owing to imbalanced
injection in running devices, the exciton quenching induced by
Joule heating, or the irreversible physical damage of the organic
HTL caused by the excess electron leakage toward the HTLs and
creating nonradiative recombination centers.*®**™** Likewise,
the accumulation of excess holes in QDs escalates the prob-
ability of the nonradiative Auger recombination of positive
trions (one electron and two holes, X),” and some of the
excess holes may move toward the ETLs (herein ZnO) and be
captured by oxygen vacancies (Vo) of the ZnO-nanoparticle film
due to the large amount of Vo subgap states above the VBM
of metal-oxide semiconductors.”® When a Vo captures a
hole, it changes to a doubly charged oxygen vacancy (Vo)
which cannot fully recover unless extra annealing steps are
carried out.

In contrast with two-terminal devices like QLEDs, the three-
terminal QD-HLET, whose electron concentration can be
modulated by the gate voltage, is an ideal platform for studying
the operational stability of photoelectric devices based on QDs.
Fig. 5a shows the time-dependent change in the brightness
of the red QD-HLET at different Vg5 with a constant current
density of 71 mA cm ™2, Tgo is 13 h and 8 h when Vgg is 5 V and
25 V, respectively, suggesting that the operational lifetime of
the QD-HLET can be modified by Vgs. The device luminance
falls more rapidly at higher Vs, which is mainly attributed to
excess electron concentration in the channel, which leads to
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Fig. 5 (a) The operational lifetime of the red QD-HLET tested at different Vs and a constant current density of 71 mA cm™2. (b) The luminance as a

function of time for the red QD-HLET with a loop test between —5 V and 15 V of Vs at a constant current density of 71 mA cm™*.

nonradiative Auger recombination and irreversible physical
damage of the organic HTL.**** Fig. 5b compares the lumi-
nance decay over time of the red QD-HLET under a loop test of
10 min between Vgg of —5 V and 15 V. When Vg is at —5 V, the
device exhibits more rapid fall-off during the early few minutes.
Because the electron concentration is limited under a negative
Vgs of —5 V, a number of positive trions are formed in the QD
layer, causing inferior operational stability.*> Thus, the balanced
charge concentration is one of the reasons for the great improve-
ment in the lifetime of the QD-HLETs compared to the
equivalent QLEDs.

Influence of different ETLs

As mentioned above, the insertion of a thick ZnO-nanoparticle
layer between the InScO layer and QD layer confines the field-
induced electron carriers in the InScO layer, and thus decreases
the exciton quenching induced by high electron concentration
and surface defects without passivation. The QD-HLET with-
out ZnO-nanoparticles exhibits a much lower operational life-
time, in which Ts, is only 2 hours with an initial brightness of
670 cd m~” at a constant current density of 71 mA em™>
(Fig. S11, ESIY).

In addition, the thick ZnO-nanoparticle layer may have an
effect on the microcavity effect, because the QD-HLETSs are a
top-emitting architecture, in which the emission layers are
sandwiched between a reflective bottom electrode (gate) and
a semi-transparent top electrode (drain). By optimizing the
cavity length, light reflected by the top electrode and light
reflected by the bottom electrode interfere with each other.
As a result, the emission can be enhanced or weakened.
Generally, wide-angle interference and multiple-beam inter-
ference take place (see Fig. S12, ESIf), and the corresponding
resonant wavelength of the microcavity can be expressed with

the equations®®*!
2n
72 cosf Z }’l,‘dl‘ — Ppottom = 2mm. (2)
2n
72 cos 0 Z n/dj - (¢b0tlom + q)boltom) = 2mm. (3)
J
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where n and d are the refractive index and thickness, respectively,
of each functional layer between the top electrode and bottom
electrode; Pporom and Py, are the phase shift of the bottom and
top electrodes, respectively; and m is an integer 1, 2, 3...
To investigate the microcavity effect, red QD-HLETSs with a structure
of glass/Al:Nd (300 nm)/Al,O3:Nd (200 nm)/InScO (3.4 nm)/ZnO
(x nm)/red QDs (28 nm)/TCTA (55 nm)/MoOX (8 nm)/Au (20 nm)
were fabricated. ZnO-nanoparticle films with different thicknesses
of 38, 50, and 26 nm (corresponding to a normal direction resonant
wavelength (for m = 2) of 638, 662, and 614 nm, respectively) were
fabricated for the red QD-HLETs. The EL spectra of the red
QD-HLETs with different ZnO-nanoparticle thicknesses are
depicted in Fig. 6a. The normal emission peaks are at 640 nm,
638 nm and 635 nm for the devices with ZnO-nanoparticle
thicknesses of 50, 38, and 26 nm, respectively. The emission peak
of the device with 38 nm thick ZnO-nanoparticles is almost the
same as the calculated normal direction resonant wavelength and
that of the equivalent top-emitting QLED (638 nm, see Fig. 2b), and
close to that of the bottom-emitting QLED (636 nm, see Fig. 2b).
Compared to the normal emission peak of 638 nm with a FWHM
of 25 nm for the device with 38 nm thick ZnO-nanoparticles, the
emission peak of the device with 26 nm thick ZnO-nanoparticles is
blue shifted to 635 nm with a FWHM up to 28 nm, while the
emission peak of the device with 50 nm ZnO-nanoparticles is red
shifted to 640 nm with a FWHM of 25 nm. This result suggests that
the emission pattern depends on the microcavity modification as
well as the intrinsic emission of QDs.*°

Fig. 6b and ¢ summarize the transfer curves and current
efficiency curves for the red QD-HLETs with different ZnO-
nanoparticle thicknesses (the detailed characteristics of the
devices with 50 and 26 nm are shown in Fig. S13 and S14,
respectively, ESIT). All devices exhibit typical n-type charac-
teristics and excellent optical and electrical modulation with
the gate voltage. Compared to the device with 38 nm ZnO,
which has a peak EQE of 22.8%, the device with 50 nm thick
ZnO-nanoparticles exhibits a peak EQE of 20.8% (with a normal
peak current efficiency of 18.3 cd A™"), and the device with
26 nm thick ZnO-nanoparticles exhibits a peak EQE of 14.6%
(with a normal peak current efficiency of 17.4 c¢d A™"). The
results reveal that the efficiency of the QD-HLETs can be
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Fig. 6
curves of red-QD-HLETs with a ZnO-nanoparticle thickness of 50 nm, 38

enhanced by adjusting the thickness of the ETLs so that the
cavity resonant wavelength is close to the Ap;, of the QDs.

Conclusions

In summary, we have demonstrated high-performance, asym-
metric solution-processed QD-HLETSs, which combine the high
electron mobility of the InScO/ZnO-nanoparticle heterostruc-
ture and high luminous efficiency of the core-shell QD emitting
material. The QD-HLET exhibits excellent optical modulation
with Vgg, with a field-effect mobility of 3.1 em® V™' s™! and an
on/off brightness ratio greater than 10°. A brightness as high as
~145000 cd m ™2 is obtained at Vgg = 30 V and Vg = 30 V. The
peak CE is as high as 21.8 cd A™", which corresponds to a peak
EQE of 22.8%. The estimated operational lifetime at 100 cd m >
is more than 153 000 hours. In addition, the QD-HLET exhibits
low efficiency roll-off (an EQE of 15.7% is maintained when
the current density reaches as high as 1000 mA cm™?, corres-
ponding to a brightness of ~ 145 000 cd m™2). To the best of our
knowledge, the efficiency of the red QD-HLET is higher than
those of any kinds of LETs, and even higher than those of any
top-emitting QLEDs ever reported. The high performance of the
QD-HLET is attributed to the following reasons.

(1) The electron/hole concentration can be well controlled by
Vas and Vpg, respectively, so balanced electrons and holes can
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nm and 26 nm, respectively, measured at Vps = 10 V.

be implemented by simply adjusting Vgs and Vps. (2) The
matched energy-level structure provides effective injection of
electrons and holes. (3) The field-induced electron carriers are
confined in the thin InScO semiconductor by inserting a thick
ZnO-nanoparticle layer, which reduces exciton quenching
induced by high electron concentration. (4) The emission is
enhanced by optimizing the cavity length due to the micro-
cavity effect.

Experimental section

Material preparation

Indium nitrate hydrate (In(NO);nH,0, 99.99%), scandium
nitrate hydrate (Sc(NO);-nH,0, 99.99%), 4,4’ ,4"-tris(N-carbazolyl)-
triphenyl-amine (TCTA) and MoOX powder were purchased from
Sigma-Aldrich. Red QDs (CdSe/CdS/ZnS, diameters of 10 nm) in a
colloid solution with a PLQY of the solution of 88% were
purchased from Suzhou Xingshuo Nanotech Co., Ltd, and were
dispersed in normal octane solution with a concentration of
20 mg ml™". A ZnO-nanoparticle ethanol solution of 3 wt% was
purchased from Pujiafu Nanotech Co., Ltd. 2.5 wt%, 2 wt% and
1.5 wt% ZnO-nanoparticle colloid solutions were prepared by
mixing ethanol into 3 wt% ZnO-nanoparticle colloid solutions.
The InScO precursor solutions with an In/Sc molar ratio of 92: 8
were prepared by dissolving a certain amount of In(NO);-nH,O
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and Sc(NO);-nH,0 in deionized water (DI) at a concentration of
0.2 M, 0.15 M and 0.1 M, respectively.

TFT fabrication

The schematic structure of the bottom-gate and top-contact
TFTs is shown in Fig. 1a-c. Firstly, a aluminium-neodymium
(Al:Nd, 3 wt% Nd) alloy of 300 nm thickness was deposited on
glass by sputtering and patterned by wet etching for the gate
electrode. Then, an anodization process was carried out to form
200 nm-thick Al,0;:Nd (38 nF cm™?) on the Al:Nd film, acting
as a gate dielectric layer. The Al,05:Nd surface was treated with
ultraviolet light (UV) for 30 min to form a hydrophilic surface in
the channel area defined by a stencil shadow mask. InScO films
of a series of thicknesses were prepared by spin coating
the InScO precursor solution with a concentration of 0.15 M
at 6000 rpm for 40 s in the wettable area irradiated by UV,
followed by thermal annealing in air conditions at 40 °C for
10 min and 260 °C for 1 h in sequence. A ZnO-nanoparticle
colloid solution of 2.5 wt% was used to fabricate a 50 nm-
thickness ZnO-nanoparticle layer by spin-coating, followed by
baking at 150 °C for 15 minutes in a nitrogen glove box. After
that, a top source/drain electrode of Al was deposited onto the
ZnO-nanoparticle layer by thermal evaporation with a channel
area of 300 pm length and 1000 um width defined by a stencil
shadow mask.

QD-HLET fabrication

The schematic structure of the bottom-gate and asymmetric
non-planar source/drain QD-HLETSs is shown in Fig. 2a. The
process for the Al:Nd gate, Al,05:Nd gate dielectric, and InScO/
ZnO-nanoparticle heterojunction is the same as that for TFTs
mentioned above. ZnO-nanoparticle colloid solutions of
2.5 wt%, 2 wt% and 1.5 wt% were used to fabricate a 50-, 38-
and 26 nm-thickness ZnO-nanoparticle layer, respectively.
After that, the Al source electrode was deposited onto the
ZnO-nanoparticle layer by thermal evaporation with a stencil
shadow mask. Then, a QD emitting layer was prepared on
top of the ZnO-nanoparticle layer and Al source electrode by
spin-coating at 2500 rpm in a nitrogen glove box at room
temperature, followed by baking at 120 °C for 10 min. 50 nm-
thickness TCTA and 8 nm-thickness MoOX were deposited by
thermal evaporation with a stencil shadow mask, respectively.
Finally, the Au drain electrodes were deposited onto the MoOX
layer by thermal evaporation using a stencil shadow mask to
define a channel width/length of 500/120 pm.

Device characterization

The optical and electrical characteristics of the QD-HLETs were
measured using a semiconductor parameter analyzer system
(Agilent B1500A) in conjunction with a probe station (Lakeshore
CRX-VF) with a calibrated photodiode at room temperature under
a vacuum. The normal EL spectra were obtained from an Ocean
Optics QEPro fiber spectrometer integrated in the Lakeshore
CRX-VF probe station. The film thickness was measured by using
a surface profiler of Dektak XT and X'Pert Reflectivity. The energy
levels of the functional layer were measured with an Ultroviolet
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Photoelectron Spectrometer (UPS) of K-ALPHA". The absorption
spectrum and transmissivity were measured by using a UV-2600.
The optical microscopy images were obtained from a PTEM
ZOOM 70XL with a WAT-231S2 digital camera. The brightness
was calculated by comparison of the photocurrent collected from
the Au drain side with that of a red QD-HLET of known brightness
(measured by a KONICA MINOLTA CS-200 with a close-up lens of
NO. 107) and emission area. The EQE was calculated from the
brightness, the drain current, and the EL emission spectrum. The
carrier mobility for the saturation regime was calculated using:

Ins = WZLLCL(VGS — V). (4)
where  is the field-effect mobility, C; is the areal capacitance per
area of the gate dielectric, V4, is the threshold voltage, W is the
channel width, and L is the channel length.
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