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quantum dot light-emitting diodest
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The efficiency and device lifetime of quantum dot light-emitting diode (QLED) devices suffer from the
charge imbalance issue resulting from excess electron injection from the ZnO electron transport layer
(ETL) to the quantum dot (QD) emissive layer (EML). Herein we report 1,3-bis(9-phenyl-1,10-
phenanthrolin-2-yl)benzene (BPPB) small molecule ETL blended ZnO as an interlayer in inverted red
indium phosphide (InP) based QLEDs to slow down the ZnO ETL mobility. The device with ZnO : BPPB
(15 wt%) shows 16.7% external quantum efficiency and 595 h lifetime (Tso) at 1000 cd m~2. Insertion of
a thin hybrid interlayer reduces the electron injection to match the charge balance in the QD layer and

rsc.li/nanoscale-advances

Introduction

Quantum dot light-emitting diodes (QLEDs) have rapidly
gained tremendous attention in the development of solid-state
lighting and future display applications due to their many
beneficial properties such as high transparency, high color
purity, high stability, and flexibility."* Many researchers have
been focusing on improving cadmium-free QLED device
performance. One of the reasons for such poor performances is
that the electron and hole injection imbalance in the quantum
dot (QD) emissive layer (EML) causes quenching.”** Therefore,
charge balance plays a key role in improving the performance of
the device.

Because of the low barrier to electron injection and high
electron mobility, ZnO led to excess electron injection resulting
in a severe charge imbalance issue in the QD EML."*"® As well as
charge imbalance, there is also exciton quenching of the QD
EML, which is induced by the adjacent ZnO layer due to spon-
taneous charge transfer.>**>** To solve such issues, it is neces-
sary modulate electron injection to attain proper charge balance
within the QD EML and also reduce spontaneous charge
transfer to suppress exciton quenching of the QD. Following
this approach, Peng. et al. inserted an ultra-thin insulating poly
(methyl methacrylate) (PMMA) layer with a thickness of 6 nm
between the ZnO electron transport layer (ETL) and QD EML."”
Wang. et al. utilized a polyethyleneimine (PEI) insulator to
reduce the electron injection and quenching by charge transfer
at ZnO in inverted QLED devices.'® Although excellent device
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also suppresses the interfacial exciton quenching between the ZnO ETL and QD EML.

performances with such insulating layers had been achieved,
such an approach is too much sensitive to the thickness of the
insulating layer. Another simple and effective approach is to
modulate the electronic structures of ZnO by doping metals
such as magnesium (Mg), yttrium (Y), gallium (Ga), and
aluminium (Al) to improve the charge balance or suppress the
exciton quenching of the QD interface."** Cesium azide
(CsN3),>* polyvinylpyrrolidone (PVP),* and lithium 8-quinolate
(LiQ)*® materials also have been studied as dopants to modulate
the mobility of ZnO. To improve the device performance of the
device with insulating or organic polymer interlayers, thickness
control is crucial, which forms a tunneling barrier in the QLED
device.”

We report a high efficiency inverted red device using an
organic and inorganic hybrid interlayer. This hybrid interlayer
reduces the electron injection and enhances the charge balance.
Most organic ETLs used in organic light-emitting devices
(OLEDs) have lower electron mobility, around ~10~* cm® V!
s~', and also have the shallower lowest unoccupied molecular
orbital (LUMO) energy level.”” Hence, mixing the organic ETL
and ZnO could provide slow electron mobility because of the
nature of the organic ETL and delayed electron transport
because of the shallow LUMO level. In addition, it could reduce
interface quenching by charge transfer in the devices. Among
several small molecule (SM) ETL materials, we investigated
a good miscible material in terms of solubility, film
morphology, dissolution etc. As the best material, 1,3-bis(9-
phenyl-1,10-phenanthrolin-2-yl)benzene (BPPB) was selected in
which the electron injection is significantly reduced, and also
exciton quenching of QD is suppressed. The device with
ZnO : BPPB (15 wt%) shows a maximum 16.7% external
quantum efficiency (EQE). Compared to reported interlayer
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approaches, our method allows easily modulation of the charge
injection of the ZnO ETL.

Results and discussion

In this work, we have selected three different small molecule
(SM) electron transport layer (ETL) materials such as 2,4-bis(-
dibenzo[b,d]furan-2-yl)-6-phenyl-1,3,5-triazine (DDBFT), 1,3-
bis(9-phenyl-1,10-phenanthrolin-2-yl)benzene (BPPB) and 2-[4-
(9,10-di-naphthalen-2-yl-anthracene-2-yl)-phenyl]-1-phenyl-1H-

benzimidazole (ZADN).?*>° The chemical structures of DDBFT,
BPPB and ZADN are shown in Fig. S1.f These ETLs have the
shallow lowest unoccupied molecular orbital (LUMO) level
(~3.0 eV) and good electron mobility as organic materials. But,
SM organic ETL mobilities are relatively low compared to
inorganic ZnO ETL mobilities. SM ETLs are well soluble in
nonpolar solvents like chlorobenzene. The solubility order in
chlorobenzene is DDBFT < BPPB < ZADN. Note that ZnO is not
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Fig.1 (a) UV-Vis absorption spectra of ZnO, BPPB SM and ZnO : BPPB
(10 wt%) ETL films (b) UV-Vis absorption spectra of ZnO : BPPB (10
wt%) ETL films before and after rinsing with the octane solvent.
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Fig. 2
(20 wt%) interlayer films measured by AFM.
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(a) The surface morphology of the sol-gel ZnO ETL, (b) ZnO/ZnO :
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soluble in such a nonpolar solvent. To overcome the solubility
issue, we have selected the mixed solvent of 2-methoxy ethanol
and chlorobenzene (1 : 2 vol ratio) to consider ZnO and organic
SM ETL material solubility. After preparing mixed solutions
with 10 wt% of SM, we examined the film coating properties of
these blended ETLs. Among blended ETLs, the DDBFT SM ETL
shows a translucent film, whereas other ETLs show transparent
films, as shown in Fig. S2.7 This translucent behaviour may be
related to the crystallization of DDBFT because of poor solu-
bility and/or higher crystallinity. The poor film coating proper-
ties of the ZnO : DDBFT ETL are not favourable for use as the
blended ETL. Fig. 1(a) shows the UV-Vis absorption spectra of
fabricated films of ZnO, BPPB, and blended ZnO : BPPB. The
absorption started at 360 nm for the ZnO ETL, and at 380 nm for
the BPPB ETL. However for the ZnO : BPPB (10 wt%) ETL, the
absorption started at 375 nm. The shift in the absorption of the
ZnO : BPPB ETL is due to the absorption of the organic BPPB
SM material. To evaluate the physical damage to the underlying
interlayer by QD emissive layer (EML) solution, an octane
rinsing test was performed on blended ETLs. As shown in
Fig. 1(b), the absorption spectra of the ZnO : BPPB (10 wt%)
layer were almost similar before and after octane rinsing.
Similarly, we also checked for the ZnO : ZADN (10 wt%) ETL; the
absorption was decreased after octane rinsing as shown in
Fig. S3.1 This means that the dissolution issue is severe due to
the good solubility of the ZADN ETL in nonpolar solvents. The
solubility test of the ZADN ETL in the octane solvent was per-
formed. A small amount of pure ZADN was dissolved in octane,
and a high absorption peak was observed from the UV-Vis
absorption spectra as shown in Fig. S4.1 This indicates that the
ZADN ETL material is highly soluble even in the non-polar
octane solvent. The solvent-resistant film is highly desirable for
the succession of spin coating of overlying layers in the QLED
fabrication. Due to this issue the ZnO:ZADN ETL is not
considered for our QLED devices. The ZnO : BPPB ETL is
selected as a good hybrid interlayer because of its excellent film-
forming properties and good resistance to the octane solvent.
We have investigated the surface morphology of the spin-coated
ETL films. The surface morphology of the ETL films with and
without interlayers is shown in Fig. 2. The root-mean-square
(RMS) surface roughness of fabricated films with ZnO, ZnO/
ZnO : BPPB (10 wt%), ZnO/ZnO : BPPB (15 wt%), and ZnO/
ZnO : BPPB (20 wt%) was 0.30 nm, 0.77 nm, 0.84 nm, and 1.61
nm respectively.

BPPB (10 wt%), (c) ZnO/ZnO : BPPB (15 wt%), and (d) ZnO/ZnO : BPPB
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Measured surface roughness slightly increases with
increasing BPPB blending ratio. The low surface roughness
values are suitable for subsequent QD layer coating. The
ZnO : BPPB (20 wt%) interlayer shows relatively higher surface
roughness, which may form a non uniform QD layer coating
that creates leakage current paths in the device.*® In the litera-
ture, the device performances do not get influenced when the
film roughness is less than 1.5 nm."®** The measured roughness
of the ZnO : BPPB (15 wt%) film is 0.84 nm. So, we can expect
that such a roughness value does not influence our device. In
case of the ZnO : BPPB (20 wt%) film, the roughness is higher
than 1.5 nm, which may affect the device performance as re-
ported. The surface morphologies were analysed by SEM as
shown in Fig. S5.f From the SEM images, the surface
morphology of ZnO : BPPB films can be compared once more.
The ZnO : BPPB (20 wt%) film shows a relatively non-uniform
surface compared to other samples, which is consistent with the
AFM data. The UPS measurement is carried out for the samples
ZnO, ZnO:BPPB (10 wt%), ZnO:BPPB (15 wt%) and
ZnO : BPPB (20 wt%) as shown in Fig. S6.}

With these different blended interlayers, inverted QLEDs
were fabricated on patterned ITO. Sol-gel ZnO was used as the
ETL, ZnO : BPPB as the interlayer and InP/ZnSe/ZnS QDs (InP-
QDs) as the EML. The QLED device structure and energy band
diagram are shown in Fig. 3(a) and (b). We used N-([1,1'-
biphenyl]-4-yl)-N-(4-(dibenzo[b,d]-thiophen-2-yl)phenyl)dibenzo
[b,d]thiophen-2-amine (DBTA), N-(1,1-biphenyl-4-yl)-N-[4-(9-
phenyl-9H-carbazol-3-yl)phenyl]-9,9-dimethyl-9H-fluoren-2-
amine (PCBBiF)* as hole transport layers (HTLs), 1,4,5,8,9,11-
hexaazatriphenylenehexcarbonitrile (HATCN) as the hole
injection layer (HIL) and aluminium (Al) as the anode. The
effect of the ZnO : BPPB interlayer on the device performance
was analysed. The thickness of the interlayer is kept constant
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around 15 nm, which is confirmed by ellipsometry and detailed
explanation is given in the Experimental section. The device
without (w/o) the interlayer (ZnO ETL as the control device) and
ZnO : BPPB interlayer devices with different blending ratios are
shown in Fig. 3(c-e). From the current density-voltage (J-V)
characteristics of the devices, the device without the interlayer
shows a higher current density but blended ZnO : BPPB inter-
layers showed a decreased current density. In detail, the device
with the ZnO : BPPB (10 wt%) interlayer shows an increased
driving voltage of 3.9 V compared to the device without the
interlayer, which is 3.2 V. With higher blending ratios of BPPB
in ZnO, the ZnO : BPPB (15 wt%) interlayer shows a higher
driving voltage of 4.4 V compared to the ZnO : BPPB (10 wt%)
interlayer. The driving voltage still further increased to 5.5 V
with the ZnO : BPPB (20 wt%) interlayer. The current density of
QLEDs gradually decreases as the BPPB blending ratios in ZnO
increases from 10 wt% to 20 wt%. The ZnO : BPPB interlayer
tends to slow down the electron injection due to the low elec-
tron mobility of the BPPB ETL and shallow LUMO energy level.
Similarly, the maximum luminance of the devices was also
decreased with the current density. The turn-on voltage (V,,,) of
the devices without the interlayer, and with ZnO : BPPB (10
wt%), ZnO : BPPB (15 wt%) and ZnO : BPPB (20 wt%) inter-
layers are 1.8, 2.0, 2.0 and 2.1 V respectively. The ZnO : BPPB (15
wt%) interlayer device shows a 16.7% external quantum effi-
ciency (EQE) is higher than without an interlayer device. This
efficiency improvement suggests balanced carrier transport in
the QD EML, which enhances the radiative recombination due
to reduced electron injection. The device with the ZnO : BPPB
(10 wt%) interlayer shows a lower EQE compared to that with
ZnO : BPPB (15 wt%). And also the ZnO : BPPB (20 wt%) inter-
layer shows the maximum CE and EQE values of 15.1cd A" and
15.4%. These maximum CE and EQE values are relatively low
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(a) QLED device structure (b) energy band diagram (c) current density versus voltage (J—V) characteristics (d) Luminance versus voltage

(L-V) characteristics (e) EQE versus luminance characteristics of devices without (w/o) and with interlayers and (f) maximum EQE histogram of

the 18 devices fabricated with the ZnO : BPPB (15 wt¥%) interlayer.
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Table 1 Summary of the performances of fabricated QLEDs
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Maximum Maximum Maximum
Turn-on voltage  Driving voltage current efficiency EQE (%) EQE (%) @ luminance
Interlayer (Von) @ 1ed m™ (V) @ 1000 cd m™> (cd A™Y) (@ luminance (cd m™?)) 100cd m > (edm™?)  CIE 1931
w/o 1.8 3.2 6.3 6.5@ 717 5.9 8892 (0.68, 0.32)
ZnO : BPPB (10 wt%) 2.0 3.9 11.4 11.6 @ 24 11.4 6844 (0.68, 0.32)
ZnO : BPPB (15 wt%) 2.0 4.4 16.4 16.7@ 9 15.6 4878 (0.68, 0.32)
ZnO : BPPB (20 wt%) 2.1 5.5 15.1 154 @ 22 14.0 4689 (0.68, 0.32)

compared to those of the ZnO : BPPB (15 wt%) interlayer. We
believe that higher concentrations of the BPPB ETL deteriorate
the device performances by limited charge injection or by poor
film surface roughness. The small molecule ETL exhibits low
mobility at a higher current density. Therefore, efficiency roll-
off is high in the high luminance region, however measured
efficiency at 10-3000 cd m™? is very high due to good charge
balance. The ZnO : BPPB (15 wt%) interlayer was an optimal
option to improve the performance of devices. To check the
performance reproducibility of the device with the ZnO : BPPB
(15 wt%) interlayer, we fabricated 18 devices. The histogram of
maximum EQE values for 18 devices is shown in Fig. 3(f), where
the average maximum EQE value obtained is 15.6%, demon-
strating good reproducibility. The normalized electrolumines-
cence (EL) spectra of the devices without and with the interlayer
are shown in Fig. S7(b).t All the devices showed an EL peak at
632 nm without any parasitic emission. The device perfor-
mances are summarized above in Table 1. The influence of the
ZnO : BPPB interlayer was checked by using the electron-only
device (EOD). The following are the device structures of EODs
and HOD.

EOD 1: ITO/ZnO/QD/LiF/Al

EOD 2: ITO/ZnO/ZnO : BPPB (10 wt%) interlayer/QD/LiF/AL

EOD 3: ITO/ZnO/ZnO : BPPB (15 wt%) interlayer/QD/LiF/Al.

EOD 4: ITO/ZnO/ZnO : BPPB (20 wt%) interlayer/QD/LiF/Al.

HOD : ITO/PEDOT : PSS/QD/DBTA/PCBBiF/HATCN/AL.

The J-V characteristics of EODs and HOD are shown in Fig. 4.
The EOD device without the interlayer (sol-gel ZnO ETL) shows
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Fig. 4 J-V characteristics of EODs with the sol-gel ZnO ETL,
ZnO : BPPB (10 wt%), ZnO : BPPB (15 wt%), and ZnO : BPPB (20 wt%)
interlayers and the HOD.
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a higher current density than the HOD device, which results in
severe charge imbalance in the device. The devices with the
ZnO : BPPB interlayer show a remarkably lower electron current
density. In the EOD device with the ZnO : BPPB (10 wt%)
interlayer, the current density relatively decreased than ZnO
ETL current density. Whereas with ZnO : BPPB (15 wt%) inter-
layer, the current density significantly reduced and almost
matched with the HOD device. With the ZnO : BPPB (20 wt%)
interlayer, the current density decreases, even more, showing
a crossing point with the HOD device.* This indicates that the
ZnO : BPPB (20 wt%) interlayer shows relatively poor charge
balance compared with the ZnO : BPPB (15 wt%) interlayer. On
blending higher weight ratios of BPPB in ZnO, the device
performance deteriorates due to too much slow charge injection
from ZnO into the QD EML. With optimum doping of the BPPB
ETL (15 wt%) in ZnO, charge balance was improved with
enhanced device performances. The decrease of the electron
current density is due to slower electron mobility of the BPPB
SM ETL and shallow LUMO energy level. This shallow energy
level of the BPPB ETL seems to create a large injection barrier at
the QD EML interface.

To further confirm if the ZnO : BPPB interlayer slows down
the ZnO ETL mobility, the space charge limited current (SCLC)
mobility was calculated using the Mott-Gurney law.*® The
calculated mobilities for ZnO, ZnO : BPPB (10 wt%), ZnO : BPPB
(15 wt%), ZnO : BPPB (20 wt%), and the HOD were 5.2 x 10*
em?*V s 1.9%x10 °em?V ts T, 55 x 10 P em?V s 3.2
x 107 em®> V' s7" and 8.69 x 107° em® V' s~'. The ETL
mobilities were decreased with increasing BPPB blending ratio
in ZnO. The ZnO : BPPB (20 wt%) ETL shows much slower
mobility compared to HOD mobility. Therefore, ZnO : BPPB (15
wt%) shows better device efficiency.

To study the effect of the ZnO : BPPB interlayer on the
emission of InP-QDs, we measured the time-resolved photo-
luminescence (TRPL) decay curves as shown in Fig. 5(a). The
structure of fabricated samples and their average exciton decay
lifetimes are summarized in Table S1,T where all the samples
are excited by using a 340 nm monochromatic light source. The
exciton lifetime of the glass/QD sample was 28.3 ns, but the
sample with the glass/ZnO/QD film showed a shorter exciton
lifetime of 23.2 ns. This implies that, when the QDs were in
direct contact with the ZnO ETL, a strong interface exciton
quenching was observed due to the interface charge transfer
process.>**>* By insertion of the ZnO : BPPB (10 wt%) interlayer
between ZnO and QDs, the exciton lifetime improved from 23.2
ns to 25.7 ns. The ZnO : BPPB (15 wt%) interlayer sample shows

Nanoscale Adv., 2022, 4, 904-910 | 907
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Fig.5 (a) Time-resolved photoluminescence (TRPL) curves and (b) PL
intensities of the samples glass/QD, glass/ZnO/QD, glass/ZnO/
ZnO : BPPB (10 wt%)/QD, glass/ZnO/ZnO : BPPB (15 wt%)/QD, and
glass/ZnO/ZnO : BPPB (20 wt%)/QD.

a relatively longer exciton lifetime of 27.2 ns than that of the
ZnO : BPPB (10 wt%) interlayer. This indicates that the
improved exciton lifetime is due to the suppressed interfacial
charge transfer because of the shallow LUMO of the BPPB ETL.
With the ZnO : BPPB (20 wt%) interlayer, the exciton lifetime
decreased to 26.1 ns which showed a downtrend. This demon-
strates that the defect states in the high surface roughness film
act as quenching sites. We also performed the PL measurement
with and without interlayers, as shown in Fig. 5(b). The PL
intensities of the samples with the interlayers are increased,
which showed a similar trend to TRPL data. Therefore, appro-
priate blending ratios of BPPB into ZnO can enhance the device
performance not only by reducing the electron injection but
also by suppressing the exciton quenching of InP-QDs. The
measured film PLQY of QD samples with ZnO and ZnO : BPPB
interlayers is shown in Table S2.1 From the interface quenching
analysis and film PLQY analysis, the PLQY improvement is
around 20%. The overall enhanced device efficiency is 2.57
times. Therefore, the efficiency improvement by blocking
interface quenching is a minor factor for the total enhance-
ment. Based on this, we conclude that the charge balance is
a major factor for the enhancement of device efficiency. Finally,
the operational lifetime of inverted red devices without and
with the ZnO : BPPB (15 wt%) interlayer was analysed as shown
in Fig. 6. The device with the ZnO : BPPB (15 wt%) interlayer
shows a half lifetime (T,) of ~595 hours at an initial luminance
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Fig. 6 Lifetime of devices without and with the ZnO : BPPB (15 wt%)
interlayer.

of 1000 cd m 2. The device lifetime can be calculated as L,"Ts,
= constant, where L, is the initial luminance, n is the acceler-
ation factor and T, is the half lifetime. In the literature for
inverted QLED devices, the acceleration factor (n) of the device
lifetime is near to ~1.8.*"***” The half lifetime (75,) of the
ZnO : BPPB (15 wt%) interlayer device, at an initial luminance
of 100 ¢d m™? is calculated to be ~37542 hours. The
enhancement in device efficiency contributes to improvement
of the device lifetime. Generally, in the QLED device, charge
imbalance leads to QD charging, non-radiative auger recombi-
nation and joule heating which degrades the device stability.***°
Using ZnO : BPPB as an interlayer improves the charge balance
in the QLED device which results in significant improvement of
device efficiency. As shown by the results, excellent device life-
time was achieved by reducing QD charging and non-radiative
auger recombination. In addition, reduced interfacial quench-
ing may contribute as a minor factor for the lifetime enhance-
ment. In conclusion, the improvement in efficiency and lifetime
is achieved by matching the charge balance and suppressing the
interfacial exciton quenching of InP-QDs.

Experimental
InP-QD and sol-gel ZnO ETL preparation

InP/ZnSe/ZnS, core/shell/shell type QDs were prepared accord-
ing to the previously reported approach shown in our previous
work.*® To prepare the sol-gel ZnO precursor solution, we dis-
solved 0.5 M zinc acetate dihydrate and monoethanolamine in
2-methoxyethanol. The solution was stirred for 3 hours at 60 °C.

QLED fabrication

The ITO substrates were cleaned using acetone and isopropyl
alcohol in an ultrasonic bath for 10 min and washed with
deionized water. On ITO substrates, sol-gel ZnO was spin-coated
at 3000 rpm for 60 s and annealed for 60 min at 150 °C. The BPPB
SM ETL blended ZnO was prepared by adding different weight
ratios of BPPB into ZnO in a mixed solvent of 2-methoxyethanol
and chlorobenzene (1 : 2 vol) and stirred for 2 hours at 60 °C. To
get the same desired thickness of ZnO : BPPB with different

© 2022 The Author(s). Published by the Royal Society of Chemistry
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doping concentrations, spin-coating rpm was varied. Then the
prepared solution of ZnO : BPPB (10 wt%), (15 wt%), and (20
wt%) was spin-coated on the sol-gel ZnO film at 3000, 3500, and
4000 rpm for 60 s and annealed at 150 °C for 30 min. The
thickness of the interlayer is around ~15 nm, respectively. The
total thickness of the ETL is kept constant at around 60 nm.
Afterward, red InP/ZnSe/ZnS QDs with a concentration of 8 mg
ml " in octane were spin-coated at 3000 rpm for 30 s. DBTA (10
nm) and PCBBIF (33 nm) as HTLs and HATCN (7 nm) as the HIL
were thermally evaporated at a rate of 0.3-0.5 A° s~ *. The Al (100
nm) anode was thermally evaporated under a pressure of 6 X
108 Torr. The emitting area was 2 x 2 mm?.

Characterization

The QLED device characteristics, J-V and L-V, were measured
using a Konica Minolta CS-100A with luminance and color
meters. The electroluminescence (EL) spectra, efficiency and
Commission Internationale de l'Eclairage (CIE) 1931 color
coordinates were obtained with a spectroradiometer (Konica
Minolta CS-2000A). The TRPL measurements were performed
with a Quantaurus-Tau fluorescence lifetime measurement
system (C11367-03, Hamamatsu Photonics Co.). A UV-Visible
spectrophotometer (JASCO, S-4100) was used to measure
absorbance. By using a spectroscopic ellipsometer (HORIBA),
all the film thicknesses were measured.

Conclusions

We report a simple and efficient strategy by modulating the
electron transport in inverted red cadmium-free QLED devices
using organic and inorganic hybrid interlayers. By insertion of
a thin interlayer, the electron mobility of the ZnO ETL reduces
and charge balance in the QLED device is enhanced. The
organic and inorganic hybrid interlayer not only delays the
electron flow to match charge balance in the EML but also
suppresses the interfacial exciton quenching between the ZnO
layer and QD EML. The device with the ZnO : BPPB (15 wt%)
interlayer shows 16.7% EQE. In addition, the device shows
a half lifetime (Ts,) of ~595 hours at 1000 cd m™ . We believe
that the organic and inorganic hybrid interlayer approach is an
easy method to attain high-performance QLEDs.
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