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In blue quantum dot light emitting diodes (QLEDs), electron injection is insufficient, which would degrade device
efficiency and stability. Herein, we employ chlorine passivated ZnO nanoparticles as electron transport layer to facilitate
electron injection into QDs effectively. Moreover, it suppresses exciton quenching at the QD/ZnO interface by blocking
charge transfer channel. As a result, the maximum external quantum efficiency of blue QLED was increased from 2.55%
to 4.60%, and the operation lifetime of blue QLED was nearly 4 times longer than that of the control device. Our work
indicates that election injection plays an important role in blue QLED efficiency and stability.
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Colloidal quantum dots have been demonstrated a
promising luminescent material in light emitting diodes due to
their unique merits, such as sized controlled emission wave-
length, narrow emission linewidth, high quantum yield and
solution-processability. As a result, quantum dot light emit-
ting diodes (QLEDs) featuring wide color gamut, low power
consumption and flexible display are becoming a strong can-
didate for the next generation display technology.!!'~1% Recent
advances in red and green QLEDs indicate their fast devel-
opment in electroluminescence (EL) efficiency and operation
lifetime, for instance, the external quantum efficiency (EQE)
of red and green QLED has reached 30.9% and 22.9%,!'1:1]
respectively. Moreover, the operation lifetime 75 of red and
green QLEDs has surpassed a million hours at 100 cd/m?
initial luminance.!!!"!3] These advancements have accelerated
However, the EL effi-
ciency and operation lifetime of blue QLEDs are still far from

the commercialization of QLEDs.

satisfaction,'41%] especially, the operation lifetime is just over
10000 hours (759 @100 cd/m?).t1415]

QLEDs usually consist of hole injection layer, hole
transport layer (HTL), QD emission layer, electron transport
layer (ETL) and two electrodes.?”! To fabricate a high ef-

DOI: 10.1088/1674-1056/ac22a3

ficiency QLED, these functional layers should be carefully
chosen to match the QD layer, ZnO nanoparticles are com-
monly employed as electron transport layer for their matched
conduction band minimum (CBM) and high electron mo-
bility (1073 ecm?-V~1.s71),31 it can easily inject electrons
into CdS or ZnSe shelled red QDs according to previous
report.[$10:11.131 Byt for blue QDs, ZnS shell is widely em-

[6,21,22

ployed to ensure efficient exciton confinement. I Never-

theless, ZnS shell enlarges the energy barrier between QDs
and ZnO, making electron injection difficult in blue QDs. >3
Insufficient electron injection would degrade the EL perfor-
mance and stability in blue QLEDs,!'82*27] for example,
Chen et al. compared the red and blue QLED degradation pro-
cesses, and concluded that red QLED degradation was orig-
inated from oxidized HTL molecules, while charge transfer
across the QD/ZnO junction and charge accumulation in the
ETL were responsible for blue QLEDs degradation.!”’! To
solve this problem, Zhong et al. employed a PEI buffer layer
below ZnO nanoparticle layer to increase the CBM of ZnO
from 4.0 eV to 3.85 eV, which reduced electron accumulation
at the QD/ZnO interface. As a result, the maximum EQE was
increased from from 3.5% to 5.5%.!%>! In our previous work,
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an ultrathin LiF interfacial layer was added between QDs and
ZnO layer to facilitates electron injection into QDs through
electron tunneling. Consequently, our blue QLED showed im-
proved EL performance and stability compared to the control
device.[18]

Exciton quenching at the QD/ZnO interface is another
problem while using ZnO as ETL in QLEDs. It is resulted
from charge transfer at the QD/ZnO interface, or defects in-
duced non-radiative recombination,!328! which would lower
the EL efficiency of QLED. Several methods were suggested
to suppress exciton quenching at the QDs/ZnO interface, such
as adding insulating polymer material (PEI, PMMA),®17-2]
metal oxide (Al,03)P% or doping strategy (PVP).3!) How-
ever, these methods tend to block charge injection and trans-

port, i.e., having a trade-off between EL efficiency and lumi-
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nance. Herein, we shall discuss the electron injection and its
impact to the blue QLED performance. CI doped ZnO or Zn-
MgO nanoparticles were employed as electron transport layer
in QLED to improve its luminance and EL efficiency accord-
ing to previous report, 3234 but they tend to synthesize it col-
loidally. In this work, we employ Cl to passivate ZnO nanopar-
ticle layer to modify the ZnO/QD interface. Cl passivated ZnO
nanoparticle layer facilitates electron injection into QDs ef-
fectively. Moreover, it suppresses exciton quenching at the
QD/ZnO interface through blocking charge transfer channel.
Consequently, the maximum EQE of our blue QLED was in-
creased from 2.55% to 4.60%, and the operation lifetime of
blue QLED was improved nearly 4 times compared to the con-
trol device. Especially, the luminance and EL efficiency were
improved simultaneously without a trade-off.
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Fig. 1. (a) Schematic diagram of ZnO—Cl film formation process, (b) XPS spectra of ZnO-ClI film on N 1s, CI 2p, (c) PL spectra of ZnO and

ZnO-Cl films, (d) AFM characteristics of ZnO and ZnO-Cl films.

In our experiment, NH4Cl solution was spin coated on
ZnO nanoparticle film, following post annealing to form a
chlorine passivated ZnO (ZnO—Cl) film (Fig. 1(a)). In the XPS
spectrum (Fig. 1(b)), there is an obvious peak at 198.8 eV in

ZnO-Cl Cl 2p spectrum, but for N Is spectrum, only back-
ground signal was observed, indicating that only chlorine was
left in the ZnO-Cl film.!3! PL spectra of ZnO and ZnO—Cl
films are shown in Fig. 1(c). Apart from a 390 nm peak, a
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green-yellow band was also observed. The most widely rec-
ognized opinion is that the green-yellow band originates from
the defect energy levels generated by oxygen vacancies. >3]
Compared to untreated ZnO film, the PL intensity of the green-
yellow band of the ZnO-Cl film was significantly decreased,
which implied that oxygen vacancies density was reduced af-
ter NH4Cl deposition. The surface morphologies of ZnO and
ZnO—-Cl films were determined by AFM characterization. As
shown in Fig. 1(d), the root-mean-square (RMS) roughness of
Zn0O and ZnO-Cl films is 1.06 nm and 1.09 nm, respectively,
suggesting that there is little effect on film morphology after
NH4Cl treatment.

The energy band of ZnO and ZnO-Cl films was deter-
mined by UPS characterization. The valence band maximum
(VBM) is calculated using the following equation: VBM =
Ein — (Ecutott — Eonset), Where Ej, is the incident photon en-
ergy (21.2 eV), Ecyofr 1S the high binding energy (Fig. 2(a)),
and Egnet is the onset energy in the valence-band region
(Fig. 2(b)). According to UPS spectrum in Fig. 2(a), the
VBM of ZnO and ZnO-Cl was calculated to be 7.68 eV and
7.49 eV, respectively. Combining with the absorption spec-
trum, the bandgap of ZnO and ZnO—Cl films was estimated to
be 3.47 eV (Figs. 2(c) and 2(d)). Therefore, the CBM of ZnO
and ZnO-Cl was calculated to be 4.21 eV and 4.02 eV, respec-
tively. The upshifted CBM of ZnO-Cl film reduced electron
injection barriers (0.19 eV), which would facilitate electron in-
jection into QDs and reduce electron accumulation at QD/ETL
interface.
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Fig. 2. UPS spectra of (a) secondary-electron cutoff and (b) valence-
band edge regions of ZnO and ZnO-Cl films, (ohv)>~hv plots con-
verted from the absorption spectra of (¢) ZnO and (d) ZnO-Cl films.

The fabricated inverted blue QLEDs have the struc-
ture of ITO/ZnO or ZnO-Cl/CdSe@ZnS QDs/TCTA/NPB/
HATCN/AI, where ZnO and ZnO-Cl act as electron trans-
port layer, QDs act as emission layer, organic small molecule
materials TCTA (4, 4/, 4”-tris(carbazol-9-yl) tripheny-
lamine), NPB (N,N’-di(naphthalene-1-yl)-N,N’-bis(phenyl)-
HATCN (dipyrazino[2,3-f:2’,3’-h]quinoxaline-
2,3,6,7,10,11-hexacarbonitrile) act as hole transport layer and

benzidine),

hole injection layer. The energy level of each functional layer
is shown in Fig. 3(a), and the EL peak is located at 475 nm, as
shown in Fig. 3(b).
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Fig. 3. (a) Schematic energy level of QLED, (b) EL spectrum of blue QLED, (c) current density—luminance—voltage (J-L-V') characteristics

and (d) EQE—current density characteristics of QLED.
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Fig. 4. (a) Current density—voltage characteristics of electron-only device with the structure of ITO/ZnO or ZnO-Cl/QDs/TPBi/Al. (b) Capacitance—
voltage characteristics of ZnO and ZnO—Cl1 device, (c) PL and (d) TRPL spectrum of the samples: QDs, QDs/ZnO—Cl, QDs/ZnO, (e) illustration of
hole transfer between QDs and ZnO or ZnO—Cl film. (f) Operation lifetime characteristics of ZnO and ZnO-Cl devices.

Figures 3(c) and 3(d) show current density—luminance—
voltage (/J-L-V) and EQE—current density characteristics, re-
spectively. In the J-L-V characteristics, the current density
at 6 V of ZnO device is 83.17 mA/cm?, while it increases to
101.30 mA/cm? in ZnO—Cl device. Besides, the luminance of
7Zn0O-Cl device is 3697 cd/m? at 6 V, compared to 1449 cd/m?
of ZnO device. As a result, the max EQE of ZnO-Cl device
reaches 4.60%, which is 80% higher than that of ZnO device
(2.55%). In addition, red and green QLEDs based on ZnO and
ZnO—-Cl1 ETL exhibit similar performances, which are shown
in Figs. S4 and S5. Our result shows that luminance and EQE
were simultaneously improved when we employed ZnO-Cl as
electron transport layer.

The enhancement of efficiency is likely due to the im-
proved electron injection. On one hand, surface trap in ZnO
would capture free electron from cathode and reduce efficient
electron transport.37 After CI passivation, the trap density of
ZnO was reduced, hence improving electron transport. On
the other hand, the CBM of ZnO-Cl film is upshifted by
0.19 eV, which reduced the electron injection barrier and facil-
itated electron injection into QDs effectively. To support our
arguments, we fabricated electron-only device with the fol-
lowing structure: ITO/ZnO or ZnO-Cl/ QDs/TPBi/Al, where
TPBi was employed to block holes. In the J-V characteristics
(Fig. 4(a)) of the electron-only device, the current density of
ZnO-Cl electron-only device is roughly 2 times of that of ZnO
electron-only device, indicating that Cl passivation improved
electron injection into QDs.

To further study the effect of Cl passivation on electron
injection, we analyzed the capacitance—voltage (C—V) charac-
teristics of ZnO and ZnO-Cl devices. The capacitance kept

constant (geometric capacitance) under lower voltage, indicat-
ing no charge was injected into the device, then it increased
after transition voltage (V}), indicating electron was injected
into QD layer. At the peak voltage (V;), the capacitance began
to drop due to electron-hole recombination that depleted the
carriers.['838] As shown in Fig. 4(b), the shape of C-V curve
of ZnO-Cl device is similar to that of ZnO device, but V; and
V, appear differently for these two devices. Transition voltage
V) for ZnO—Cl device is 1.9 V, which is 0.2 V lower than that
of the ZnO device, suggesting electron is easier to be injected
into QDs layer with Cl passivation. In addition, the peak volt-
age of ZnO-Cl was decreased to 3.0 V, which is 0.3 V lowered
than that of the ZnO device, indicating that electron—hole re-
combination happens at a lower voltage. This result also im-
plies that electron is easier to be injected into QDs with Cl
passivation.

The improved efficiency and luminance were also at-
tributed to suppressed exciton quenching at the QD/ZnO in-
terface, Figures 4(c) and 4(d) show PL and time resolved
photoluminescence (TRPL) characteristics for glass/QDs,
glass/Zn0O/QDs and glass/ZnO-Cl/QDs samples. When QDs
layer was in touch with ZnO nanoparticles layer, PL inten-
sity decreased dramatically, due to hole transfer between QDs
and ZnO.°! However, the PL intensity was recovered after
Cl passivation, because less trap density in ZnO—Cl film par-
tially blocked the hole transfer channel, as shown in Fig. 4(e).
Besides, ZnO-Cl film with higher CBM can suppress electron
transfer between QDs and ETL partly. Therefore, Cl passiva-
tion of ZnO effectively suppressed exciton quenching at the
QD/ZnO interface. In TRPL characteristics, exciton lifetimes
of the three samples were estimated from the double expo-
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nential decay analysis. As shown in Table 1, the exciton life-
time of QDs layer was 4.74 ns, but it decreased to 2.38 ns
for QD/ZnO sample, which imply severe exciton quenching.
After Cl passivation, the exciton lifetime was recovered to
3.00 ns, indicating that exciton quenching at QDs/ZnO inter-
face was suppressed via Cl passivation. Therefore, the lu-
minance and EL efficiency of ZnO—Cl device were both in-
creased compared to those of ZnO device.

Table 1. The parameters of exciton lifetime measured by TRPL with
the structures of QD, QD/ZnO-Cl, and QD/ZnO.

structure 71 (ns)/A1 (%) Ty (ns)/As (%) 7 (ns)
QD 4.25/84 7.29/16 4.74
QD/ZnO-C1 1.78/41 3.81/59 3.00
QD/ZnO 1.45/57 3.61/43 2.38

Apart from the enhanced EL performance, the operation
lifetime was also improved with Cl passivation. Figure 4(f)
shows the luminance degradation of ZnO—Cl and ZnO devices
at the initial luminance of 1000 cd/m?2, T50 of ZnO device is
only 0.2 h, while it increased to 1.02 h for ZnO-CI device,
which is nearly 4 times longer than that of the ZnO device.
Efficient electron injection and suppressed exciton quenching
should account for the enhanced stability. Especially, the lumi-
nance of ZnO device drops continuously with constant current
aging. But for ZnO-Cl device, the luminance increases at the
beginning (about 0.08 h), and then drops continuously, show-
ing regular positive aging under electrical field.[*"! Neverthe-
less, the operation lifetime of our blue QLEDs is still short,
further improvement is needed.

Insufficient electron injection is one of main issues limit-
ing the efficiency and stability of blue QLEDs. In this work,
we employed ZnO-Cl as electron transport layer to facilitate
electron injection into QDs effectively. In addition, Cl pas-
sivation reduces the trap density in the ZnO film, improving
electron transport capacity and suppressing exciton quench-
ing. Consequently, the brightness and maximum EQE of blue
QLEDs were simultaneously improved. More importantly,
the operation lifetime of blue QLEDs with CI passivated ZnO
layer was nearly 4 times longer than that of the control device.
Our work indicates that Cl passivation is an effective method
to improve blue QLEDs efficiency and stability.
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