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TOPICAL REVIEW — Quantum dot displays

InP quantum dots-based electroluminescent devices*
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Indium phosphide (InP) quantum dots (QDs) have shown great potential to replace the widely applied toxic cadmium-
containing and lead perovskite QDs due to their similar emission wavelength range and emission peak width but without
intrinsic toxicity. Recently, electrically driven red and green InP-based quantum-dot light-emitting diodes (QLEDs) have
achieved great progress in external quantum efficiency (EQE), reaching up to 12.2% and 6.3%, respectively. Despite
the relatively poor device performance comparing with cadmium selenide (CdSe)- and perovskite-based QLEDs, these
encouraging facts with unique environmental friendliness and solution-processability foreshadow the enormous potential
of InP-based QLEDs for energy-efficient, high-color-quality thin-film display and solid-state lighting applications. In this
article, recent advances in the research of the InP-based QLEDs have been discussed, with the main focus on device structure
selection and interface research, as well as our outlook for on-going strategies of high-efficiency InP-based QLEDs.
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1. Introduction

Since the first advent of semiconductor quantum dots
(QDs) about three decades ago, they have attracted a great
deal of attention due to their outstanding photoelectric prop-
erties such as tunable emission, narrow full-width at half-
maximum (FWHM), saturated color, high quantum efficiency
and solution-based processing methods.!'-%! Of all types of
QDs, only cadmium selenide (CdSe) and lead perovskite QDs
satisfy the requirements of optical display technologies.!’~!!]
However, the inherent toxicity of CdSe/perovskite QDs and
the instability of perovskite QDs have severely limited the
application and development of the QDs. The growing de-
mand for non-toxic and eco-friendly QDs has greatly stim-
ulated the enthusiasm of researchers.!'>~16] InP is of great
importance as a potential substitute for toxic Cd-based and
lead perovskite QDs due to its lower toxicity and similar opti-
cal properties.[!7-?!1 Recently, remarkable improvements have
been made with the synthesis of core-shell-type InP QDs,
where the highest photoluminescence quantum yield (PLQY)
of 90% for green with FWHM of 35 nm and 95% for red
with FWHM of 42 nm was achieved by the core-shell-type InP
QDs.??! These breakthroughs provide the possibility for fab-
ricating high-efficiency InP-based quantum-dot light-emitting
diodes (QLEDs), with the peak external quantum efficiency
(EQE) of 12.2% for red and 6.3% for green, respectively.
This fact proves that the great prospects of InP QD appli-
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cation in electroluminescence (EL), combined with uniquely
size-tunable color and solution-processable foreshadow the
potential of InP-based QLEDs for energy-efficient, high-color-
quality thin-film display and solid-state lighting applications.

This article aims to provide an illustrative account on re-
cent progress of InP-based QLEDs. The basic theories and
fundamental properties of InP colloidal QDs are similar to
those of Cd-containing QDs and have been well described
in many comprehensive reviews. Here, we focus on high-
efficiency InP-based QLEDs, including device structure de-
sign, charge transport layer material selection, optimization,
and mechanism research.

2. Design principles for efficient InP-based
QLEDs

Through in-depth research on the chemical and device
mechanisms of Cd-containing QD, the performance of the de-
vice has been dramatically enhanced. However, compared to
highly developed Cd-based technologies, research on Cd-free
QLED:s in the past five years is still far behind, especially with
InP-based QDs, and there are remained critical challenges.

In general, the EQE of a QLED is defined as the ra-
tio of the number of photons emitted by the QLED to free
space to the number of injected charge carriers (i.e., EQE
= Nemitting photons/Ninjected electrons)- In order to better under-
stand the device mechanism, several parameters can be used
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to describe the EQE

neqe = NiNoc = Y‘PQY%”OC;

where 7ege is the EQE, 7); is the internal quantum efficiency
(IQE), N is the light out-coupling efficiency, 7 is the charge
carrier balance factor which includes the carrier injection and
transport efficiency, @qy is the internal luminescent quantum
yield (QY), and ¥ is the spin-allowed optical transition rate.
x is assumed to be 100% for QDs due to the heavy atom me-
diated spin—orbit coupling in the heavy metal center, or the
efficient crossing of excitons from the ‘dark’ states to higher
energy ‘bright’ states. 7, is typically found to be c.a. 20%
for planar devices. Therefore, the important parameters to en-
hance the device efficiency are the charge carrier balance fac-
tor () and the internal luminescent QY (¢qy). To obtain high
EQE, the design principles of the InP-based QLEDs are as fol-
lows.

Principle 1 From the luminescent materials perspective,
the PLQY of the InP QD should be as high as possible.

Principle 2 From the device structure perspective, the
electron and hole injections into the QDs layer should be as
balanced as possible.

Specifically, in order to obtain high PLQY (¢qy) of InP
QD, a lattice-matched multilayer shell structure was utilized,
which not only effectively limits the electron and hole wave
functions to the core, but also passivates the QDs’ surface de-
fects. The carrier balance factor (y), corresponding with car-
rier mobility and material stability, also plays a crucial role
for high-quality InP QDs. Furthermore, an appropriate charge
transport layer (CTL) with a low injection barrier for the QD
should be carefully selected.

3. Compositions of electrically driven InP-based
QLEDs

In QLEDs, the QDs layer is typically sandwiched be-
tween the hole transport layer (HTL) and the electron trans-
port layer (ETL). The CTL not only is responsible for pro-
moting the charge injection into the QDs layer, but also af-
fects other basic processes of the QLED operation. The
charge injection efficiency depends on the conductivity of the
CTL and the alignment of the electrode/CTL with the en-
ergy level of the QD/CTL interface. Effective exciton for-
mation requires charge-selective CTLs with good blocking
properties to achieve efficient charge limitation within the
QDs layer and sensible modulation of the electron/hole in-
jection to achieve charge balance. In general, ETLs can
employ the i) organic layer: 2, 2/, 2”-(1, 3, 5-benzinetrily)
tris(1-phenyl-1-H-benzimidazole) (TPBi), or ii) inorganic lay-
ers: ZnO or Zr0,.[>>-21 HTLs usually employ the organic
layers including poly(9-vinlycarbazole) (PVK), poly(N, N’-
bis(4-butylphenyl)-N, N’-bis(phenyl)-benzidine) (poly-TPD),

or poly [(9, 9-dioctylfluorenyl-2, 7-diyl)-co-(4, 4'-(N-(p-
butylphenyl))diphenylamine)] (TFB).

Over the past several years, many researchers have fo-
cused on the improvement of electroluminescent devices uti-
lizing InP-based QDs. Electrically driven InP-based QLEDs
have increased in EQE from less than 0.01% to around 12%.
These breakthroughs inspire researchers to keep exploring en-
vironmentally friendly InP QLED.

3.1. Developing highly efficient conventional InP-based
QLEDs

A typical high efficient, conventional InP-based QLED
structure includes: ITO/hole injection layer (HIL)/HTL/InP
QDs/ETL/cathode. For solution processed InP-based QLEDs,
the selection of appropriate solvents is very critical for achiev-
ing the spin-coated functional layers without any damage.
Preventing solvent corrosion and mixing of multilayer de-
vices is a fundamental requirement for obtaining high per-
formance QLEDs. Therefore, it must be ensured that adja-
cent functional layers use orthogonal solvents to avoid ero-
sion. Poly(ethylenedioxythiophene): polystyrene sulphonate
(PEDOT: PSS) is one of the most commonly used HIL which
performs as the anode buffer layer to enhance the work func-
tion and reduce the surface roughness of the ITO substrate. [>6]
As for HTL, the materials include PVK, poly-TPD, and TFB.
ETLs can be TPBi, ZnO, or ZnMgO. The material of the cath-
ode is usually Ag or Al.

In 2012, an interesting report by Sun and co-workers
demonstrated a white QLED with a high color rendering index
of 91 based on InP QDs.[27-28] Detailed structure of the device
is shown in Fig. 1. The thin film of poly-TPD is chemically
and physically stable to nonpolar alkane solvents so that the
QDs can simply be spin-coated on top of the poly-TPD layer.
TPBi is used as the ETL because it has a suitable lowest un-
occupied molecular orbital (LUMO) energy and a good hole
blocking layer. The loosely packed QD layer design results
in direct contact between poly-TPD and TPBi, a ternary com-
plementary white QLED consisting of blue component (poly-
TPD), green component (InP QD), and red component (exci-
plex formed at the interface between poly-TPD and TPBi) has
been shown with a high color rendering index of 91, which
successfully attracted researchers to study high-performance,
low-toxic InP QD in lighting displays.

Recently, ZnO or metal doped ZnO nanoparticles (NPs)
are the most widely used electron transport material due to
their efficient electron injection and transport properties. Here
we focus on ZnO NPs, which are widely used as ETL in
the state-of-the-art high-performance InP-based QLEDs. To
cite an example, figures 2(a) and 2(b) show a device struc-
ture consisting of Al, ZnO NPs, TFB, PEDOT: PSS, and ITO
as the cathode, ETL, HTL, HIL, and anode, respectively.[?”]
The work reported that the QLEDs based on thick-shell InP
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QDs showed a peak EQE of 6.3% and a current efficiency
(CE) of over 13.7 cd/A, which is the highest record for
green-emitting InP-based QLEDs. The choice of the hole
transport material will also greatly affect the performance
of the device. Yang and co-workers compared the perfor-
mance of PVK- and TFB-based all solution-processed InP-
based QLEDs. Although compared with TFB, PVK may
help the HTL-QDs layer hole injection from the perspective
of energy arrangement. However, since the hole mobility of
TFB (~ 1072 cm?-V~!.s71) is relatively higher than that of
PVK (1070-1073 cm?-V—1.s71),3031 the TFB-based device
has a much higher current density than the PVK-based one
within the same voltage, therefore, not only can the turn-on
voltage be effectively reduced, but also the maximum lumi-
nance of the device can be improved.*?! Experimental data is
shown in Figs. 2(c) and 2(d), in the case of the PVK-based
QLED, the CE, EQE, and power efficiency (PE) collected at
the low luminance level of 20 cd/m? (4.5 V) were 2.5 cd/A,
1.4%, and 1.8 Im/W, respectively. At the same time, the TFB-
based QLED showed a greatly enhanced maximum current of

-
IS

4.2 c¢d/A in CE, 2.5% in EQE, and 4.4 Im/W in PE at an even
higher luminance of 1008 cd/m? (3 V).

Besides ZnO-based all solution-processed QLEDs, the
fabrication of Mg-doped ZnO-based devices has also attracted
much attention. Recently, Peng and his co-works reported
a red-emitting all solution-process conventional QLED hav-
ing record-breaking device performance with maximum lumi-
nance of over 10000 cd/m?, high EQE of 12.2%, and excellent
reproducibility. Detailed structure of the device is shown in
Fig. 3. It is close to the red-emitting QLED based on CdSe
QDs.22] 1t has been documented that the visible emission of
ZnO originates from the presence of defect centers, in particu-
lar due to the radiation recombination of shallow trap electrons
and the vacancies of oxygen vacancies trapped in the intersti-
tial state.!>33! Mg-doped ZnO forms ZnMgO, which not only
makes the size of the NPs smaller, but also reduces the de-
fect state of ZnO in the visible light band.**! Mg-doped ZnO
helps to reduce the trapping of electrons and holes by the de-
fect states, thereby improving the efficiency of the device.
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Fig. 1. (a) Energy band diagram of the QLEDs using InP/ZnS QDs. (b) PL spectrum of red-emitting InP/ZnS NCs and EL spectrum of white
QLEDs. (c) CIE chromaticity coordinate diagram of the white QLEDs and a photograph of a QLED with a pixel size of 3 mm x 3 mm (inset).

Reproduced with permission.>*] Copyright 2012, Wiley.
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3.2. Developing high efficient inverted InP-based QLEDs

A typical high efficient, inverted InP-based QLED struc-
ture includes: ITO/ZnO or doped-ZnO/InP QDs/HTLs/anode.
Since HTLs usually use organic materials and require tem-
perature annealing of 100 °C or more. However, the current
InP QD still cannot withstand high temperature conditions.
Therefore, in a highly efficient inverted InP-based device,
HTL is generally achieved by evaporation. In our previous
work, a highly efficient red-emitting InP-based QLED with
a structure of ITO/ZnO/QDs/4, 4'-bis(carbazol-9-yl)biphenyl
(CBP)/dipyrazino [2, 3-f: 2/, 3’-h]-quinoxaline-2, 3, 6, 7, 10,
11-hexacarbonitrile (HAT-CN)/Al was reported as shown in
Fig. 4.1%1 HAT-CN is selected as the HIL of the inverted
QLED because the injection efficiency of the inverted de-

vice with the HAT-CN top contact HIL is near unity.**) CBP
(~2x 1073 cm?-V~-!'s71) is chosen as the HTL because it
has a sufficiently high hole mobility comparable to the elec-
tron mobility of ZnO (~ 1.8 x 1073 ecm?-V~1.s71).[6:37] The
matched concentrations of electrons and holes in the lumi-
nescent layer will greatly reduce the blinking phenomenon
caused by charging of the QDs, which is beneficial to the
improvement of the device performance.!*®! Figures 4(d) and
4(e) show the device’s J-V-L and CE-L-EQE characteristics.
Among them, the maximum luminance exceeding 1600 cd/m?
is achieved at an applied voltage of 8.5 V. The peak CE of
13.6 cd/A corresponds to an EQE of 6.6%. The histogram of
the peak EQE shows an average peak EQE of 5.27%, showing
excellent repeatability (Fig. 4(f)).
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In 2015, Wedel and co-workers reported the use of
polyethyleneimine (PEI) surface modifiers to increase the ef-
ficiency of InP-based QLEDs.3°! The cross-section schematic
and energy band diagram of the inverted QLEDs are shown
in Fig. 5. The leakage current of the inverted device was
substantially suppressed by adjusting the solution-processed
PEI layer on top of the Al-doped zinc oxide (Al: ZnO) NPs
film. In addition, the electron injection into the conduction
band edge (CBE) of the InP/ZnSe/ZnS QDs was also facil-
itated by the low work function (WF) of the Al: ZnO film
which was realized by the strong interfacial dipoles of the thin
film of PEI. As a result, the charge balance in the inverted de-
vices was controlled by the change of surface roughness, the
WF of the ETL, and the combination of different thicknesses
of PEI interfacial layer with the oxide layer, so that the CE
was dramatically increased from 0.07 cd/A to 3.17 cd/A. It
shows the great potential of using an interfacial dipole layer
to develop highly efficient InP-based inverted QLEDs. Poly-
[(9, 9-bis(30-(N, N-dimethylamino)propyl)-2, 7-fluorene)-alt-
2, 7-(9, 9-ioctylfluorene)] (PFN) has similar functions to PEI,
both of them contain an amino group that can have a strong
interaction with the surface of the semiconductor, providing
a large positive interface dipole moment. As a result, signifi-
cant vacuum levels shift to lower energy at the interface.[#041]
For example, Char and co-workers reported the introduction
of a thin layer of PFN at the interface between ZnO and InP
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QDs to reduce the electron injection barrier. The PFN conju-
gated polyelectrolytes are used as interface dipole layers and

are known to achieve vacuum level shifts over 0.5 eV.[23
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Fig. 5. (a) A cross-section schematic and (b) an energy band diagram of

the inverted QLEDs. Reproduced with permission.**) Copyright 2015,
Society for Information Display.
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Fig. 6. Device characteristics of the inverted InP/ZnSeS/ZnS QLEDs with different ETLs: (a) luminance as a function of applied bias, (b)
CE~J, (c) EQE-J, and (d) PE-J spectra of this device.[*?! Reproduced with permission. Copyright 2017, Wiley.
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Mg-doped ZnO has better electron transport properties
than undoped ZnO, which has been confirmed in the above-
mentioned conventional devices. The introduction of ZnMgO
into inverted devices can still promote better device perfor-
mance. For example, Liu and co-workers reported an in-
verted QLED based on high PLQY and stable thick-shelled
green InP/ZnSeS/ZnS QDs.*?! By comparing the InP-based
QLEDs with ZnO or ZnMgO as the electron transport layers,
it is proved that ZnMgO as the electron transport layer can
inject electrons into the QDs layer more effectively. When
the applied bias voltage was over 10 V, the InP-based QLED
containing ZnO ETL began to decay. By contrast, the InP-
based QLED with the ZnMgO layer maintained a luminance
of over 10 V, indicating that the ZnMgO layer also improved
the charge balance and device stability at high voltage. The
CE, EQE, and PE of this device are shown in Fig. 6. For
the device with the ZnMgO ETL, these values were nearly
twofold higher than those of the device with the ZnO ETL.
The optimized inverted InP/ZnSeS/ZnS QLEDs exhibited a
low turn-on voltage (2.2 V) and a maximum luminescence of
10490 cd/m?. The PE and CE were 3.63 Im/W and 3.86 cd/A,
respectively, at 1000 cd/m”. These results indicated that the
proposed InP-based QLEDs also performed well under high
luminance.

3.3. Efficient transparent flexible InP-based QLED

Flexible information displays hold great promise for fu-
ture optoelectronic applications. For efficient transparent
flexible InP-based QLEDs, Bae and co-workers adopted an

(a) MoO, / Al (anode)

TCTA (HTL)

InP QDs
«—— ZnO/PFN (ETL)
&——— |TO (cathode) / substrate

Energy level (eV)
N h A b oD

inverted QLED architecture, in which the InP QDs layer
is sandwiched between tris(4-carbazoyl-9-ylphenyl)amine
(TCTA)/Mo0O,/Al and PFN/ZnO/ITO (Fig. 7(a)).1*3 In this
work, TCTA was employed as HTL to reduce the hole injec-
tion barrier. Besides, TCTA could serve as effective electron
blocking layer because of the low electron mobility and high
LUMO level. Figures 7(b)-7(e) show the optoelectronic char-
acteristics of green- and red-emitting QLEDs. Both QLEDs
exhibit turn-on voltages close to the optical bandgap of the
QDs, indicating that the charge carriers are easily drifted into
the QD emitting-layer and recombine to emit photons. Both
QLEDs show EL with the narrow FWHM in the green and
red regions (CIE(x, y) = (0.24,0.72) and (0.70, 0.30)), and
the peak EQE is 3.78% and 3.92% and the peak luminance is
2504 cd/m? and 6881 cd/m?, respectively. We note that the
color purity and luminance of the current version of the de-
vice satisfactorily meet the requirements of the display. Oh
and co-workers proposed the InP QLEDs with bottom emis-
sion structure and inorganic ZrO, nanoparticles as the electron
transport layer in 2016.?°1 To realize the transparent QLED
display, the two-step sputtering process of indium zinc oxide
(IZO) top electrode was applied to the devices and this study
could achieve the fabrication of transparent QLED device with
the transmittance of higher than 74% for the whole device ar-
ray, this interesting work makes InP-based transparent QLED
become a promising device for the next generation of trans-
parent display.

(b)
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Fig. 7. (a) Schematic illustration (top), the energy band diagram (bottom, left), and a cross-sectional TEM image (bottom, right) of QLED.
(b) J-V—-L characteristics (inset: photographs of green- and red-emitting QLEDs), (c) EQE—/, and (d) EL spectra of green- and red-emitting
QLEDs. PL spectra of green- and red-emitting QDs are overlaid for comparison. (e) The color coordinates of EL spectra of green- and
red-emitting QLEDs in the CIE 1931 color space chromaticity diagram.3 Copyright 2019, American Chemical Society.
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4. Conclusions and perspective

InP-based QLED technology has unprecedented poten-
tial for environmentally friendly, energy-saving, wide color-
gamut, and flexible displays.
made in material chemistry of QDs and CTLs and device en-
gineering of QLEDs. Even though many researches on InP-
based QLEDs in recent years, the advances on device archi-

Attractive progress has been

tecture and related mechanisms are not comparable with those
of highly developed techniques based on Cd-based QLEDs.
From the point of view of device structure engineering, and the
understanding of fundamental device mechanism, this paper
provides experimental guidance and theoretical insights for the
designing of InP-based QLEDs. The following perspectives
are critical to accelerate the commercialization of this excit-
ing technology: (i) the performance for red and green InP-
based QLEDs needs to be further improved to catch up with
Cd-based QLEDs, (ii) the developments of efficient blue InP
QDs and their QLEDs are inferior to those of the state-of-the-
art green and red QLEDs. It is difficult to efficiently inject car-
riers into blue QDs due to their wide bandgap, corresponding
with energy transfer in the QD films, interface charge trans-
fer between blue QDs and CTLs, and electric field induced
quenching in blue QLEDs.
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