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ABSTRACT: Quantum dot (QD) light-emitting diodes (LEDs)
are a promising candidate for high-efficiency, color-saturated
displays. This work reports on the size effect of sol−gel
synthesized ZnO nanoparticles (NPs) in which sizes of 2.9, 4.0,
and 5.5 nm, were used as an electron transfer layer in QLEDs.
The size of the NPs was estimated by transmission electron
microscopy (TEM) and its effect on QLED performance was
investigated by photoluminescence decay lifetime and electron
mobility of ZnO NPs. It was found that as the size of the NP
decreased from 5.5 to 2.9 nm, the conductivity increased,
whereby the electron mobility was enhanced from 7.2 × 10−4

cm2/V·s to 4.8 × 10−3 cm2/V·s and electron decay lifetime increased from 5.11 to 6.68 ns. A comparison of NP size effects shows
that the best performance is achieved with the 2.9 nm sized ZnO, which yields a turn on voltage of 3.3 V, a maximum current
efficiency of 12.5 cd/A, power efficiency of 4.69 lm/W and external quantum efficiencies (EQE) of 4.2%. This is most likely due
to the higher electron mobility in the smaller ZnO NPs, which facilitates electron transfer from the NPs to QDs, along with the
slow exciton dissociation in the QD layer as a result of more favorable energy level alignment at the interface of smaller ZnO NPs
and the adjacent emissive layer.
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Semiconductor nanocrystals or quantum dots (QDs) have
been widely employed in light emitting diodes (LEDs)

because the QDs exhibit a variety of desirable features including
size-tunable photoluminescence (PL), narrow emission line
width, high PL quantum yield, superior photostability, and
flexible solution processability.1,2 Since the earliest report on
quantum LEDs (QLEDs) in 1994, many approaches have been
studied to improve the performance of QLEDs, including the
preparation of novel materials, optimization of the balance of
carrier injection, and design of novel device structures.3 In
earlier works, thick QD layers were used, which were acting as
both emissive and electron transport layers (ETL) leading to
low luminous efficiencies. Later, the efficiencies were vastly
improved by virtue of a physical separation between the QD
emissive layer and the electron transport layer (ETL). This
facilitates efficient electron transport to the QD layer as well as
provide confinement of excitons.2 In addition, much effort has
been made to substitute the organic for inorganic material as
the charge transport layer in QLEDs so as to overcome the
persistent drawbacks, such as moisture/oxygen-induced degra-
dation and the thermal instability,4 associated with the former.

Thus, QLEDs featuring inorganic layers are promising from the
standpoint of long lifetime without stringent encapsulation
requirements.
A variety of metal-oxide materials as electron transport layers

in QLEDs have been demonstrated, in an attempt to realize an
all-solution-processed QLED.5 For example, amorphous TiO2

prepared by a sol−gel method has been widely utilized in
numerous devices as a charge transport layer.6 However, its
carrier mobility is limited in the amorphous phase as compared
to the crystalline counterpart. The electron mobility of solution
based TiO2 is about 1 × 10−4 cm2/V·s, which is 4 orders of
magnitude lower than that of the crystalline counterpart (∼1
cm2/V·s).7 More recently ZnO nanoparticles (NPs) have
emerged as a suitable alternative. In comparison to organics, the
oxides have higher thermal stability and reduced sensitivity to
oxygen and moisture.8 In particular, the higher electron
mobility of ZnO (2 × 10−3 cm2/V·s) facilitates efficient
electron transport, thereby increasing the efficiency of charge
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recombination.9 Moreover, the band offset in ZnO is favorable
for electron transfer and equally conducive to hole confinement
in the adjacent QD layer, thereby boosting the charge

recombination efficiency of the QLED.10 Thus, ZnO NPs can
be considered as a suitable candidate for the ETL in the
QLEDs.

Figure 1. (a) Structure and (b) energy level diagram for the various layers of QLEDs.

Figure 2. TEM and HRTEM images of the three sizes of ZnO NPs. Corresponding [Zn2+]/[OH−] ratio is (a, b) 1:0.5, (c, d) 1:1, and (e, f) 1:1.5.
Inset shows the statistical distribution images of particle size.
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Despite the progress, a number of issues remain for ZnO-
based QLEDs.11 The challenges here are the low device
efficiency in the brightness region of interest and the high turn-
on voltage, all of which are strongly dependent on the
transporting materials and device architectures. Thus, in this
work, QLEDs based on ZnO NPs will be fabricated in an
attempt to investigate the size dependency of the ZnO NPs on
QLED performance.

■ EXPERIMENTAL SECTION

Chemicals. Cadmium oxide (CdO, 99.99%), zinc acetate
(99.9%, powder), selenium (99.9%, powder), sulfur (99.9%,
powder), trioctylphosphine (TOP, 90%), oleic acid (OA, 90%),
1-octadecene (ODE, 90%), zinc acetate (99.9%, powder),
dimethyl sulfoxide (reagent grade, 99%), and tetramethylam-
monium hydroxide (99.99%, powder) were used as purchased
from Aldrich.
Green emitting ZnCdSeS QDs were synthesized according

to a modified method reported previously. Here, 0.4 mmol of
CdO, 4 mmol of zinc acetate, 4 mmol of oleic acid (OA), and
20 mL of 1-octadecne were mixed in a 100 mL round flask. The
mixture was heated to 150 °C degassed under ∼10 pa pressure
for 30 min, filled with high-purity N2 flowing, and further
heated to 300 °C to form a clear solution of Cd(OA)2 and
Zn(OA)2. At this temperature, a stock solution containing 3
mL of trioctylphosphine, 0.4 mmol of Se, and 4 mmol of S was
quickly injected into the reaction flask. After the injection, the
reaction temperature was maintained for 10 min to promote
the growth of QDs. The reaction was subsequently cooled
down to room temperature to stop further growth. The QDs
were washed with acetone three times, and finally dispersed in
toluene at a concentration of 10 mg/mL.
The ZnO NPs used in this study were synthesized through a

sol−gel method. A solution of 0.1 M zinc acetate in dimethyl
sulfoxide (DMSO) and 10 mL of 0.5 M tetramethylammonium

hydroxide (TMAH) in ethanol were mixed and stirred for 1 h
in ambient atmosphere.9 The prepared product was collected
by centrifugation and then washed twice with methanol. The
transparent precipitate was redispersed in butanol to form a
ZnO NPs solution with concentration 30 mg/mL. Three
different sizes of ZnO samples were synthesized with the ratio
of [Zn2+]/[OH−] fixed at 1:0.5, 1:1, and 1:1.5 according to the
method mentioned above.
The fabrication of QLEDs was completed in a nitrogen-filled

glovebox, which normally has oxygen and moisture levels below
0.1 ppm located inside a class 10000 clean room. The
fabrication process can be found in previously published
work.12 The thicknesses of PEDOT:PSS, TFB HTL, QD
emitting layer, and ZnO NP ETL were 40, 20, 20, and 30 nm,
respectively. The active area of the devices were defined by a
shadow mask of 4 mm2. The devices were named as samples A,
B, and C with ZnO NP sizes of 2.9, 4.0, and 5.5 nm,
respectively.
The films thicknesses were measured using Filmetrics F20-

EXR, current−voltage (I−V) characteristics measured with a
Keithley-2400 source-meter unit, and the absorption and
photoluminescence (PL) spectra measured using the U-4100
UV−visible and NIR-300 spectrophotometer, respectively. The
luminance was calibrated using a Minolta luminance meter (LS-
100). Structural analysis of the samples was carried out using a
Cs-corrected high-resolution transmission electron microscope
(HRTEM, Tecnai G20).

■ RESULTS AND DISCUSSION

The structure and schematic energy band diagram of the QLED
is shown in Figure 1a and b, respectively. Here, poly-
(ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)
is used as the hole injection layer, poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-(4,49-(N-(4-s-butylphenyl))diphenylamine)]
(TFB) as the hole transport layer, ZnCdSeS QD as the

Figure 3. TEM and HRTEM images of ZnO film of the different sized ZnO NPs: (a, d) 2.9, (b, e) 4.0, and (c, f) 5.5 nm.
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emission layer, and ZnO NPs for electron injection, and
transport. According to Figure 1b, the small conduction band
offset and large valence band offset at the QD/ZnO
nanoparticle interface stems from the ∼3.8 eV electron affinity
and ∼7.4 eV ionization potential of ZnO NPs.13,14 Thus, the
ZnO NPs layer not only facilitates efficient electron injection
from the Al cathode into QDs, but also prevents leakage of
holes to the adjacent ZnO NPs layer. This confines the
excitation-recombination region, thereby improving charge
recombination efficiency.
Transmission electron microscopy (TEM) images of the

three ZnO nanoparticle samples are shown in Figure 2. We
found that the ratio [Zn2+]/[OH−] of 1:0.5, 1:1, and 1:1.5, gave
us average particle sizes of about 2.9, 4.0, and 5.5 nm,
respectively. This illustrates that the concentration of [OH−]
has a strong bearing on particle size. When the ratio of [Zn2+]/
[OH−] was 1:0.5, the concentration of [Zn2+] was higher than
that of [OH−], leading to excess [Zn2+] left in the reacted
solution, which limits the size of the ZnO NPs. As the
concentration of [OH−] increased, the reaction rate is
accelerated and the size of ZnO NPs is increased.15 It is
worth noting that when the ratio of [Zn2+]/[OH−] is higher
than 1:0.5, the sol−gel solution could hardly be formed, thus,
making it difficult to produce ZnO NPs. On the other hand, if
the ratio of [OH−]/ [Zn2+] exceeds 1.5:1, the ZnO NPs are
severely aggregated and bulk ZnO is formed. In addition, lattice
fringes can be clearly observed in the high-resolution TEM
image, which suggests good crystallinity of the ZnO NPs.
The morphologies of the ZnO films for the different sized

ZnO NPs after deposition on the substrate were revealed by the

HRTEM images shown as Figure 3. It is found that the ZnO
film was crystalline, which is due to postannealing. Compared
to the ZnO NPs dispersed in solution, the ZnO NPs size does
not change any more after deposition. The size of the ZnO NPs
in films can be calculated from ∼2.9 to ∼5.5 nm for the three
samples.
In order to study the band gap and quantum effects of the

different ZnO NPs, their absorption and photoluminescence
spectra were measured as shown in Figure 4a and b,
respectively. It is observed that the peak position of absorption
was located at 320 nm for the 2.9 nm NPs. This corresponds to
the largest band gap among the three samples. The band gap Eg
of the colloidal ZnO NPs is determined from the intercept
between the wavelength axis and the tangent to the linear
section of the absorption band edge.15 The band gap is 3.65 eV
for the 2.9 nm NPs. The energy band gap for the 4.0 and 5.5
nm ZnO NPs was retrieved as 3.47 and 3.35 eV, respectively.
These values are higher than that of bulk ZnO (3.2−3.3 eV),16

indicating that there is higher spatial confinement of photo-
generated charge carriers in the smaller ZnO particles.13,17 It is
found that the tendency of band gap enlargement with
decreasing size is consistent with the relation based on effective
mass approximation (Figure S1, Supporting Information).18
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Here E(gap,dot) and E(gap,bulk) are the band gaps of ZnO NPs and
bulk ZnO, respectively, ERyd* , R and h the bulk exciton binding
energy (60 meV), the particles’ radius, and Planck’s constant,

Figure 4. (a) Absorption and (b) photoluminescence spectra of different size colloidal ZnO NPs. (c) Absorption spectra of ZnO film based on
different size NPs and (d) corresponding band structure and table inset indicates band offsets at the QD and ZnO NPs layer interface.
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respectively. The effective masses me* = 0.24 mo and mh* = 0.59
mo correspond to that of the electron and hole, respectively.
From Figure 4b, we observe two peaks in the PL spectra. The
intensity of one peak is relatively weak and located at the
fundamental absorption band edge of the NP. This can be
attributed to the direct electron−hole recombination.19 The
other peak is much more intense and is located at 500−550 nm,
reflecting radiative recombination of electrons and holes,
involving traps or structural defects on the surface of the
NPs.20 Figure 4c shows the absorption spectra of ZnO films
formed by the different sized ZnO NPs. The UV−vis
absorption peaks differ with each other, indicating that the
ZnO NPs maintained the same size after annealing. From
Figure 4b, it can be seen that the peak photoluminescence was
red-shifted as the size of the NPs is increased due to
recombination of charge at the conduction band-edge and
deep trap levels.21 This is explained by the schematic diagram in
Figure 4d, which captures the effect of size on band structure
and the corresponding energy band (indicated in the inset). As
the size of the ZnO NPs increases from 2.9 to 5.5 nm, the
conduction band-edge correspondingly drops from −3.80 to
−3.95 eV and the valence band-edge rises from −7.45 to −7.30
eV. This is because of the weaker quantum confinement as
deduced from ultraviolet photoelectron spectroscopy (UPS)
measurements (Figure S2, Supporting Information). Here the
deep trap level is assumed to remain the same.22 The values of
the conduction (ECB) and valence (EVB) bands retrieved from
the UPS measurements corroborate with theoretically calcu-

lated values.23 Because of the change in the ZnO NPs size, the
conduction and valence band offsets at the QD and ZnO NPs
layer interface decreases, as shown in the inset of Figure 4d.
This has a strong bearing on device performance as discussed in
the next section.
In order to investigate the effect of ZnO NPs size on the

performance of QLEDs, the current-density voltage (J−V)
characteristics of an electron only device with a structure of
ITO/Al/ZnO NPs/Al and ZnO NPs-based QLEDs are
displayed in Figure 5a and b, respectively. The J−V curve in
Figure 5a clearly depicts two regions, the ohmic region (J∼V)
below 1 V and space charge limited current (SCLC) region
(J∼V2) at higher operating voltages.24 The J−V slope of the
QLEDs in Figure 5b has unity gradient between 0.1 and 1 V
depicting an ohmic region. The increase in the J−V slope up to
2 is representative of space charge limited conduction and
further increase in the slope (at about 4 V) coincides with the
onset of electroluminescence, that is, onset of both electron and
hole injection into the QDs.25 There is similar trend observed
for variation in the J−V characteristics both in the electron only
device and the QLED, because the J−V characteristics in both
device consist of the ohmic region (J∼V) below 1 V and space
charge limited current (SCLC) region (J∼V2) at higher
operating voltages. This phenomenon indicates the conductiv-
ity of ZnO has a great effect on the QLED performance. In
addition, from Figure 5a, it can be seen that the conductivity of
ZnO NPs film increases with the decrease in the ZnO NPs size.
This is in accordance with the effective electron mobility in the

Figure 5. (a) Current density−voltage (J−V) characteristics of an electron-only device (ITO/Al/ZnO/Al) (inset shows structure of the electron-
only device), (b) current-density voltage (J−V) characteristics of ZnO nanoparticle-based QLEDs. Three different regimes of conduction are clearly
visible (inset shows luminance photos of QLED A, QLED B, and QLED C from left to right, respectively), (c) current and power efficiency
characteristics for ZnO NPs-based QLEDs, and (d) EQE as a function of voltage for ZnO NPs-based QLEDs.
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NP sizes, which are 4.8 × 10−3, 2.6 × 10−3, and 7.2 × 10−4 cm2/
V·s for 2.9, 4.0, and 5.5 nm ZnO NPs, respectively (see Figure
S3, Supporting Information). The decrease of the size of ZnO
NPs leads to an increase in grain boundaries effect, leading to
enhancing conductivity, which is similar to the condition in
other metal oxide NPs.26 All devices in Figure 5b exhibit a low
turn-on voltage of 3.3 V (QLED A), 3.8 V (QLED B), and 4.3
V (QLED C). It can be seen that the smaller ZnO NPs lead to
lower turn-on voltage resulting into higher power efficiency and
better device stability (see Figure S4, Supporting Information).
The inset of Figure 5b shows photos of QLED A−C under an
applied voltage of 5 V. We see that QLED A presents the best
performance with the highest luminance intensity.
The EL spectra for sample A are presented in Figure S5. We

see that the position of the EL peak is located at 545 nm. The
peak wavelength is red-shifted from the photoluminescence
(PL) of the QD solution (Figure S6, Supporting Information),
stemming from a combination of finite dot-to-dot interactions
in close-packed solid films and the electric-field-induced Stark
effect.27 Its intensity increases with increasing applied voltage.
The QLED performance from the standpoint of current and
power efficiencies, as shown in Figure 5c, can be largely
improved by decreasing the size of the NPs. The maximum
current efficiency increased from 0.184 to 12.5 cd/A and the
maximum power efficiency increased from 0.054 to 4.69 lm/W
as the size of the ZnO NPs decreased from 5.5 to 2.9 nm. More
importantly, the external quantum efficiencies (EQE) of device
can be largely improved from 0.15% to 4.2% as the size of the
ZnO NPs decreased from 5.5 to 2.9 nm, as displayed in Figure
5d. In addition, the reproducibility of the results from device to
device is very good (Figure S7, Supporting Information).
Moreover, the device performance in our paper is very similar
to that in previously published papers, which testifies to the
reliability and accuracy of our experiment results and the
consistency of our experimental results. (Tables S3 and S4,
Supporting Information)
The variation of the performance of QLED based on

different size of ZnO NPs can be attributed to the change in
energy band of ZnO NPs because of quantum confinement. In
other words, the smaller ZnO NPs improving QLED
performance is due to the more favorable energy bands of
the ZnO NPs which serve to enhance electron transport
because of quantum confinement. This is deduced by
photoluminescence and absorption spectra, and UPS measure-
ment of ZnO NPs. The favorable energy band for the smallest
ZnO NPs is shown as follows: (i) Enhanced driving force for
electron injection. As the size of ZnO NPs decreases, the
conduction band-edge ascends and the valence band-edge
descends because of the stronger quantum confinement effect.
Thus, the shifted conduction band level of ZnO NPs as shown
in the Figure 4d leads to favorable electron transfer from the
ZnO ETL to the QD layer because of a stronger driving force.28

(ii) Benefit for hole blocking. The energy offset between the
valence bands of the QD and ZnO NPs becomes larger. This
results in better blockage of holes from the QDs to adjacent the
ZnO NP layer thus increasing the charge recombination
efficiency. (iii) Enhanced Auger assisted charge injection. The
Auger-assisted charge injection occurring at the QD/TFB
interface strongly depends on the level of electron injection
into the QD layer.29 Therefore, QLEDs with smaller size NPs
as the ETL require lower voltages to accumulate sufficient
electron concentration for an efficient Auger process because of
its favorable band structure for electron injection. This

decreases the turn on voltage and increases the power efficiency
of QLEDs. (iv) The device stability is strongly dependent on
the balance of carrier injection. Moreover, the balance of carrier
injection is related to the band structure of ZnO NPs. Thus, the
device stability is directly involved with the band structure of
ZnO NPs. As can be seen in Figure 4d, smaller energy barrier
with corresponding injection force are typically associated with
larger size NPs, which leads to the imbalanced carrier injection.
Consequently, the imbalanced carrier (electron or hole)
injection into the QD layer can give rise to nonradiative
recombination, which leads to device heating and thus
instability. The same phenomenon was also observed in earlier
reports.28 As expected, the smaller ZnO NPs show better
stability because of the balanced carriers injection due to
favorable band offsets, hence increase radiative recombination
and so the stability.9

In order to study the size effect of ZnO NPs on the exciton
dissociation in the adjacent QD layer, devices with ITO/QD/
ZnO structure were fabricated. The exciton dissociation is
caused by the emission quenching of QDs.10 Similar to other
metal oxides, the ZnO quenches the quantum yield of QDs by
virtue of an ultrafast nonradiative process.30 The PL decay
dynamics of the QDs based on the different size of ZnO NPs
with excitation wavelength of 375 nm are shown in Figure 6.

The decay lifetime of original QDs is calculated as 8.12 (error
bar is ±0.28) ns, which is larger than that of QDs with ZnO
NPs film. The result is comparable to that in a previous paper,31

which indicates that the QD has a longer decay lifetime
deposited on glass compared to that deposited on metal oxide.
In addition, the QDs exhibit significantly increased PL lifetime
with decreasing size of ZnO NPs. The PL lifetime decay curves
of QDs with different size of ZnO NPs can be well fitted by a
one-exponential function defined as I(t) = A exp(−t/τ).32 The
one-exponential fit shows the highest fidelity among the series
of exponential fits. The average decay time τ are 6.68, 5.31, and
5.11 ns, for 2.9, 4.0, and 5.5 nm ZnO NPs, respectively.
According to a series of experiments (Figure S8, Supporting
Information), it is found that the charge separation can be
considered as one of the major origins of the lifetime changes;
Meanwhile, other processes may also contribute to the change
of decay lifetime more or less, such as the photochemical
reaction on the QD surface, change on the QD surface due to
chemicals remaining on the ZnO NP layer, QD layer formation

Figure 6. Time-resolved PL dynamics of QD film on ITO and QD
film on ITO/QD/ZnO structure. Inset shows corresponding
parameters for one-exponential fitting for time-resolved fluorescence
dynamics.
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(FRET transfer), and changes in surrounding permittivity. The
decay lifetime is seen to increase monotonically as the size of
ZnO NPs is decreased due to the larger energy offset at the
QD/ZnO interface. For the smaller sized ZnO NPs, the
conduction band-edge ascends to a greater degree so that the
energy difference between the conduction band levels of the
QD and ZnO NP layer is larger, as displayed in Figure 4d.
Hence, fewer excitons are dissociated and electron transfer
from QDs to ZnO NPs is weaker, causing decreased
fluorescence quenching.33 The exciton dissociation in QDs by
charge transfer to adjacent electron transport layer can decrease
the PL quantum efficiency of the QDs, leading to low quantum
efficiency of QLEDs.34

■ CONCLUSIONS
In this paper we demonstrated the size tunability of sol−gel
synthesized ZnO nanoparticles in the electron transport layer in
quantum dot LEDs (QLEDs) and, in particular, examined its
impact on electron injection and hole quantum confinement.
Measurements of photoluminescence decay lifetime and
electron mobility show that decreasing the nanoparticle size
results in significant increase in the electron decay lifetime and
electron transport, all of which serve to lower the turn-on
voltage and improve the power efficiency. A comparison of
nanoparticle sizes shows that the best performance is achieved
with the smallest size (∼2.9 nm). This yields band offsets that
are favorable for electron transfer and equally conducive to hole
confinement in the adjacent quantum dot layer, thereby
boosting the charge recombination efficiency of the QLED.
While the QLED performance reported here can benefit from
further device optimization, the results pave the way for use of
other metal oxide nanoparticles in charge transport layers in
QLEDs.
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