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the electron transport in quantum
dot light-emitting diodes by codoping ZnO with
gallium (Ga) and magnesium (Mg)†

Hong Hee Kim,‡ab David O. Kumi,‡c Kiwoong Kim,d Donghee Park,a Yeonjin Yi,d

So Hye Cho, e Cheolmin Park, b O. M. Ntwaeaborwa*c and Won Kook Choi *a

In our study, to optimize the electron–hole balance through controlling the electron transport layer (ETL) in

the QD-LEDs, four materials (ZnO, ZnGaO, ZnMgO, and ZnGaMgO NPs) were synthesized and applied to

the QD-LEDs as ETLs. By doping ZnO NPs with Ga, the electrons easily inject due to the increased Fermi

level of ZnO NPs, and as Mg is further doped, the valence band maximum (VBM) of ZnO NPs deepens

and blocks the holes more efficiently. Also, at the interface of QD/ETLs, Mg reduces non-radiative

recombination by reducing oxygen vacancy defects on the surface of ZnO NPs. As a result, the

maximum luminance (Lmax) and maximum luminance efficiency (LEmax) of QD-LEDs based on ZnGaMgO

NPs reached 43 440 cd m�2 and 15.4 cd A�1. These results increased by 34%, 10% and 27% for the Lmax

and 450%, 88%, and 208% for the LEmax when compared with ZnO, ZnGaO, and ZnMgO NPs as ETLs.
Introduction

Excellent properties of colloidal quantum dots (QDs) such as
accurate color saturation, easy tunable wavelength, high pho-
toluminescence (PL) efficiency, and good stability have steadily
led to a wide range of studies of QD-based light emitting diodes
(LEDs) as a prominent candidate for next-generation displays.1–3

The performance of QD-LEDs strongly depends on the device's
electron–hole balance, which promotes the utilization of inor-
ganic materials for the electron transport layer (ETL) to mini-
mize the asymmetry of the electron–hole balance.4–6

The ETL of ZnO nanoparticles (NPs) was suggested in
preceding studies because of their excellent electron mobility,
proper energy band gap, ease of production using simple
synthesis methods and ease of deposition. Properties of QD-
LEDs with a ZnO NPs ETL are limited by intrinsic defects
such as Zn interstitial (Zni) and/or oxygen vacancy (VO), and low
valence energy level although enhancement was reported in
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previous studies.9 The defects easily quench excitons at the ZnO
NPs/QDs interface because the charge transfer between the
interfaces is disturbed and non-radiative recombination takes
place.7,8 The low valence energy level of un-doped ZnO restrains
the performance of QD-based LEDs due to lack of sufficient hole
blocking at the deep valence energy level of QDs.9

To address this problem, Yang et al.10 proposed doping ZnO
NPs with an inorganic II-element, Mg, which effectively
improved the charge balance and inhibited exciton quenching
of the QD-LEDs. The conduction band minimum (CBM) energy
levels of Mg-doped ZnO NPs was systematically closer to the
vacuum level with increasing Mg content.6 Ga also attenuated
the charge transfer at the interface between Ga-doped ZnO NPs/
QDs because the Fermi level of ZnO NPs was increased by the
(increment of) Ga dopants.5 However, these studies were also
not sufficient to promote charge transfer in QD-LEDs, indi-
cating that a single dopant is not effective.

Herein, we propose multiple dopants to optimize the elec-
tron–hole balance through controlling ETL in the QD-LEDs. Ga–
Mg-codoped ZnO NPs were synthesized and applied to QD-LEDs
in comparison with ZnO-, ZnGaO (ZGO)-, and ZnMgO (ZMO)-
based QD-LEDs. Fundamental properties of ZnGaMgO
(ZGMO) based QD-LEDs were studied to optimize the charge
balance, followed by the discussion about roles of each doping
elements in terms of the band theory. When Ga is doped into
ZnO NPs, the Fermi level of ZnO increases, thereby making the
injection of electrons easier. In addition, Mg codoping deepens
the valence band maximum (VBM) and block hole migration
more efficiently. As a consequence, by codoping Ga and Mg
elements (10% Ga and 3% Mg) into ZnO NPs to optimize the
charge balance of the QD-LEDs. The performance of QD-LEDs
This journal is © The Royal Society of Chemistry 2019
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with ETL consisting of ZGMO NPs indicated a maximum
luminance (Lmax) of 43 440 cd m�2 at 7 V and a maximum
luminance efficiency (LEmax) of 15.4 cd A�1 at 4.5 V. In addition,
when applying ZnO, ZGO, and ZMO as ETL to QD-LEDs, the Lmax

was 32 480 (@ 7 V), 39 630 (@ 7 V), and 34 090 (@ 7 V) cd m�2,
respectively, and the max. LE was respectively 2.8 (@ 4.5 V), 8.2
(@ 5 V), and 5.0 (@ 5.5 V) cd A�1. When these results comparing
these results with the results of ZGMO as ETL, the Lmax is
increased by 34%, 10%, and 27%, respectively, while LEmax is
increased by 450%, 88% and 208%, respectively.
Experimental procedure
Chemicals

Zinc acetate (Zn(CH3COO)2), magnesium acetate tetrahydrate
(Mg(CH3COO)2$4H2O), gallium(III) triacetate (Ga(CH3COO)3),
dimethyl sulfoxide (DMSO), and tetramethylammonium
hydroxide (TMAH) were purchased from Sigma-Aldrich.
Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS, AI 4083) was purchased from Heraeus. Poly(N,N0-
bis(4-butylphenyl)-N,N0-bis(phenyl)benzidine) (poly-TPD) was
purchased from American Dye Source (ADS), Inc. Alloyed CdSe/
ZnS QDs (Green QDs) were purchased from ZEUS Ltd.
Synthesis of ZnO, ZnGaO, ZnMgO, and ZnGaMgO NPs

ZnO NPs were synthesized using the precipitation-solution
method as reported in our previous work.11 TMAH (0.9062 g)
was completely dissolved in 10 ml of ethanol at room temper-
ature. Then, the solution was slowly injected into a 30 ml DMSO
dissolved in zinc acetate (0.5503 g) for 1 h with a magnetic
stirrer. Finally, the resultant ZnO NPs were washed with acetone
and dispersed in ethanol (�30 mg ml�1). The above procedure
was repeated for the synthesis of ZnGaO (gallium(III) triacetate,
0.1 mmol), ZnMgO (magnesium acetate tetrahydrate, 0.13
mmol), and ZnGaMgO (gallium(III) triacetate, 0.1 mmol and
magnesium acetate tetrahydrate, 0.04 mmol) using the appro-
priate stoichiometry.
Fig. 1 (a) XRD patterns of ZnO, ZnGaO, ZnMgO, and ZnGaMgO. (b),
(c), and (d) TEM images of ZnGaO, ZnMgO, and ZnGaMgO, respec-
tively. The insets in (b, c, and d) show the HRTEM images and crystal
lattice planes with d-spacing.
Fabrication of QD-LEDs device

QD-LED devices were fabricated on patterned indium-tin-oxide
(ITO) glass substrates. The substrates were ultrasonic-cleaned
using acetone, ethanol, and deionized water for 15 min and
then treated with ultraviolet (UV)–ozone for 15 min. PEDOT:PSS
was spin-coated on the ITO glass substrates at 4000 rpm for 40 s
and baked at 130 �C for 30 min. The ITO glass substrates were
transferred to a nitrogen glove box where the remaining fabri-
cation steps were carried out. Poly-TPD was spin-coated on top
of PEDOT:PSS layer at 5000 rpm for 40 s and annealed at 130 �C
for 30 min, followed by spin-coating of Green QD layer on the
top of it and subsequent annealing at 90 �C for 30 min. ETL of
ZnO, ZGO, ZMO, ZGMO NPs were deposited on the Green QD
layer using spin-coating technique at 3000 rpm for 40 s and
baked at 140 �C for 30 min. Finally, an Al cathode lm (120 nm)
was deposited by thermal evaporation through a patterned
shadow mask.
This journal is © The Royal Society of Chemistry 2019
Fabrication of QD-LEDs device

Synthesized ZnO, ZnGO, ZMO, and ZGMO were analysed
using the following characterization techniques: the physical
properties (structure and particle morphology) were
measured with XRD (RIGAKU D/Max 2500, Cu Ka, l ¼ 0.154
nm) and TEM (TITAN (TM80-300)). The optical properties
were measured with a PerkinElmer Lambda 750 UV/VIS/NIR
spectrometer and Jasco FP-8500 Spectrouorometer. The
surface chemical composition and binding energy of the
constitutional elements were examined by the X-ray Photo-
electron Spectroscopy (XPS) (ULVAC PHI 5000 Versa Probe
system, Al Ka, hv ¼ 1486.6 eV). The Fermi level and work
function of the ZnO NPs were determined utilizing ultraviolet
photoelectron spectroscopy (UPS) (ULVAC PHI 5000 Versa
Probe, helium discharge lamp, hn ¼ 21.22 eV). The current–
voltage–luminance characteristics of the devices were
measured with a Spectra Scan PR-670 spectroradiometer and
a Keithley-2400 source-measure unit.

Results and discussion

QD-LEDs with various concentrations were fabricated to control
the energy level of ETL in the QD-LEDs. XPS results in Table 1
(see the ESI†) conrmed the relative atomic ratio between the
elements of each specimen: ZnO, Zn0.88Ga0.12O, Zn0.86Mg0.14O,
and Zn0.87Ga0.1Mg0.03O, indicating that Ga and/or Mg were
successfully incorporated into ZnO NPs. The XRD results of
ZnO, ZGO, ZMO, and ZGMO NPs in Fig. 1(a) clearly showed
peaks of a wurtzite hexagonal ZnO structure: (100), (002), (101),
(102), (110), (103), and (112), ruling out the formation of phase-
RSC Adv., 2019, 9, 32066–32071 | 32067
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separated corundum type Ga2O3 and cubic MgO. All the other
observed XRD peaks were weak and broad with increasing
doping ratio of Ga and/or Mg, suggesting that the particle sizes
of ZGO and ZMO, and ZGMONPs are smaller than those of ZnO.
The XRD peak broadening is therefore the result of the nano-
size effect.12 Fig. 1(b)–(d) show characteristic transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
images of ZnO, ZnGaO, ZnMgO, and ZnGaMgO NPs. As shown
in the insets, the inter-planar spacings of 0.25 nm and 0.27 nm
of crystal lattice fringes correspond to (100) lattice plane of ZnO
NPs,13 which is inconsistent with any inter-planar spacing of
Ga2O3 or MgO (slightly different to each other. Additional
information is available in Fig. S1, ESI†). Since the radii of Ga3+

(0.62 �A) and Mg2+ (0.74 �A) are similar to that of Zn2+ (0.72 �A),14

Ga and Mg doping results in the formation of substitutional
solid reaction without appreciable strain and thus only slightly
increase and decrease of inter-planar spacing, respectively. This
is consistent with the previous observation that the covalent
bond length of Ga–O (1.92�A) is more slightly shorter and that of
Mg–O (2.06�A) is more slightly longer than that of Zn–O (1.97�A).
However, the reason for this is not clear yet and further inves-
tigation is necessary. Fig. 2 shows XPS spectra of ZnO, ZGO,
ZMO, and ZGMO NPs that also conrm the presence of Zn, Ga,
and Mg elements in the NPs. Fig. 2(b) presents the high-
resolution Zn 2p XPS spectra of each phase. As for ZnO NPs,
the two peaks measured at 1044.41 eV and 1021.32 eV are
attributed to the spin–orbit splitting (DESO ¼ 23.09 eV) of Zn
2p1/2 and Zn 2p3/2 core levels, respectively. Zn 2p1/2 and Zn 2p3/2
peaks of ZGO, ZMO, and ZGMO NPs are 1044.46 eV, 1044.62 eV,
1045.01 eV and 1021.38 eV, 1021.51 eV, and 1021.93 eV,
respectively and their DESO's are almost the same. The observed
Zn 2p peak shied toward slightly higher binding energies of
doped ZnO NPs and this is believed to be a result of the
Fig. 2 XPS spectra of ZnO, ZnGaO, ZnMgO, and ZnGaMgO (a) full
range XPS spectra (b) XPS spectra of Zn 2p core-level, (c) Ga 2p core-
level, and (d) Mg 1s core-level.

32068 | RSC Adv., 2019, 9, 32066–32071
replacement of Zn2+ by Ga3+ and/or Mg2+.15,16 The known elec-
tronegativity values of Mg, Zn, Ga, and O atoms are 1.35, 1.65,
1.81, and 3.44, respectively. In the case of ZMO NPs, even
though relative difference of electronegativity between Zn and O
(3.44–1.65) is smaller than that between Mg and O (3.44–1.35),
the relaxation of Mg–O bonding distance up to 2.06 �A longer
than Zn–O (1.97 �A) in Zn–O–Mg makes Zn less electronegative
than Zn in Zn–O–Zn. This clearly conrms the shiing of the Zn
2p XPS peak toward higher binding energy. On the contrary,
relative difference of electronegativity between Zn and O (3.44–
1.65) is larger than that between Ga and O (3.44–1.81), but the
contraction of Ga–O bonding down to 1.92 A shorter than Zn–O
(1.97 A) in Zn–O–Ga also makes Zn less electronegative than Zn
in Zn–O–Zn, which further explains the shiing of the Zn 2p to
higher energy values. In other words, it can be said that the
shiing of the Zn 2p peak is partly effected by the formation of
Zn–O–Ga and/or Zn–O–Mg bonds.17,18 Fig. 2(c) and (d) show the
high-resolution Ga 2p and Mg 1s XPS spectra of ZGO, ZMO, and
ZGMO NPs. The Ga 2p peaks of ZGO NPs detected at 1144.37 eV
and 1117.42 eV are due to the spin–orbit splitting (DESO ¼ 26.95
eV) of Ga 2p1/2 and Ga 2p3/2 core levels, respectively. A Ga 2p
peak shis to slightly higher binding energy in ZGMO NPs and
this was presumably due to Mg2+ substitution in Zn–O–Ga–O–
Mg bonds where longer distance of Mg–O than Zn–O in ZGMO
makes Ga less electronegative than Ga in ZnGaO. However, no
remarkable shi of Mg 1 s peak was observed between ZMO and
ZGMO. As shown in Fig. 3, the O 1s peak for ZnO NPs was
resolved into three OI (529.6 eV), OII (530.7 eV), and OIII (531.8
eV) subpeaks corresponding to O2

� ions on the wurtzite struc-
ture of the Zn2+ ion array Zn–O, oxygen vacancy, and surface
oxygen like –OH respectively.9,19,20 Relative OII ratio decreases by
37.26%, 11.46%, 14.5%, and 3.03% in ZnO, ZMO, ZGO, and
ZGMO NPs respectively, which indicates the reduction of
Fig. 3 O 1s core level XPS spectra of (a) ZnO, (b) ZnGaO, (c) ZnMgO,
and (d) ZnGaMgO NPs.

This journal is © The Royal Society of Chemistry 2019
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oxygen vacancy defects participating in non-radiative recombi-
nation at the interface of ODs/ETLs. Upon Ga and/or Mg
doping, a slight shi toward higher O 1s binding energies of
529.7 eV for ZGO and ZMO, and 530.1 eV for ZGMO can be
ascribed to the added contribution from Zn–O–Mg (530.2 eV)
and Mg–O (530.5–530.8 eV) bonds.21,22 In Fig. 4(a), the normal-
ized absorbance spectra in UV and visible light region of ZGO,
ZMO, and ZGMO NPs are distinctive from ZnO NPs. According
to the results obtained, the optical band gaps were calculated to
be approximately 3.50 eV, 3.58 eV, 3.75 eV, and 3.61 eV in ZnO,
ZGO, ZMO, and ZGMO NPs, respectively. The band gaps of all
doped NPs increases compared to that of un-doped ZnO NPs
whereas the band gap of ZMO NPs is the highest, conrming
that impurity doping in ZnO NPs results in a blue shi. When
Ga and Mg are co-doped in ZnO NPs, the band gap value ob-
tained is between the band gap values of ZGO and ZMO NPs.
Fig. 4(b) shows the UPS spectra of the valence band edge and
secondary electron cut-off regions of ZnO, ZGO, ZMO, and
ZGMO NPs lms. The work functions (WFs) are calculated from
the difference between the incident photon energy (hv ¼ 21.22
eV) and the high binding energy cut-off (Eoff). The WFs were
approximately measured to be 3.08 eV, 3.60 eV, 3.59 eV, and
3.51 eV, respectively, indicating that WFs in our specimens are
much lower than that of typical ZnO lms, �5.2 eV.23,24 This
demonstrates that the Fermi levels are higher than the
conduction band minimum (CBM) energy as high as 0.13–
0.38 eV and conrms that electronic energy levels are degen-
erate. The widening of the bandgap in the degenerated semi-
conductor has been observed and well explained by the
Fig. 4 (a) Normalized UV-Vis absorption spectra of ZnO, ZnGaO,
ZnMgO, ZnGaMgO NPs depending on the ratio of each element,
respectively. (b) The valence band edge regions and the secondary
electron cut-off region via UPS spectra, and (c) corresponding elec-
tronic energy level diagrams.

This journal is © The Royal Society of Chemistry 2019
Burstein–Moss (BM) shi equation.25 The donor concentration
(ND) of four materials calculated using the BM shi eqn (1) are:
1.76 � 1019 cm�3, 4.99 � 1019 cm�3, 1.17 � 1020 cm�3 and 8.83
� 1019 cm�3 (see the BM shi eqn (1), ESI†). An increase/
decrease of ND with different doping ratios are attributed to
intrinsic defects (oxygen vacancy or Zn interstitial) or impurity
defects (Ga and/or Mg elements) varied from un-doped ZnO
NPs. The valence bandmaximum's (VBMs) for each material are
approximately estimated as 6.71 eV, 7.44 eV, 7.80 eV, and
7.50 eV from the vacuum level. Fig. 4(c) shows the energy band
level alignments of four materials with different doping
conditions. The optical band gap analyzed in Fig. 4(a) is used to
determine the conduction band minimum (CBM). As
mentioned in the introduction, the VBM of ZnO NPs is similar
to that of green QDs so that ZnO NPs are not likely to act as hole
blocking layer (HBL). Furthermore, injection of electrons from
the Al cathode (4.3 eV) into the ETL is constrained since the
CBM of ZnO NPs is as low as 3.21 eV. The energy band level
alignments in Fig. 4(c) apparently present that when Ga and Mg
are doped into ZnO NPs an injection barrier for electrons
between CBM of ETL and Al becomes quite smaller as 0.25–
0.44 eV than 1.09 eV in ZnO ETL and the hole blocking barrier
between VBM of ETL and VBM of QDs also increases up to 0.94–
1.3 eV from 0.21 eV in ZnO ETL and thus effectively blocks holes
for charge balance mechanism. Thus, the suggestion in this
study could be conrmed to improve the charge recombination
efficiency in QD-LEDs. Fig. 5(a) shows a schematic of a fabri-
cated LED device with a typical structure of patterned ITO
(anode)/PEDOT:PSS as hole injection layer (HIL)/poly-TPD
(HTL)/green QDs as emissive layer (EML)/ZnO, ZGO, ZMO, or
ZGMO NPs (ETL or HBL)/Al (cathode). Fig. 5(b)–(e) show energy
band diagrams, current density–voltage, luminance, current
efficiency (cd A�1), and power efficiency (lm W�1) respectively,
of the QD-LEDs device based on ZnO, ZGO, ZMO, and ZGMO
NPs. From Fig. 5(b), three kinds of the energy offset (DG) can be
considered and are listed in Table 2.† First, an injection barrier
(DGIn ¼ CBMETL/Al) at the interface between ETLs and Al elec-
trode, caused by Schottky contact decreases from 1.09 eV for
ZnO to 0.25 eV for ZGMO. The larger DGIn, the more improved
charge balance and reduced non-radiative Auger recombina-
tion. Second, a conduction band offset (DGCBM) between the
CBM's of ETL and QDs. DGCBM is varied from 0.99 eV to 0.15 eV,
which is related to spontaneous electron transfer rate from QDs
to ETLs and efficiency. These results verify that the Ga and Mg
doping of the ZnO NP ETL helps to maintain the charge
neutrality of the QD emitters and to preserve their superior
emissive properties. Third, there isa valence band offset
(DGVBM) between the VBM's of ETLs and QDs. DGVBM increases
from 0.21 eV for ZnO to 1.30 for ZMO ETLs. The deeper DGVBM

will effectively conne hole in QDs and thus enhance the charge
recombination efficiency. The current density–voltage (J–V)
characteristics in Fig. 5(c) exhibit that the QD-LEDs with ZGO,
ZMO, and ZGMO NPs have a lower turn-on voltage of 4.0–4.5 V
than 5 V of ZnO and the lower current density. Moreover, when
dopants are added into ZnO NPs ETL in QD-LEDs luminance,
current efficiency, and power efficiency characteristics are more
improved compared with un-doped ZnO NPs. As shown in
RSC Adv., 2019, 9, 32066–32071 | 32069
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Fig. 5 (a) Schematic 3-dim device structure and (b) flat-band energy diagram of the QD-LEDs device based on ZnO, ZnGaO, ZnMgO, and
ZnGaMgO NPs. For QD-LEDs with four different ETLs, (c) current density versus voltage, (d) luminance versus voltage, and (e) current efficiency
and power efficiency versus voltage curves.

Fig. 6 (a) A schematic image of an electron-only QD-LEDs using
a ZnO, ZnGaO, ZnMgO, and ZnGaMgO NPs as ETLs and (b) their
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Fig. 5(d) and (e), the device with the ZGMONPs ETL displays the
maximum values of luminance of 43 440 cd m�2 at 7 V, current
efficiency of 15.4 cd A�1 at 4.5 V, and power efficiency of 10.3 lm
W�1, which increased by 34% (luminance), 450% (current effi-
ciency), and 470% (power efficiency) compared to those of the
device with the ZnO NPs ETL (32 480 cd m�2 at 7 V, 2.8 cd A�1,
4.5 V, and 1.8 lm W�1). In terms of luminance, current effi-
ciency, and power efficiency results, the barrier heights of
DGCBM ¼ 0.31 eV and DGCBM ¼ 1.0 eV in ZGMO are believed to
be the most optimum condition for charge neutrality of QDs for
a facilitative electron injection at interface of ETL/Al and an
effectively limited hole migration. The inset in Fig. 5(d) presents
an emission photographic image of QD-LEDs based on the
ZGMO NPs as ETL, acquired at a voltage of 6 V. To reduce non-
radiative recombination and increase the device efficiency, it is
critical to engineer the charge transport layers to achieve
balanced charge transport and low leakage currents.26–28 In
order to conrm the charge transfer effect of doped Ga and/or
Mg elements in ZnO NPs on electron-only devices, devices of
ITO/ETL (ZnO, ZGO, ZMO, and ZGMO NPs)/green QDS/ETL
(ZnO, ZGO, ZMO, and ZGMO NPs)/Al were fabricated as
shown in Fig. 6(a). As shown in Fig. 6(b) it is revealed that
current density decreases as Ga and Mg elements are incorpo-
rated and shows the lowest value in the QD-LEDs with ZGMO
ETLs. It is well known that the conductivity of ZnO depends on
the concentration of oxygen vacancies, because oxygen vacan-
cies can help improve the electron mobility.29,30 Therefore, these
results conrm that the incorporation of Ga, Mg dopants into
ZnO NP ETLs is an effective means of reducing non-radiative
32070 | RSC Adv., 2019, 9, 32066–32071
charge recombination and consequently, enhancing the effi-
ciency of QD-LED devices. This result indicates that the
conductivity of ZGMO is lower than that of the other ZGO and
ZMO ETL materials.
characteristic current density–voltage (J–V) curves.
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Conclusions

In conclusion, we have optimized electron–hole balance of QD-
LEDs by using Ga–Mg-codoped ZnO NPs as ETL. The Ga–Mg-
codoped ZnO NPs improved charge balance and reduced non-
radiative Auger recombination in QD-LEDs. In addition, the
performance of QD-LEDs is improved by minimizing the oxygen
vacancy of ZnO NPs and thus lowering leakage current. As
a results, the Lmax and LEmax of QD-LEDs based on ZGMO NPs
reach 43 440 cd m�2 and 15.4 cd A�1. These results are
increased by 34%, 10% and 27% for the Lmax and 450%, 88%,
and 208% for the LEmax when compared with ZnO, ZGO, and
ZMO NPs as ETL. It is therefore reasonable to conclude that Ga
and Mg co-doping of ZnO is more effecting in improving elec-
tron transport compared individual doping of Ga and Mg.
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