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Carrier Transport Mechanisms of Hybrid ZnO Nanorod-polymer LEDs
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A hybrid polymer-nanorod (NR) light-emitting diode (LED), consisting of a hole-conducting poly-
mer poly (9-vinyl carbazole) (PVK) and ZnO nanorod (NR) composite, with the device structure
of glass/indium-tin-oxide (ITO)/PEDOT:PSS/(PVK + ZnO nanorods)/Al is fabricated through a
simple spin coating technique. TEM images shows inhomogeneous deposition and the agglomera-
tion of ZnO NRs, which is explained through their low probability of adsorption on PVK due to
two-dimensional structural property. In the current-voltage characteristics, negative differential re-
sistance (NDR) phenomenon is observed corresponding to device structure without ZnO NRs. The
carrier transport behavior in the LED device is well described by both ohmic and space-charge-
limited-current (SCLC) mechanisms. Broad blue electroluminescence (EL) consisting of two sub
peaks, are centered at 441 nm and the other at 495 nm, is observed, which indicates that the ZnO
nanorod play a role as a recombination center for excitons. The red shift in the position of the EL
compared to that photoluminescence is well explained through band offsets at the heterojunction
between the PVK and ZnO NRs.
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I. INTRODUCTION

The advantages of hybird device based on organic-
inorganic materials are due to the diversity of organic
materials and the high performance electronic and op-
tical properties stem from the inorganic materials [1–3].
Low-dimensional inorganic nano-structured materials, as
one of the component materials for such hybrid devices,
have attracted great interest these days because of their
unique physical and chemical properties [4–7]. Ease of
synthesis and precise dimensional control of the inorganic
semiconductors along with proper integration into the
organic component are the major challenges for the suc-
cessful fabrication of these hybrid devices.

Various nano-structured inorganic semiconducting
materials have been explored for making hybrid light-
emitting diodes, but most studies have focused on in-
organic nanocrystal (NC)-polymer based devices with
quantum dots embedded in a polymer matrix [1–3].
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Among these materials, ZnO with a direct band gap
of 3.37 eV and a large exciton binding energy of 60
meV at room temperature [8] has been widely investi-
gated for potential applications in ultraviolet nanolaser
sources [9], gas sensors [10], solar cells [11], and field
emission display devices [12]. In the past years, var-
ious methods such as hydrothermal [13], metalorganic
chemical-vapor deposition [14], and physical vapor de-
position have been adopted to synthesize ZnO nanos-
tructures [15]. Recently, the development of LED de-
vices using hybrid organic materials with synthesized
ZnO nanocrystals has been the subject of many studies
[16,17]. Although a few electroluminescent devices based
on an inorganic ZnO nanocrystal/organic heterostruc-
ture have been reported [17–21], studies on electrolumi-
nescent device consisting of an hybrid inorganic/organic
nanocomposite heterostructure using ZnO nanorods with
a simple chemical method of preparation are scarce.

In this work, two-dimensional ZnO nanorods (NRs)
were used, as exciton recombination centers to fabricate
inorganic-polymer hybrid LEDs by a simple spin-coating
technique. The microstructure, carrier transport be-
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havior, photoluminescence (PL) and electroluminescence
(EL) of the device were studied in detail.

II. EXPERIMENTS

We adopted a simple chemical method to prepare
ZnO nanorods and a spin-coating method to deposit an
organic-inorganic composite film for the developed EL
devices. Patterned ITO glass, supplied by Sunic Sys-
tem, was used as a substrate, and routine chemical clean-
ing procedure including ultra-sonification in a detergent
(trichloroethylene, acetone, and methanol solution) and
rinsing with deionized water, was adopted. The ZnO
nanorods were preapared as follows. An aqueous solu-
tion of 0.5 M Zn(NO3)2 was mixed with an excessive
amount of 2 M (NH4)2CO3 solution. The reaction pro-
duced an amorphous powder of zinc carbonate hydrox-
ide, Zn2(OH)2CO3∗xH2O (ZCH), composed of 50nm di-
ameter nanofibers [22]. A mixture of ZCH with NaCl or
NaCl-Li2CO3 was milled for 12 − 24 h in a Pulverisette
5 (Fritsch) planetary mill at 700 rpm in a Zr jar with
Zr balls. ZnO nanorods (NRs) were grown from the as-
prepared powder mixture, with a 0.5 g ZCH/10 g NaCl
or a 0.5 g ZCH/9 g NaCl/1 g Li2CO3 weight ratio, in
an alumina crucible and subjected to heat treatment in
a muffle furnace in air at 600 − 700 ◦C for 1 − 6 h.
Other experimental procedures are well described else-
where [23]. These ZnO NRs were used for the fabrication
of the LED device.

As a hole transport layer (HTL), a solution pre-
pared by dissolving the ZnO NRs (0.05 wt%)
and PVK (1 wt%) in toluene was spun onto
a pre-deposited conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) film on an Indium-Tin-Oxide(ITO) /glass
substrate acting as a hole injection layer (HIL). Subse-
quently the film was annealed at 90 ◦C for 10 minutes
to remove the solvent, and showed a sheet resistance of
about 15 Ω/square. Finally, as a top cathode, Al layer
of 200 nm in thickness, was deposited through a shadow
mask by thermal evaporation. For the measurement of
the photoluminescence, a He-Cd laser (λ = 325 nm) was
used as an excitation source. Electroluminescence was
measured by using a monochromator (Model: DM500)
and a photomultiplier (Model: PDS-1) attached to the
PL equipment. A current-voltage (I-V) characteristic
curve was obtained by using a HP 4284A precision LCR
meter at room temperature. A transmission electron
microscope (TEM) (Model: STEM/TEM (CM30)) at a
acceleration voltage 200 kV was used to investigate the
microstructural distribution of ZnO semiconductor NRs
in the hybrid polymer - NR composite.

Fig. 1. (Color online) (a) Schematic diagram of LED fab-
ricated using a hybrid PVK polymer and ZnO NRs. Plane-
view bright-field Transmission electron microscopy image of
(b) ZnO NRs and (c) a hybrid PVK polymer with ZnO NRs.

III. RESULTS AND DISCUSSION

Figure 1(a) illustrates the schematic structure of the
hybrid LED with a ZnO NR-PVK polymer structure.
Figure 1(b) shows a plane-view bright-field TEM image
of the prepared ZnO NRs. The image shows ZnO NRs
of about 10 nm in diameter and about 10 ∼ 100 nm in
length. Figure 1(c) shows a TEM image of ZnO NRs dis-
persed in PVK. A careful investigation of Fig. 1(c), show
that ZnO NRs are apparently agglomerated, connecting
one another, and appear to be distributed non-uniformly
throughout the PVK layer. The TEM observation also
indicates that the ZnO NRs and the PVK polymer are
not mixed together but are separated into two layers.
This result is quite different from that previously re-
ported for a CdSe/ZnS-PVK polymer hybrid structure,
where core-shell-type CdSe/ZnS NPs were uniformly ad-
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Fig. 2. (Color online) (a) Current-voltage curves for an
Al/[ZnO NRs + PVK polymers]/PEDOT:PSS/ITO on glass
devices. (b) The fitting plot in the space charge limit cur-
rent (SCLC) range for Al/[ZnO NRs embedded in a PVK
polymers]/PEDOT:PSS/ITO/glass devices. The inset repre-
sents the current as a function of the voltage characteristic,
obtained by using a fitting of the thermionic emission current.

sorbed on PVK polymer particles [24] and further if small
TPBi molecules were mixed with the CdSe/ZnS-PVK
hybrid they would have become a consolidated core-shell
type hybrid [25]. The contrasting observation in our
samples is because of the two dimensional structure of
the ZnO NRs used in the present work, which compared
to CdSe/ZnS NPs, have a low probability for being ad-
sorbed on PVK polymer particles.

Figure 2(a) shows the current–voltage (I-V)
characteristics for the Al/[ZnO nanorods (NRs)]/
PVK/PEDOT:PSS/ITO structure. The I − V curves
were obtained by sweeping the applied direct-current
voltage bias from −8 V to 8 V. The figure shows an
unusual behavior of a negative differential resistance
(NDR) at around −4 V and +4 V with a corresponding
change in the current from 8 to 5 mA and 17 to 6 mA,
respectively. This type of current anomaly, also known
as N-type current-voltage characteristics, has been

commonly observed in organic light-emitting diodes
(OLEDs) comprising small molecules or various kinds of
conjugated and non-conjugated polymers, and even dye
dopants [31]. Even though the reason for NDR is not
precisely known, this phenomenon has been generally
ascribed to leakage or short circuits and is a common
problem in organic thin films.

In order to examine the carrier transport in hybrid
polymer-ZnO NR LEDs, we analyzed the current-voltage
characteristic curve by using three basic mechanisms,
thermionic emission (TE), space-charge-limited current
(SCLC), and Folwer-Nordheim (FN) tunneling [26–28].
Figure 2(b) shows the log-log plot of the I-V curve from
0 to 20 V adapting the SCLC model. The curve could
be fitted with four regions showing different linear slopes
with the first change of slope occurring at a voltage of
1.7 V. The voltages up to 1.7 V could be fitted with α
= 1.16, which means that electrical conduction in this
range is governed by ohm’s law. As shown in the top in-
set of Fig. 2(b), where ln(J) vs. V1/2 is plotted, ln(J)
increases linearly up to 0.8 V; then, it deviates from
the linear variation. From this fitting result, the car-
rier conduction at very low voltages can be explained
by TE. As the voltage increases from 1.7 V to 3.8 V, α
slightly increases up to 2.36. Because this value is very
close to the power factor 2 corresponding to the classic
SCLC model for an ideal material [27], the carrier con-
duction is believed to be mainly controlled by SCLC. As
the voltage increases from 3.8 V to 4.7 V, the current
decreases from 17 mA to 6 mA, which is known as neg-
ative differential resistance (NDR). The slope changes
again to a positive value at 4.7 V. The α could be fit-
ted to a value of about 1.13 for voltages between 4.7
to 8 V, which means that electrical conduction in this
range is also governed by ohm’s law. As the voltage in-
creases further above 8 V, α increases to 2.9. Because
this value is very close to the power factor 2 correspond-
ing to the classic SCLC model for ideal material, the
conduction mechanism could be SCLC. In the complete
log-log plot of I-V from 0 to 20 V adapting the SCLC
model, the conduction mechanism changes from ohmic
to SCLC both before and after the NDR. The observed
NDR can be explained on the basis of the device struc-
ture. As seen from the above TEM images (Fig. 1(c)),
the ZnO NRs do not cover the PVK polymer layer com-
pletely and uniformly; thus, there is high probability that
at some regions the deposited top Al electrodes are in
direct contact with the PVK instead of the ZnO NRs.
As a consequence, a parallel ITO/PEDOT:PSS(30 − 40
nm)/PVK (80 nm)/Al structure is formed and appears
to be similar to the structure of the organic light emitting
diodes (OLEDs). The NDR has been observed in many
OLEDs [32–34]. Therefore the I-V curve in Fig. 2(b) can
be analyzed in terms of two characteristic curves, are re-
lated to the ITO/PEDOT:PSS/ZnO NRs/Al devke and
the ITO/PEDOT:PSS/Al device. In the former case,
Because the energy barrier between the ZnO NR and Al
electrode is as small as 0.11 eV, the I-V curve follows
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ohm’s law with α = 1.16 up to a voltage 1.7 V. As can
be seen in Fig. 2(b), for voltages higher than 4.7 V, the
current-voltage curve is well adjusted again by another
ohmic transport with α = 1.13. It is noteworthy that
the α = 1.13 is very close to α = 1.16 and that these two
ohmic transport regions may be connected in the voltage
range of 4.7 V to 8 V, represented by the dotted blue line.
As the voltage increases further to higher than 8 V, the
I-V curve shows the SCLC, behavior and this type of car-
rier transport can be understood by considering the large
energy barrier of 2.19 eV at the interface between PVK
(2.0 eV) and ZnO NRs (4.19 eV). This result is analo-
gous to the previously-reported one for a organic bistable
device with a ZnO NP-PMMA polymer hybrid layer [30].
In the latter case, the observed SCLC characteristics in
the voltage range of 1.7 V ∼ 3.8 V can be attributed
to another large energy barrier of 2.3 eV between PVK
(2.0 eV) and Al (4.3 eV). As the voltage increases fur-
ther from 3.8 to 4.7 V, the NDR dominates through the
structure where Al is directly on the PVK layer with
no ZnO NRs (OLED). The NDR observed in this volt-
age range for the first time for any devices, though it
depends on the thickness of OLEDs. The cause of the
NDR is not understood yet, but the current flow may
be explained possibly by the model of localized path-
ways, which has been widely accepted in OLEDs [31]. If
the exact mechanism for the observed NDR is to be as
certained, further investigation with the careful analy-
sis of the change in the spatial EL intensity is needed.
Efforts were also made to fit the I-V curve (Fig. 2(b))
of our fabricated LED with a Fowler-Nordheim (F-N)
tunneling model, but no good correspondence was ob-
served. Hence, the charge transport in the fabricated
Al/ZnO NR + PVK/PEDOT:PSS/ITO devices could
be explained in terms of ohmic and space-charge-limited-
conduction (SCLC) with no Fowler-Nordheim (F-N) tun-
neling.

Figure 3(a) shows room-temperature photolumines-
cence (PL) emission spectra of PVK, ZnO NRs, and a
ZnO NR-polymer composite thin film. The PL spec-
tra of PVK, ZnO NRs, and ZnO NR-polymer hybrid
show peaks with maximum intensity at 405 nm, 400 nm,
and 405 nm, respectively. The PL spectrum of the ZnO
NRs can be well resolved into two peaks, are centered at
around 400 nm (3.1 eV) and the other at around 437 nm
(2.83 eV), depicted as two dotted peaks. The first sub-
peak at 3.1 eV corresponds to the near-band-gap tran-
sition of the ZnO NRs. The second subpeak at 2.83 eV
corresponds to the transition related to intrinsic defects.
Janotti and Van der Walle [35] and Laks et al. [36] cor-
related, the blue luminescence, at around 2.7 ∼ 2.9 eV
to the transition from conduction band to zinc vacan-
cies, VZn, based on the energy level and the formation
energy of the ZnO intrinsic defects predicted through a
first-principles calculation employing the density func-
tional approximation (DFA) revised by the local density
approximation (LDA) and the LDA+U approach. Fig-
ure 3(b) shows electroluminescence (EL) spectra taken

Fig. 3. (Color online) (a) PL spectra of PVK, ZnO NRs
and polymer-ZnO NRs composite and (b) EL emission spec-
tra taken at 12V and 16V applied bias. Insets: the pho-
tograph of light emission from a hybrid polymer-ZnO NRs
LEDs.

at forward biases of 12 and 16 V, and the insets are
corresponding pictures of the EL emission. The EL peak
corresponding to 16 V can be well resolved into two small
peaks with centers at 441 nm (= 2.81 eV) and 495 nm
(= 2.5 eV), respectively, which exhibit red-shifts of as
much as of 41 − 46 nm compared to the PL peaks.

The proposed energy level diagram of the in-
organic/organic heterostructure LEDs is shown in
Fig. 4(a). The PEDOT:PSS has a lowest unoccupied
molecular orbital (LUMO) level and a highest occupied
molecular orbital (HOMO) of 3.3 eV and 5.3 eV, re-
spectively [37]. The highest occupied molecular orbital
(HOMO) level of PVK is at approximately 5.5 eV below
the vacuum level, and its lowest unoccupied molecular
orbital (LUMO) level is at about 2.0 eV [38]. The va-
lence and the conduction bands for ZnO are at 7.39 and
4.19 eV, respectively [39]. The holes, under an applied
bias voltage, tunnel across the energy barrier into the va-
lence bands of the PEDOT:PSS and the PVK. The car-
riers are transported through the hopping mechanism.
The potential barriers for hole injection from the ITO
to the HOMO level of the PEDOT:PSS and then from
the HOMO level of the PVK to the valence band of the
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Fig. 4. (Color online) (a) Proposed energy level diagram
of a hybrid Polymer-ZnO NRs LEDs. The highest occupied
molecular orbital (HOMO) level and the lowest unoccupied
molecular orbital (LUMO) level of PEDOT:PSS, PVK, and
ZnO are taken from Ref. 37, 38, and 39. (b) The energy band
diagram of p-PVK polymer/n-ZnO nanorod heterojunction.

ZnO NRs are 0.5 and 1.89 eV, respectively. The electron
injection barriers between the Fermi level of the Al elec-
trode and the conduction band of the ZnO NRs and from
the conduction band of the ZnO NRs and the LUMO of
the PVK are 0.11 eV and 2.19 eV, respectively.

The difference in the blue emission peaks between PL
and EL can be explained through the energy band dia-
gram of the p-PVK polymer/n-ZnO nanorod heterojunc-
tion, as shown in Fig. 4(b). The band diagram represents
an ideal heterojunction for p-PVK/n-ZnO based on the
Anderson model [40]. The reported electron affinity (χ)
values for ZnO and PVK used for the calculations are
4.19 eV and 2 eV, respectively. The calculated band off-
set at the conduction band, ΔEc = χ(ZnO) − χ(PVK),
= 4.19 eV − 2 eV = 2.19 eV and that at valance band,
ΔEv = ΔEc − ΔEg = 2.19 eV − 0.3 eV = 1.89 eV.
Thus, the band alignment leads to two band offsets due
to the different electron affinities and the band gap val-
ues. The electrons and holes accumulate at the interface
due to the conduction and the valence band offsets. The
light emission due to the electron and hole recombina-
tion occurs at the interface between p-PVK and n-ZnO.
In comparison with the PL peak, the observed red-shift
in the position of the EL peak corresponds to about 0.29
− 0.33 eV, which is very close to the difference of 0.3 eV
in the band offsets.

IV. CONCLUSION

In summary, the Al/ZnO NRs +PVK/PEDOT:
PSS/ITO LED device was fabricated by using a sim-
ple chemical method. The TEM images show that the
hybrid PVK polymer - ZnO NR structure consists of
two layers with phase segregation. The I-V characteris-
tics can be well explained by the formation of two dif-
ferent LED structures of p-PVK/n-Al or p-PVK/n-ZnO
NRs/Al. A NDR was observed in the I-V curve, corre-
sponding to the regions without ZnO NRs, but the origin
of this phenomenon needs further study. Carrier trans-
port in this LED is well described by the ohmic and the
SCLC mechanisms. The light emission due to electron
and hole recombination occurs at the interface between
the p-PVK and the the n-ZnO NRs. The shift in the blue
emission peak between PL and EL of about 40 nm can be
explained through band offsets by using the energy band
diagram of the p-PVK polymer/n-ZnO nanorod hetero-
junction. These results indicate that hybrid polymer -
NR composite LED, consisting of ZnO NRs dispersed in
PVK, hold promise for potential applications in next-
generation LED devices.
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