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ABSTRACT

Enhancing carrier injection is essential to indium
phosphide (InP) quantum dot light-emitting diodes
(QLEDs). Here, an electric dipole layer is introduced to
enhance the hole injection in the green InP QLED with a
highly mobility electron transport layer (ETL). The
optimized green InP QLED had achieved a 1.7 times EQE
enhancement.

1 Introduction

Quantum dot light-emitting diodes (QLEDs) have
emerged in display application for their extraordinary
merits, including tunable spectrum, high color saturation,
low energy consumption, and low-cost solution
processability [1-5]. However, the environmental
contamination limits the further applications of Cd-based
QLEDs [6, 7] thus many environmental-friendly
alternatives have been explored urgently [8-15]. Among
them, indium phosphide (InP)-based quantum dots (QDs)
are considered as one of the best candidates for
commercial display applications [16-18]. With the
advancement of material synthesis, the
photoluminescence quantum yield (PLQY) of green InP
QDs (>95%) has caught up with the level of Cd-based QDs
[16], but the inferior carrier injection problem has still
lagged the performance of green InP QLEDs [19-22].

In working green InP QLEDs, part of the holes will be
accumulated at the interface of hole injection layer (HIL)
and hole transport layer (HTL) inevitably due to the energy
barrier. Meanwhile, the hole injection is also impeded
because of the energy-level offset between green InP QDs
and HTL [2, 23, 24]. Different from the hole injection, the
electron is usually over injection in the green InP QLEDs
due to the high electron mobility of the electron transport
layer (ETL) [25-29]. Therefore, carriers in green InP
QLEDs are more imbalanced, resulting a poor efficiency in
the green InP QLEDs.

In this work, we have compared the green InP QLEDs
with the ETL of ZnO and ZnMgO by simulation and find
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that green InP QLEDs based on ZnO ETL will have a
higher recombination rate. The higher electron mobility
of ZnO makes a strengthened electron injection in the
device. To enhance the hole injection, we have
introduced an ultra-thin MoOs electric dipole layer
between the HIL and HTL. Compared with the contrast
device, a 1.7 times EQE enhancement from 4.25% to
7.39% is achieved. This work has provided an effective
approach to enhance carrier injection in green InP
QLEDs and indicates the feasibility to realize highly
efficient green InP QLEDs.

2 Experiment

The electrical simulations were performed with Setfos
4.6 software, while the constant or field-dependent
electron and hole mobilities according to the Poole—
Frenkel model were used in the simulations. The
boundary conditions for the charge carrier densities at
the electrodes were set to satisfy the Fermi-level
alignment at thermal equilibrium. Exciton generation is
permitted only in the emission layer and follows the
standard Langevin recombination.

The contrast QLED devices were fabricated with
structure of ITO/PEDOT: PSS/PVK/QDs/ZnMgO or
ZnO/Al. The patterned ITO electrodes were cleaned and
treated with plasma before use. All the function layers
except MoOs nor LiF were deposited via spin-coating at
3000 rpm for 45 s with the assistance of thermal
annealing. MoOs, LiF and Al electrodes were deposited
by thermal evaporation under a vacuum of 5 x 10 Pa.

The luminance area of our devices was 2 x 2 mm?.
The PLQY and PL spectra were measured with the
excitation wavelength of 365 nm by absolute PLQY
spectrometer. The devices were assumed as a lambert
illuminant, and the current density—voltage—luminance
(J-V-L) curves were measured by a Keithley 2614B
source and a PIN-25D silicon photodiode. All
measurements were performed at room temperature.
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3 Results and Discussion
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Fig. 1 (a)& (b) Distribution of recombination rate in
the green InP QLED without/with MoOs. (c) Schematic
of carrier transfer. (d) Schematic of holes transfer in
PEDOT: PSS/Mo0Os/PVK interfaces in green InP
QLED.

We have established carrier recombination models
according to actual green InP QLEDs. Fig. 1(a)&(b) shows
the distribution of the recombination rate at different bias
voltage in the green InP QLEDs based on two different
ETLs (ZnO and ZnMgO). The recombination peaks in the
ZnO-based device are higher than which in the ZnMgO-
based device. Meanwhile, an ultra-thin MoOs layer is
inserted at the interface of PEDOT: PSS and PVK. Owing
to the larger energy level difference between PEDOT: PSS
and MoOs (1.5 eV) compared with which of MoOs and PVK
(0.9 eV) (Fig. 1(c)), a positive net electric field (Enet) is in
the same direction of the electric field driven by the applied
forward voltage as shown in Fig. 1(d). The simulation
result illustrates that the inserting of MoOs layer has
strengthened the hole injection in green InP QLEDs,

hence the recombination rate enhanced dramatically.
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Fig. 2 (a) Device structure of typical green InP
QLEDs with MoOs interlayer. Inset: photographs of
the operating device. (b) J-V-L characteristics.
Inset: J-V characteristics in log scale in low-voltage
region, (c) EQE versus J and (d) lifetime with the
initial luminance of 1000 cd-m2.

Green InP QLEDs were fabricated and characterized
to demonstrate the balance of carrier injection.
Consequently, the maximum luminance of green InP
QLED is enhanced from 6482 to 6794 (applying ZnO
ETL) and then 52,730 cd-m (inserting MoOs interlayer),
which is an 8.1 times improvement overall. As
demonstrated in Fig. 2(d), the EQE of the ZnO-based
green InP QLEDs increased from 4.25% to 7.39% and
the ZnMgO-based one increased from 4.69% to 6.19%.
The low EQE of ZnO-based contrast device indicates
that the excess electron injection leads more non-
radiative recombination. However, the larger EQE
enhancements of ZnO-based device confirms that a
higher recombination rate and good carrier balance have
been achieved by the ZnO ETL and MoOs3 interlayer.
Meanwhile, the damage of accumulated holes at the
PEDOT:PSS/PVK interface was reduced obviously
because the hole hopping was enhanced by the MoOs.
As a result, the phenomenon of efficiency roll-off had
been finally relieved. The ZnO-based green InP QLED
with the MoOs3 exhibited longer lifetime, and its Tso at 100
cd-m2 is predicted to be 104.09 h, using the acceleration
factor of 1.8 (given that we measured the real lifetime at
1,000 cd-m2), compared to the contrast device (Tso =
15.77 h) (Fig. 2(d)).

4 Conclusions

In summary, we have introduced a MoOs3 electric
dipole layer to enhance the hole injection in green InP
QLEDs with ZnO ETL. This approach can effectively
improve the recombination rate in green InP QLEDs and
achieve highly efficient devices. Benefit from the
strengthened carrier injection, green InP QLED had
achieved EQE as 7.39%, which has a 1.7 times
enhancement, indicating a feasible approach to promote
a green InP QLED performance.
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