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ABSTRACT: Colloidal ZnO nanoparticle (NP) films are recognized as efficient electron transport layers (ETLs) for quantum dot light 
emitting diodes (QD-LEDs) with good stability and high efficiency. However, because of the inherently high work function of such 
films, spontaneous charge transfer occurs at the QD/ZnO interface in such a QD-LED, thus leading to reduced performance. Here, to 
improve the QD-LED performance, we prepared Ga-doped ZnO NPs with low work functions and tailored band structures via a 
room-temperature (RT) solution process without the use of bulky organic ligands. We found that the charge transfer at the interface 
between the CdSe/ZnS QDs and the doped ZnO NPs was significantly weakened because of the incorporated Ga dopants. Remarka-
bly, the as-assembled QD-LEDs with Ga doped ZnO NPs as the ETLs exhibited superior luminances of up to 44000 cd/m2 and effi-
ciencies of up to 15 cd/A, placing them among themost efficient red-light QD-LEDs ever reported. This discovery provides a new 
strategy for fabricating high-performance QD-LEDs by using RT-processed Ga-doped ZnO NPs as the ETLs, which could be general-
ized to improve the efficiency of other optoelectronic devices.  

In recent years, quantum dot light-emitting diodes (QD-LEDs) 
have received considerable attention in both academia and industry 
for their potential application in next-generation low-cost and high-
efficiency flat panel displays and solid-state lighting by virtue of 
their unique properties, such as tunable emission wavelengths, 
highly saturated emission with small full widths at half maximum 
(FWHMs), solution processability, and compatibility with flexible 
substrates.1-11 Pioneering work on multilayer QD-LEDs was per-
formed in the early 1990s.1 Soon after this breakthrough, enormous 
efforts were directed toward synthesizing qualified QDs, under-
standing the fundamental physics, and developing suitable device 
architectures.9, 12-17In particular, the use of ZnO nanoparticle (NP) 
films as the electron transport layers (ETLs) in QD-LEDs was intro-
duced in 2011 by Qian et al. and shown to significantly enhance the 
environmental stability and efficiency of the resulting devices.11 

Furthermore, the realization of ZnO NP inks based on colloids 
dispersed in suitable solvents could offer great advantages for many 
applications, considering that the relevant wet deposition tech-
niques (e.g., spraying, inkjet/gravure printing, spinning, and so 

forth) permit the coating of a broad range of substrates and shapes 
at a reasonable cost. Consequently, ZnO NPs have come to be rec-
ognized as the primary candidate electron transport material for the 
construction of highly bright and efficient QD-LEDs.2, 6, 9, 12, 18  

However, similarly to other metal oxides with high work func-
tions, ZnO NPs quench the photoluminescence (PL) quantum 
yields (QYs) of emitting QDs by means of spontaneous charge 
transfer occurring at the QD/ZnO interface, thus leading to per-
formance degradation in QD-LEDs.2, 7-8, 18-21 To date, three typical 
strategies have been developed to overcome this intrinsic shortcom-
ing: (i) insert a thin insulating layer (e.g., poly(methyl methacrylate) 
(PMMA)) to modify the QD/ZnO interfacial interaction,2 (ii) de-
posit a thin semiconducting film on the ZnO layer (e.g., polyethyl-
enimine ethoxylated (PEIE) or cesium carbonate (CsCO3)) to estab-
lish a low work function to limit the charge transfer,17, 22-23 or (iii) 
tailor the energy structure of the ZnO (e.g., through size control, 
doping, and surface modification) to lower its work function.18, 24-25 
Among these possibilities, the third one, namely, modifying the 
energy structure of the ZnO ETL itself, is an effective and low-cost 
method for enabling the fabrication of highly bright and efficient 
QD-LEDs. 
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To this end, modifying the energy structure of ZnO via doping is 
considered an effective technique for tailoring its electronic struc-
ture.26 Based on this approach, highly qualified colloidal Mg-, In-, 
Al- and Ga-doped ZnO NPs with controllable sizes and shapes as 
well as high crystallinity have been reported.25, 27-34 Compared with 
group II elements such as Mg,35-36 their group III counterparts, such 
as the n-type dopants Ga, In and Al, can often raise the Fermi levels 
of their ZnO hosts. Furthermore, it is noted that the covalent bond 
length of Ga–O (1.92 Å) is similar to that of Zn–O (1.97 Å);37  in 
addition, Ga ions are also similar in electronegativity and ion radius 
to the Zn ions in the ZnO host and therefore are expected to be 
readily incorporated into ZnO with limited crystal defects.29, 31, 33, 38-

39 Regarding state-of-the-art Ga-doped ZnO NPs, although a few 
groups have successfully grown Ga-doped ZnO NPs with controlled 
carrier concentrations,28, 31, 33 most of the implemented procedures 
have relied on high-temperature approaches and have required the 
use of bulky organic ligands, leading to poor electrical conductivity 
of the as-grown ZnO NPs. Consequently, either tedious ligand ex-
changes or high post-annealing temperatures of greater than 200 °C 
and UV irradiation have been necessary to remove the insulating 
ligands to achieve the desired high conductivity.28, 31, 40 However, 
such high-temperature annealing may pose considerable problems 
for ZnO NPs that are to serve as the ETLs in QD-LEDs because of 
the inevitable thermal degradation of the polymer hole transport 
layer and the QD emitting layer. Therefore, a facile method of 
growing Ga-doped ZnO NPs without the need for bulky organic 
ligands or post-treatments is a critical requirement for exploring the 
fabrication of high-performance QD-LEDs. 

Herein, for the first time, we report the controlled growth of col-
loidal Ga-doped ZnO NPs via a low-temperature hydrolysis process 
without bulky organic ligands. By varying the nominal Ga content 
between 0 and 12 at.%, highly monodisperse Ga-doped ZnO NPs 
were successfully synthesized. Remarkably, NP films with high con-
ductivity and improved surface flatness could be easily obtained via 
spin coating at room temperature (RT) without any post-treatment. 
The time-resolved PL dynamics confirmed that the charge transfer 
process at the QD/doped ZnO interfaces was profoundly weakened 
by the Ga dopants; this finding is ascribed to the increase in the 
Fermi level of the ZnO NPs induced by the Ga dopants. As-
assembled QD-LEDs with ETLs consisting of Ga-doped ZnO NPs 
exhibited a superior luminance of 44000 cd/m2 and a mean current 
efficiency of 13.1 cd/A (with a maximum efficiency of 15 cd/A), 
which is comparable to the highest efficiency value ever reported, 
suggesting their great potential for application in high-performance 
optoelectronics. 

Synthesis and Characterization of Ga-doped ZnO NPs To date, 
qualified monodisperse Ga-doped ZnO NPs with controlled sizes, 
shapes, and crystallinity have typically been synthesized using high-
temperature approaches.28, 31, 34 Notably, such high-temperature 
methods often require bulky organic ligands, which lead to poor 
electrical conductivity of the as-synthesized NPs and consequently 
hinder their subsequent device applications. Distinct from these 
previously reported works, we developed a facile synthesis strategy 
for preparing high-quality colloidal Ga-doped ZnO NPs via the 
hydrolysis of zinc salts at low temperatures without the need for 
bulky organic ligands or post-treatments. 

Table 1 shows the chemical compositions of Ga-doped ZnO NPs 
with different nominal doping levels as measured by inductively 
coupled plasma optical emission spectrometry (ICP-OES). As shown 
in the table, when a higher molar ratio of gallium acetate was intro-

duced into the raw materials, a higher doping concentration was 
achieved in the obtained NPs. However, it was found that the real 
Ga doping levels were slightly higher than the nominal ones, which 
might be attributable to the different chemical reactivities of the Zn 
and Ga precursors.  

Figure 1a presents the typical X-ray diffraction (XRD) patterns of 
Ga-doped ZnO NPs with different nominal Ga doping levels. As 
shown in Figure 1a, all samples exhibited an archetypal wurtzite-
type ZnO structure, and the diffraction peaks clearly deviated from 
those of Ga2O3, indicating that the products contained no Ga2O3.

41 
In addition, the reflection peaks became increasingly broad with a 
higher Ga doping level. According to the Debye-Scherrer equation, 
their crystallite sizes were approximately 4.4, 4.2, 4.1, 4.0, 3.9 and 
3.8 nm for nominal Ga doping levels of 0, 1, 2, 4, 8 and 12 at.%, 
respectively. Their calculated lattice parameters are summarized in 
Table S1 (Supporting Information). The slight deviations of the 
lattice parameters compared with those of pure ZnO can be under-
stood based on a comparison of the ionic radii of Zn2+ (0.74 Å) and 
Ga3+ (0.62 Å) as well as the lengths of covalent Ga-O (1.92 Å) and 
Zn-O (1.97 Å) bonds;24, 33, 37, 42-43 this comparison indicates that the 
incorporation of Ga3+ dopants into the ZnO NPs mainly occurred 
through the formation of substitutional solid solutions (schemati-
cally illustrated in Figure 1b).44 

Table 1. Chemical compositions of Ga-doped ZnO NPs with dif-

ferent doping levels as measured by ICP-OES. In general, the 

actual doping levels are higher than the nominal ones. 

Sample 
Nominal 
[Ga] (at.%) 

[Ga] in NPs 
(at.%) 

[Zn] in NPs 
(at.%) 

S0 0 0 100 

S1 1 1.2 98.8 

S2 2 2.6 97.4 

S4 4 4.5 95.5 

S8 8 11.6 88.4 

S12 12 16.5 83.5 

 
Figure 1. (a) XRD patterns of Ga-doped ZnO NPs with different 
nominal doping levels. These ZnO NPs were prepared via the room-
temperature hydrolysis of Zn salts in basic solutions. (b) Schematic 
illustration of the Ga doping of the ZnO crystal lattice via the for-
mation of substitutional solid solutions.  
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Figure 2. (a1, b1, c1) TEM images and (a2, b2, c2) HRTEM images of Ga-doped ZnO NPs from Samples S0, S2 and S8, respectively. The 
insets in (a1, b1, c1) show the statistical size distributions, and those in (a2, b2, c2) present the FFT patterns of the corresponding samples. 

 

Figure 3. (a) XPS survey peaks, (b) Ga 2p core-level peaks, and (c) Zn 2p core-level peaks of Ga-doped ZnO NPs from Samples S0 (black lines), 
S2 (red lines) and S8 (blue lines). 

Figure 2 shows representative transmission electron microscopy 
(TEM) and high-resolution TEM (HRTEM) images of Ga-doped 
ZnO NPs from Samples S0, S2 and S8 (i.e., with nominal doping 
levels of 0, 2 and 8 at.%). As shown in Figures 2a1-c1, all of the 
doped ZnO samples were monodisperse, with narrow diameter 
distributions of 4.3±0.6, 4.1±0.6 and 3.8±0.6 nm for Samples S0, 
S2 and S8, respectively. It seems that a higher Ga doping level re-
sulted in smaller NPs, which is consistent with the broadened dif-
fraction peaks in the XRD profiles at higher Ga doping levels (Fig-
ure 1a). Figures 2a2-c2 show typical HRTEM images and the corre-
sponding fast Fourier transform (FFT) patterns (the insets in Fig-
ures 2a2-c2, respectively) for single NPs, which reveal their single-
crystalline nature. The well-resolved lattice fringes with interplanar 
spacings of 0.25, 0.26 and 0.28 nm correspond to the (100), (002) 
and (100) lattice planes, respectively, of wurtzite ZnO.30, 36, 41, 45 No-
tably, no particle with interplanar spacings close to those of corun-
dum-type Ga2O3 was found, further confirming that the Ga was 
incorporated into the ZnO matrix without the formation of Ga2O3. 

Figure 3 shows representative X-ray photoelectron spectroscopy 
(XPS) spectra of the Ga-doped ZnO NPs from Samples S0, S2 and 
S8, which reveal that elements of Ga, Zn, and O existed in the 
products, whereas the pure ZnO NP sample was composed only of 
Zn and O elements. The C signal is attributed to adventitious car-
bon, and the peak positions were calibrated by using the C 1s peak 
at 284.6 eV as a reference. Figures 3b and 3c show the high-
resolution Ga 2p and Zn 2p XPS spectra, respectively. For the ZnO 
NPs with a nominal Ga doping level of 2 at.% (Figure 3b), the two 
peaks detected at 1144.58 and 1117.68 eV are attributed to the Ga 
2p1/2 and Ga 2p3/2 core levels, respectively.36, 46 The 2p3/2 core level 
of Ga (1117.68 eV) shows a positive shift relative to that of ele-
mental Ga (Ga 2p3/2, 1116.67 eV), indicating that the Ga was 
doped into the ZnO crystal lattice in a compound state. The peaks 
at ~1044 and ~1021 eV in the Zn 2p spectra (Figure 3c) of the three 
samples are assigned to Zn 2p1/2 and Zn 2p3/2, respectively, suggest-
ing that they are characteristic of Zn-O bonds.44 Interestingly, unlike 
the Zn 2p peaks, which exhibited a shift toward higher binding 
energies with an increasing doping level (i.e., from 1044.11 to 
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1044.58 eV for Zn 2p1/2 and from 1021.07 to 1021.48 eV for Zn 
2p3/2), the Ga 2p peaks showed a different trend (i.e., shifting from 
1044.58 to 1044.13 eV for Ga 2p1/2 and from 1017.68 to 1017.28 
eV for Ga 2p3/2), which can be attributed to the different electro-
negativities of Ga (1.81) and Zn (1.65). These results confirm that 
the Ga dopants were successfully incorporated into the ZnO. They 
also suggest that Ga ions incorporated into ZnO hosts can attract 
more electrons from the Zn-O bonds because of their larger elec-
tronegativities, which causes the electron density of the Ga-O bonds 
to increase and consequently induces shifts in the Zn 2p peaks to-
ward higher binding energies, in contrast to the Ga 2p peaks, which 
shift to lower binding energies.36 

Optical absorption of Ga-doped ZnO NPs. The successful Ga 
doping of the ZnO NPs was also verified based on their optical 
characteristics. As shown in Figure 4, the ultraviolet-visible (UV-vis) 
absorption spectra of the Ga-doped ZnO NPs were distinctly differ-
ent from that of the pure ZnO sample. Clearly, as the doping level 
increased, the onset of absorption in the doped ZnO NPs exhibited 
a gradual blue shift. Their bandgaps were evaluated by linearly ex-
trapolating the (ahv)2 vs. photon energy relationships (Figure S1, 
Supporting Information). The typical computed results are shown 
in the inset of Figure 4, where bandgaps at 3.48, 3.53, 3.56, 3.61, 
3.66 and 3.65 eV, corresponding to Ga dopant contents of 0, 1, 2, 
4, 8, and 12 at.%, respectively, are plotted; these findings can be 
attributed to the so-called Moss-Burstein effect.30, 44 These results are 
consistent with the scenario in which the Ga dopants introduce a 
high density of free electrons, which populate the states in the con-
duction band,30 leading to a larger optical bandgap. Note that the 
bandgap of the ZnO NPs began to decrease when the Ga doping 
level exceeded 8 at.%, which is similar to the behavior observed in 
previously reported ZnO NPs at excessively high doping levels. 30, 47 
This behavior may indicate the formation of interstitial defects, 
traps, and even defect clusters above the solubility limit. Based on 
this observation, the Ga doping levels considered in this work were 
restricted to the range from 0 to 8 at.%.  

Band structures of Ga-doped ZnO films. Figure 5 shows the ul-
traviolet photoelectron spectroscopy (UPS) spectra of the valence-
band edges and secondary cutoff regions of Ga-doped ZnO films. 
The valence-band maximum (VBM) level was estimated from the 
incident photon energy (hv, 21.2 eV), the onset energy in the va-
lence-band region (Eonset) (Figure 5a) and the high-binding-energy 
cutoff (Ecutoff) (Figure 5b) using the following equation: VBM=21.2-

(Ecutoff - Eonset). The approximate VBM positions of doped ZnO NP 
films with Ga doping levels of 0, 2, and 8 at.% were found to be 
6.98, 6.99 and 7.03 eV below the vacuum level, respectively. This 
doping dependence is similar to that reported for Mg-doped ZnO 
NP films.24 Using the bandgaps determined from the UV-vis ab-
sorption spectra of the individual NP solid films (Figure S2, Sup-
porting Information), the conduction-band minimum (CBM) levels 
were estimated to be 3.68, 3.58, and 3.49 eV below the vacuum 
level for doped ZnO NP films with Ga doping levels of 0, 2, and 8 
at.%, respectively. The approximate VBM and CBM positions of 
the Ga-doped NPs are summarized in Table 2. Figure 5c shows the 
band alignments of Ga-doped ZnO NPs with different Ga doping 
levels. After the introduction of the Ga dopants, the ZnO bandgap 
has widened, and the conduction-band edge and valence-band edge 
have moved in opposite directions.47 As we will discuss below, the 
modified conduction-band edge of a Ga-doped ZnO NP thin film 
helps to suppress the charge transfer at the QD/ETL interface, thus 
suggesting that these low-temperature-processed nanomaterials 
could be excellent candidates for use as ETLs in highly efficient 
LED based on CdSe,18, 48 CuInS,24, 49-50 and perovskite QDs.51  

Performance of QD-LEDs with Ga-doped ZnO ETLs. To evalu-
ate the potential of Ga-doped ZnO NP films for use as the ETLs in 
QD-LEDs, devices were constructed with a typical configuration of 
indium tin oxide (ITO)/poly(ethylenedioxythiophene):polystyrene 
sulfonate (PEDOT:PSS)/poly(9-vinylcarbazole) (PVK)/QDs/Ga-
doped ZnO/Ag.12 All layers were spin coated onto the patterned 
ITO substrate except for the Ag cathode, which was deposited via 
vacuum thermal evaporation. The device structure and the corre-
sponding flat-band energy levels are schematically illustrated in 
Figures 6a and b, respectively. The surfaces of the Ga-doped ZnO 
films were highly uniform and flat, with a typical root-mean-square 
roughness below 2 nm (Figure S3, Supporting Information). De-
tailed information on the QDs used in the LED devices is provided 
in Figure S4 (Supporting Information). 

Figure 6c presents the normalized electroluminescence (EL) spec-
trum of a QD-LED fabricated using ZnO NPs with a Ga doping 
level of 8 at.% as the ETL, and the inset in Figure 6c presents an 
emission photograph acquired at a voltage of 5 V, which shows 
uniform emission across all pixels. The symmetric EL emission 
peaked at 620 nm with a FWHM of 36 nm, corresponding to 
Commission Internationale de l’Eclairage (CIE) color coordinates 
of (0.67, 0.33) (Figure 6d), which are close to the spectral locus and 
represent the color-saturated deep red that is ideal for display appli-
cations. Compared with the PL spectrum of the QD solution (Fig-
ure S5, Table S2, Supporting Information), a slightly red-shifted 
and broadened EL spectrum was observed, which may be attributa-
ble to Förster energy transfer in the close-packed QD solid film 
and/or an electric-field-induced Stark effect.10, 15, 52 Figure S6 (Sup-
porting Information) shows the EL spectra of the device at various 
bias voltages, in which no noticeable parasitic emission from the 
adjacent organic layer (i.e., the PVK) is observed and the shape of 
the EL spectrum remains unchanged at different biases. These ob-
servations confirm that the carriers remain well confined within the 
CdSe/ZnS QD emitting layer and that the recombination zones do 
not change when the device is subjected to different operating con-
ditions, implying high stability of the as-constructed QD-LED.  

 

 

Figure 4. Normalized absorption spectra of Ga-doped ZnO NPs 
with different nominal Ga doping contents. The inset shows the 
optical bandgaps of the Ga-doped ZnO NPs.  
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Figure 5. UPS spectra of (a) the valence-band edge regions and (b) the secondary cutoff regions of Ga-doped ZnO NPs from Samples S0 
(black line), S2 (red line) and S8 (blue line). (c) Band alignments of Ga-doped ZnO NPs with different nominal Ga doping levels. 

Table 2. Energy characteristics of Ga-doped ZnO NPs with different nominal Ga doping levels. 

Ga doping level 
(%) 

Secondary cut-off 
(eV) 

Valence band onset 
(eV) 

Valence band maximum a 
(eV) 

Bandgap b 

(eV) 
Conduction band minimum 
(eV) 

0 18.03 3.19 6.98 3.30 3.68 

2 18.07 3.15 6.99 3.41 3.58 

8 18.10 3.12 7.03 3.52 3.49 
a: Calculated values according to VBM=21.2-(Ecutoff - Eonset). 
b: Calculated values from the optical band gap obtained from UV-vis absorption spectra of doped ZnO film (Figure S3, Supporting Infor-
mation). 

 

Figure 6. (a) Schematic diagram of the QD-LED configuration. (b) Flat-band energy level diagram of the various layers in a QD-LED. (c) EL 
spectrum at an applied voltage of 5 V. The inset shows a digital photograph of the QD-LED. (d) Corresponding CIE coordinates.  
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Figure 7. EL performances of QD-LEDs prepared from Samples S0, S2 and S8: (a) Current density (J) and luminance (L) vs. driving voltage 
(V). (b) Current efficiency (A) vs. luminance. (c-d) Statistical distributions of the maximum current efficiencies (max. A) for Samples S0, S2 
and S8, each evaluated for 50 devices. 

To investigate the effect of the Ga doping content of the ZnO 
NPs on QD-LED performance, ZnO NPs from Samples S0, S2 and 
S8 were utilized as the ETL layers for device construction. The re-
sulting EL performances are shown in Figure 7. The variations in 
current density and luminance with applied voltage are presented in 
Figure 7a. The turn-on voltages of the QD-LEDs are centered at ~3 
V, and their corresponding brightnesses are 0.1, 0.9 and 0.87 
cd/m2 for Samples S0, S2 and S8, respectively. The maximum 
brightnesses are ~33000 (@ 7 V), ~40000 (@ 7 V), and ~44000 
cd/m2 (@ 6.5 V), respectively, suggesting that the introduction of 
Ga dopants into ZnO ETLs can result in significant performance 
enhancement for QD-LEDs. The characteristic current efficiency 
curves as a function of luminance are plotted in Figure 7b, and 
Figures 7c-e present the statistical distributions of A collected from 
50 devices for each of the three device types. The mean ηA values 
for Samples S0, S2 and S8 are 7.8, 10.3 and 13.1 cd/A (with a max-
imum observed value of 15 cd/A), respectively, which are compara-
ble to the highest efficiency ever reported for red-light QD-LEDs 
(Table S3, Supporting Information). Furthermore, the efficiency of 
a QD-LED with 8 at.% Ga doping can be enhanced by more than 
1.5 times compared with its undoped counterpart (an increase of 
up to 168%, i.e., from 7.8 to 13.1 cd/A), thereby confirming that 
Ga-doped ZnO NP ETLs enable the fabrication of QD-LEDs with 
significantly improved performance. 

The QD-LED performance improvement enabled by a Ga-doped 
ZnO NP ETL can be attributed to weakened exciton dissociation in 
the emitters at the QD/ETL interface. Figure 8a shows the time-
resolved PL dynamics of QD films on ITO glass substrates with and 
without ZnO layers. The lifetime of the QDs is obviously shortened 
in the presence of a pure ZnO film, indicating considerable exciton 

dissociation in the QD emitters at the QD/ZnO interface. When 
the pure ZnO layer is replaced with a Ga-doped ZnO film, the decay 
becomes slower as the Ga doping level increases, thereby confirm-
ing that the introduction of Ga dopants into the ZnO NP ETL is an 
effective means of weakening the exciton dissociation in a QD-LED 
device. To further elucidate the charge transfer behavior, the data 
were fitted with a single-exponential function of the form 
(t)=Aexp(-t/τ).2, 14 The PL decay lifetime of CdSe/ZnS QDs on glass 
was found to be 13.45 ns, whereas those for the QD films that were 
overcoated with doped ZnO layers were 9.61, 11.09 and 11.93 ns 
for Ga doping levels of 0, 2, and 8 at.%, respectively. The charge 
transfer rate kET and efficiency ET can be calculated by:19, 53 kET = 

1/τQD/doped-ZnO-1/τQD and ET = 1-τQD/doped-ZnO/τQD, respectively, 
which are summarized in Table 3. The spontaneous charge transfer 
rates and efficiencies both gradually decrease as the Ga doping level 
increases, which is consistent with Marcus theory,54 suggesting that 
the charge transfer rate between the QDs and the adjacent NPs is 
dominated by the energy offset (ΔG) between their conduction-band 
levels. In our case, the ΔG between the QDs and the adjacent Ga-
doped ZnO NPs is reduced because of the increase in the conduc-
tion-band level of the ZnO NPs caused by the Ga dopants.18, 21, 54 
The exciton dissociation in the QDs that is induced by charge 
transfer to the adjacent ETL will cause the PL QY of the QDs to 
decrease, leading to low efficiency of the QD-LED. These results 
verify that the Ga doping of the ZnO NP ETL helps to maintain the 
charge neutrality of the QD emitters and to preserve their superior 
emissive properties. 

To reduce nonradiative recombination and increase device effi-
ciency, it is critical to engineer the charge transport layers to achieve 
balanced charge transport and low leakage currents. 2, 18 Hence, 
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strategies such as tailoring the ETL and/or introducing an insulat-
ing layer between the ETL and the emissive layer have been ex-
plored for optimizing device performance.2 In our case, to reveal the 
charge transport characteristics of ZnO NP ETLs with different Ga 
doping levels, the current density–voltage (J–V) characteristics of 
electron-only devices based on Ga-doped ZnO NPs were investigat-
ed,9, 55 as presented in Figure 8b. Clearly, as the Ga doping level 
increases, the junction current is reduced, thereby confirming that 
the incorporation of Ga dopants into ZnO NP ETLs is an effective 
means of reducing nonradiative charge recombination43 and, con-
sequently, boosting the efficiency of QD-LED devices. 

 
Figure 8. (a) Time-resolved PL dynamics of QD films without a 
ZnO layer and with ZnO NP layers prepared from Samples S0, S2 
and S8 on ITO substrates. (b) Current density–voltage (J–V) char-
acteristics of electron-only devices based on Ga-doped ZnO NPs. 
The insert shows a schematic illustration of an as-constructed elec-
tron-only QD-LED, with a configuration of ITO/doped 
ZnO/CdSe/ZnS QDs/doped ZnO/Ag.  

Table 3. The rate (kET) and efficiency (ET) of spontaneous charge 

transfer from CdSe/ZnS QDs to Ga-doped ZnO ETLs.  

Films kET (107 S-1) ET (%) 

QDs/ pure ZnO  2.97 28.6 

QDs/ZnO with 2% Ga ions  1.58 17.5 

QDs/ZnO with 8% Ga ions 0.95 11.3 

In conclusion, we reported the exploration of highly bright and 
efficient QD-LEDs with ETLs consisting of Ga-doped ZnO NPs, 
which were grown via a RT solution process without the need for 
any post-treatment or bulky organic ligands. By varying the nominal 

Ga content from 0 to 12 at.%, high-quality and monodisperse Ga-
doped ZnO NPs with good crystallinity were obtained. The Ga 
dopants lowered the work functions and tailored the band struc-
tures of their ZnO hosts. The as-assembled QD-LEDs with ETLs 
consisting of Ga-doped ZnO NPs exhibited superior luminances of 
~33000, 40000, and 44000 cd/m2 and mean current efficiencies of 
7.8, 10.3, and 13.1 cd/A (with a maximum efficiency of 15 cd/A) 
for Ga doping levels of 0, 2 and 8 at.%, respectively; these efficien-
cies are comparable to the highest value ever reported for red-light 
QD-LEDs. The significantly enhanced brightness and efficiency of 
these QD-LEDs are attributed to the Ga dopants, which facilitate 
the transfer of electrons to the adjacent QD layer and limit the 
quenching of the exciton emission in the QDs. Our work thus in-
troduces low-temperature-processed Ga-doped ZnO NPs that enable 
the fabrication of high-performance QD-LEDs for a wide range of 
optoelectronics applications. 

Materials. Commercially available zinc acetate (Zn(Ac)2), dime-
thyl sulfoxide (DMSO), and tetramethylammonium hydroxide pen-
tahydrate (TMAH) were obtained from Adamas-beta, China. Galli-
um triacetate (Ga(Ac)3) was purchased from Sigma-Aldrich, USA. 
PEDOT:PSS and PVK were purchased from Xi’an Polymer Light 
Technology Corp., China. Cadmium selenide/zinc sulfide alloyed 
(CdSe/ZnS) QDs with a typical PL QY of 75% were purchased 
from Najing Technology Corp., China. 

Synthesis of ZnO NPs. The ZnO NPs were prepared via the hy-
drolysis of Zn salts in basic solutions.56 In a typical experiment, a 
stoichiometric amount of TMAH dissolved in ethanol (0.5 M) was 
dropwise added to 0.1 M zinc acetate dihydrate (Zn(Ac)2·2H2O) 
dissolved in DMSO, and the reaction was allowed to proceed at 30 
°C for 1 h to synthesize ZnO NPs. The as-synthesized NPs were 
precipitated with excess acetone and then completely redispersed in 
ethanol for optical characterization and ETL spin deposition. Using 
a similar method, Ga-doped ZnO NPs with nominal doping levels 
ranging from 0 to 12 at.% were produced by varying the initial ratio 
of the gallium acetate precursor with respect to the zinc acetate 
while keeping the other parameters constant. The obtained NPs 
with nominal doping levels of 0, 1, 2, 4, 8 and 12 at.% were labeled 
as Samples S0, S1, S2, S4, S8 and S12, respectively. 

Fabrication and Characterization of QD-LEDs. QD-LEDs were 
fabricated on glass substrates coated with ITO. The substrates were 
consecutively cleaned with deionized acetone, ethanol, and water 
for 15 min each and were then treated for 10 min with ozone gen-
erated by ultraviolet light in air. Then, the substrates were spin 
coated with multiple layers in the following order: PEDOT:PSS, 
PVK, CdSe/ZnS QDs, and doped ZnO NPs. First, the PEDOT:PSS 
solution was spin coated onto the ITO-coated glass substrates at 
3500 rpm for 45 s, followed by baking at 150 oC for 15 min. Then, 
the coated substrates were transferred into an N2-filled glove box for 
the spin coating of the PVK, QD and ZnO layers. The PVK (10 
mg/mL, chlorobenzene) was deposited at a fixed speed of 2000 rpm 
for 30 s, followed by baking at 100 °C for 10 min. The CdSe/ZnS 
QDs were dissolved in toluene (15 mg/mL) and then spin coated at 
2000 rpm for 30 s, followed by annealing at 100 °C for 10 min. 
Subsequently, the doped ZnO NP layers were deposited at a speed 
of 2000 rpm for 30 s from a 30 mg/mL ethanol solution. After-
ward, the multilayer samples were loaded into a custom high-
vacuum deposition chamber (background pressure: ~1×10-3 Pa) for 
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the deposition of the top Ag cathode (thickness: ~100 nm), which 
was patterned using an in situ shadow mask to form an active device 
area of 5 mm2

. 

Structure Characterization and Optical Property Measure-

ments. The obtained NPs were characterized in terms of morpholo-
gy, microstructure, and composition using HRTEM (JEM-2100F, 
JEOL, Japan), XRD (D8 Advance, Bruker, Germany), inductively 
coupled plasma optical emission spectrometry (ICP-OES; Ultima 2, 
Horiba Jobin Yvon, France) and XPS (Thermo ESCALAB 250XI, 
America). For determining the chemical composition by ICP-OES, 
the doped ZnO NP samples were prepared by dissolving the puri-
fied oxide nanocrystals in concentrated nitric acid. UV-vis meas-
urements of the obtained NPs were performed using a UV-vis scan-
ning spectrophotometer (U-3900, Hitachi, Japan). The electronic 
structures and surface morphologies of the doped ZnO NP films 
were investigated via UPS (AXIS Ultra DLD, Shimadzu/Kratos 
Inc., Japan) and atomic force microscopy (AFM; Nanoscope V, 
Veeco, USA), respectively. For the UPS measurements, Ga-doped 
ZnO NP solid films were prepared by spin casting the different NP 
dispersions onto ITO glass substrates. PL spectra, PL QYs, and PL 
decay curves were recorded using a spectrometer (Fluromax-4P, 
Horiba Jobin Yvon, France) equipped with a quantum-yield acces-
sory and a time-correlated single-photon-counting (TCSPC) spec-
trometer. A NanoLED pulsed light source with a wavelength of 450 
nm was utilized as the exciting source for the PL decay measure-
ments. The PL decay curves were analyzed using the DAS6 software 
package.  

Additional data include the calculated lattice parameters (Table 
S1) and bandgaps (Figure S1) of ZnO NPs, the bandgaps (Figure 
S2) and surface morphology (Figure S3) of ZnO NPs films, the 
optical and structural characteristics of CdSe/ZnS QDs (Figure S4), 
and the EL result of QD-LEDs (Figure S5-6, Table S2-3). This ma-
terial is available free of charge via the Internet at 
http://pubs.acs.org 
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