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Pure ultraviolet (UV) light emitting diodes (LEDs) using n-ZnO nanowires as an active layer were fabricated with an insulating
MgO dielectric layer as a carrier control layer, where all depositions were continuously performed by metalorganic chemical vapor
deposition. The current-voltage curve of the LEDs showed obvious rectifying characteristics, with a threshold voltage of about 7 V
in the sample with 4 nm i-MgO. Under the forward bias of the samples with proper MgO thickness, a sharp UV electroluminescence,
located at around 380 nm, was emitted from the active ZnO nanowires, while weak visible emission of around 450–700 nm were
observed. The pure UV emission from the ZnO nanowires in the n-ZnO/i-MgO/p+-Si heterostructures was attributed to the electron
accumulation in the ZnO by asymmetric band offset and preemptive hole tunneling from Si to ZnO by i-MgO.
© 2011 The Electrochemical Society. [DOI: 10.1149/2.029202jes] All rights reserved.
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Low-dimensional nanostructure materials have attracted great in-
terest in various research fields due to their unique physical and chem-
ical properties.1 Along with various other materials, zinc oxide (ZnO)
with a direct bandgap of 3.37 eV and a large exciton binding energy of
60 meV, has been widely investigated for potential optoelectronic ap-
plications, such as laser devices, optical sensors, solar cells, and light
emitting diodes (LEDs).1–4 Further, ZnO nanostructures have been
considered as a candidate material for the next generation blue and
near-UV light sources due to their large emissive areas. In particular,
one-dimensional ZnO nanostructures including nanowires, nanobelts,
nanorods, and nanowalls can be easily synthesized in large quantities
on several substrates.5–8

In previous research, some approaches have been developed to
synthesize n-ZnO nanostructure-based heterostructures using p-GaN,
p-SiC, p-NiO, and p-AlGaN as a p-type material.9–12 Among them,
the p-GaN is themost promising due to high-quality ZnO/GaN hetero-
junctions induced from the same wurtzite structure and small in-plane
latticemismatch (1.8%).However, theZnO/GaNheterojunctionLEDs
are economically infeasible, due to their low emission efficiency,
compared to the GaN based LEDs (InGaN/GaN, AlGaN/GaN, etc.).
On the other hand, the heterojunction LEDs using p-Si substrates
are cost effective and utilize well-developed fabrication processes.
The ZnO/Si heterostructure has asymmetrically large band offset be-
tween two energy bandgaps, since the ZnO has wider bandgap energy
(3.37 eV) than Si (1.12 eV). Interestingly, asymmetric band offset can
provide an effective hole carrier injection from p-Si to ZnO, by block-
ing the flow of electrons in the ZnO/Si interface. Thus, the fabrication
of the LEDs using the ZnO nanowires and thin films deposited on the
Si substrates has been studied for the fabrication of UV LEDs. How-
ever, the n-ZnO/p-Si heterostructures cause high leakage in the current
and very low emission efficiency. In particular, most n-ZnO/p-Si het-
erostructure LEDs showed relatively strong visible emission andweak
UV emission, and thus were mainly applied as sensor devices such as
optical and chemical sensors.13 To resolve this problem, the appropri-
ate dielectric layers with proper band offset were suggested and these
layers restricted the movement of electrons or holes, resulting in the
emission in the ZnO. Unfortunately, the use of the Si substrate causes
degradation in the crystalline quality of the ZnO film, induced by the
formation of polycrystalline. In contrast, the growth of the nanowires
on the Si substrates induces the single crystal ZnO without structural
defects. Therefore, the selection of the appropriate dielectric layer and
the growth of the ZnO nanowires on the Si substrates is expected to
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provide a very promising method for the fabrication of high-purity
UV LEDs.
In this study, we present the ZnO nanostructure based UV LEDs,

introducing dielectric insulating layers with proper thickness and re-
alizing the pure UV LEDs from the ZnO nanowires. We chose the
insulating MgO (i-MgO) deposited by metalorganic chemical vapor
deposition (MOCVD) as a current control layer. All synthesized prod-
ucts such as n-ZnO nanowires and i-MgOwere fabricated byMOCVD
on p+-Si substrate. The n-ZnO/i-MgO (4 nm)/p+-Si heterostructure
LED emitted an intense UV EL spectrum (around 380 nm) coming
from the ZnO nanowires. The mechanism for the EL emission, de-
pending on the thickness of inserted i-MgO layers, was discussed with
band offset engineering and tunneling current.

Experimental

Prior to the deposition of the vertically arrayed ZnO nanowires,
the i-MgO layers were grown for different times on p+-Si substrates
via MOCVD technique, as reported elsewhere.14 The i-MgO layers
were synthesized at 550◦C and 1 Torr using cyclopentadieny mag-
nesium (Cp2Mg) and high-purity oxygen gas reactants. High-purity
argon was also used as the carrier gas for Cp2Mg. The growth times
for the i-MgOwere 0 (sample 1), 10 (sample 2), 20 (sample 3), and 30
minutes (sample 4) to investigate the thickness effects of the i-MgO
layers on electroluminescence (EL) and electric characteristics. The
i-MgO layers were applied as a current control layer to block the direct
electron flow from the n-ZnO nanowires to the p+-Si substrate. After
the growth of the MgO, the dense ZnO nanowires were continuously
grown as active layers without pausing growth in the MOCVD cham-
ber. The synthesis of the ZnO nanowires was carried out at 400◦C
and 1 Torr for 30 minutes using diethylzinc (DEZn) and high-purity
oxygen gas. Argon was used as the carrier gas for the DEZn. The flow
rate of reactive oxygen gas was set to 50 SCCM, while the argon flow
rate was maintained at 10 SCCM.
Morphology observations of the n-ZnO nanowires on the i-MgO

layer coated p+-Si substrateswere investigated by field-emission scan-
ning electron microscopy (FE-SEM, JSM-7600F) operated at 10 kV.
Transmission electron microscopy (TEM, JEM-3010) was used to
measure the thickness of i-MgO layers. Figure 1a shows a schematic
diagram of the n-ZnO/i-MgO/p+-Si heterostructure LED designed in
this research. Extensively, the p-Si/Ag and n-ZnO/ITO contacts show
well-defined ohmic properties.15,16 For the n-ZnO/ITO contacts, flex-
ible polymer sheets coated with ITO were used to enlarge the con-
tact yield between the n-ZnO nanowires and the ITO electrode. The
use of soft polymer substrates results in good electrical contact on
the surface of the nanowires with different lengths and forms more
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Figure 1. (a) Schematic diagram of n-ZnO nanowires/i-MgO/p+-Si het-
erostructure LED used in this study. (b) Cross-sectional SEM image of ZnO
nanowires on the p+-Si substrate coated with i-MgO layer (6 nm) (sample 4).
High magnification TEM images showing the thickness of oxide layers: (c)
sample 2, (d) sample 3, and (e) sample 4.

stable contact than ITO coated glass substrates. The current-voltage
(I-V) measurements of the grown n-ZnO nanowires/i-MgO/p+-Si het-
erostructure LEDs were performed with an HP4145B semiconductor
parameter analyzer. The photoluminescence (PL) measurements of
the n-ZnO nanowires/i-MgO/p+-Si heterostructures were carried out
at room-temperature using a He-Cd laser operating at 325 nm. The
EL measurements were also conducted under forward bias condition
at room-temperature.

Results and Discussion

In the previous study, we have devised a method to grow ultrathin
i-MgO layers with amorphous phases using MOCVD for the fabrica-
tion of the ZnO nanowire based sensors, and suggested that the ultra-
thin i-MgO can control the band offset between ZnO nanowires and
Si with proper layer thickness.14 Figure 1b shows the cross-sectional
SEM image of the ZnO nanowires grown on the p+-Si substrate coated
with i-MgO (6 nm), where the ZnO nanowires were uniformly grown
with high density and vertical array. The length and diameter of these
ZnO nanowires are about 600∼ 650 nm and 20∼ 30 nm, respectively.
Prior to the growth of the nanowires, the i-MgO layers were deposited
with different thicknesses. The primary purpose on the introduction
of the i-MgO layer is to control carrier flow by adjusting i-MgO thick-
ness. Some research groups grew the i-MgO layers with a cubic phase
as a carrier blocking layer before the deposition of the ZnO thin film,
because the ZnO films could be epitaxially grown on the cubic MgO,
expecting high-quality single-crystalline and good optical properties
of the ZnO films. However, the cubic MgO layers can be grown by
limited methods such as molecular beam epitaxy (MBE) and electron
beam evaporation (e-beam).17,18 In addition, the MgO layer generally
has a very low growth rate and needs a thickness of over 50 nm to
grow epitaxial ZnO film on the MgO layer. Unfortunately, the thicker
MgO layer leads to significant reduction of the current level for both
forward and reverse bias. As a result, degradation in the EL emission
efficiency of the ZnO/Si heterostructure LEDs was caused, showing
weak UV emission and intense deep-level emission. In contrast, MgO
thin layers deposited by MOCVD didn’t influence vertical arrays and
crystal quality of ZnO nanowires despite their amorphous phase, and
also have insulating electrical properties. Thus, it is expected that
they can effectively control the carrier flow in the fabrication of ZnO
nanowire based LEDs. Figures 1c–1e exhibit highmagnification TEM
images obtained from the n-ZnO/i-MgO/p+-Si heterostructures with
various MgO thicknesses. As shown in these figures, the thin MgO
layers with dark contrast exist on p+-Si substrate with the form of

amorphous phase. The bright contrast on the p+-Si corresponds to the
native silicon oxide (SiO2) layers. The SiO2 thickness on the p+-Si
substrate is roughly 5 nm and the total thickness of oxide layers ac-
cords to the sum of SiO2 and i-MgO layers. The total oxide thicknesses
including the i-MgO layer on the p+-Si substrates are approximately
7, 9, and 11 nm for samples 2, 3, and 4, respectively.
Figures 2a–2d show the I-V characteristics of the n-ZnO

nanowires/p+-Si substrate heterostructure LEDs with and without the
i-MgO layer, measured under dark dc bias condition. Also, the insets
exhibit the series resistance (RS) of measured samples. The RS can be
obtained by calculating the slope in an I/(dI/dV) versus I graphs in the
high voltage region (V > Eg/q, where Eg is energy bandgap) of the I-V
curves.19 According to the p–n junction theory, the I–V characteristics
of real diodes can be expressed as,4,20

I = IS

{
exp

[
q (V− IRS)

nkT

]}
− 1 [1]

where, k is Boltzmann’s constant, n is ideality factor, T is temperature
in Kelvin, and IS is the reverse saturation current. Figure 2a shows
that n-ZnO/p+-Si heterostructure without MgO doesn’t exhibit well
rectifying characteristic observed in the diode, which is attributed to
the small conduction band offsets (CBO) of roughly 0.3 eV at the
ZnO/Si interface.21 The n-ZnO/p+-Si junction has a relatively large
band offset in the valence band, and thus the CBO determines the
amount of the charge carrier flow. Therefore, for the n-ZnO/p+-Si
heterostructure, the electrons in n-ZnO nanowires freely move into
the Si under DC bias conditions, resulting in active current flow. On
the other hand, Figs. 2b–2d illustrate that the n-ZnO/i-MgO/p+-Si
heterostructures behave like a well-defined diode with rapid current
increase under forward bias and blocking of the current flow under
reverse bias. The forward bias turn-on voltage was about 7 V in
sample 2, and was increased by increasing the i-MgO thickness. The
higher turn-on voltages in sample 3 and sample 4 were attributed to
the voltage drop across the insulating dielectric layer.11 Additionally,
as shown in the insets of Figs. 2b–2d, the typical values of the RS

were estimated to be 1.2 k� for sample 2, 150 k� for sample 3, and
180 M� for sample 4. The increase in RS was also due to the high
resistance properties in the thicker i-MgO layers, which was entirely
consistent with higher threshold voltage for the samples with thicker
i-MgO layers.
Figure 3a displays the room-temperature PL spectra of the

n-ZnO/i-MgO/p+-Si heterostructures. Samples 1∼ 4 exhibit similar
PL spectra of strong UV emission peaks positioned at about 375 nm
and undistinguishable deep level emissions, indicating high crystalline
and optical quality of the nanowires. The UV emission peak at room
temperature mainly originated from the excitonic transition between
valence and conduction bands.22 The center position of UV emission
is the same for samples 3 and 4. Figure 3b shows the EL spectra from
the n-ZnO/i-MgO/p+-Si heterostructure LEDs with different i-MgO
thickness. The heterostructure LEDs consist of two distinguishable
peaks centered at around 380 and 575 nm. By comparing the EL
spectrum with the PL spectrum, it is considered that the sharp peak at
380 nm is attributed to a radiative recombination corresponding to
near band edge emission from n-ZnO nanowires, while the peak at
575 nm comes from the defects of n-ZnO nanowires. We have previ-
ously reported that the broad peak at around 575 nm from the ZnO
grown by MOCVD was related to excess oxygen interstitial.22 Most
studies on EL performance using ZnO films and nanowires show dif-
ferent emission position in the PL and EL measurements. However,
our nanowires exhibit almost similar emission centers. Unlike previ-
ous reports on the synthesis of the nanowires using crystal seed layers,
our nanowires were fabricated on noncrystalMgO and this leads to the
formation of nearly stress free ZnO nanowires. In thin film technology,
stress mainly originates from lattice mismatch at the interfaces and
structural defects such as grain boundaries. It is well-known that ZnO
nanowires with single crystals are preferentially grown along the polar
c-axis, and this induces the polarization field and band bending along
the growth direction, resulting in the shift of emission position and the
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Figure 2. The current-voltage (I-V) characteristics
of the n-ZnO nanowires/i-MgO/p+-Si heterostruc-
tures: (a) sample 1, (b) sample 2, (c) sample 3, and
(d) sample 4.

degradation of emission efficiency. Meanwhile, the n-ZnO nanowires
on the i-MgO in this study show similar EL and PL peak position and
strong pure UV emission due to the absence of the interfacial stress.
Figure 4 presents the band structure model to help understand-

ing of the carrier transportation process depending on the i-MgO
layer thickness. We considered that the electron affinities of ZnO,
MgO, and Si are 4.35, 0.8, and 4.05 eV, respectively,23–25 as shown in
Fig. 4a. Upon applying forward bias to n-ZnO/i-MgO/p+-Si LEDs,
the energy band of Si would be moved more downward than that
of ZnO nanowires. For the sample with thinner i-MgO, as shown in
Fig. 4b, the carriers can migrate between ZnO and Si through tun-
neling due to the ultrathin i-MgO layer, which cannot block the flow
of carriers at the interfaces of n-ZnO/i-MgO and p+-Si/i-MgO. This
leads to a dramatic increase in the forward current at low bias, as
shown in Fig. 2b. The i-MgO layer of about 2 nm (sample 2) was too
thin to accumulate the carriers and did not induce radiative recombi-
nation, due to the disturbance of the overlapping of electron and hole.
However, it shows an increase in the threshold voltage and decrease in
leakage current, as increasing the MgO thickness, where the current
level at 15 V in sample 2 is one order of magnitude higher than that in
sample 3.

Nevertheless, it is expected that the i-MgO layer with proper thick-
ness is effective in inducing radiative recombination in the n-ZnO
nanowire arrays. Considering electron affinity and bandgap energy,
the CBO at the n-ZnO/i-MgO interface is about 3.6 eV,26 and calcu-
lated value of the valence band offsets (VBO) on considering electron
affinity and bandgap energy at the p+-Si/i-MgO interface is about
2.8 eV, as marked in Fig. 4d. This indicates that the insertion of the
i-MgO layer induces the blocking of charge carriers in the conduction
band of the ZnO and the valence band of the Si.26 As a result, the
majority of carriers in n-ZnO nanowires (electrons) and p+-Si (holes)
would be accumulated at the interfaces of n-ZnO/i-MgO and p+-
Si/i-MgO, respectively, under forward bias, if the i-MgO layers have
proper thickness. Unlike sample 2, showing tunneling in the ultrathin
MgO, the i-MgO thickness in samples 3 and 4 do not allow electron
carriers to flow actively between n-ZnO and p+-Si at low bias, due
to thicker MgO thickness and band offset. However, the holes at the
i-MgO/p+-Si interface can move to n-ZnO nanowires over threshold
voltage, because the VBO between Si and MgO is relatively low. It
leads to the radiative recombination in the n-ZnO nanowire side with
direct band, particularly pure UV emission, as shown in Fig. 3. Addi-
tionally, the UV emission coming from the tunneling of hole carriers
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Figure 3. (a) Normalized PL spectra for samples 1, 2, 3 and 4, and (b) RT EL spectra for sample 3 and sample 4 under the applied bias of 15 V.
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Figure 4. Energy band diagrams of the n-ZnO nanowires/i-MgO/p+-Si heterostructures: (a) equilibrium state, (b) ultrathin MgO (sample 2), (c) thin MgO (sample
3), and (d) thick MgO (sample 4).

from Si to ZnO can also be expected, but the tunneling contribution
is significantly reduced with increasing MgO thickness. As shown in
Figures 2d and 4d, thicker i-MgO layers have reduced forward cur-
rent levels due to suppression of the tunneling current. Consequently,
it leads to a decrease in the EL intensity of the UV region, as shown in
Fig. 3b. Therefore, the main mechanism for pure UV emission is due
to the combination of the electron accumulation in the ZnO with high
crystallinity by asymmetric band offset from insulating MgO and ap-
propriate hole tunneling using thin i-MgO layers. Additionally, deep
level emission (DLE) peaks in the EL emission are attributed to the
recombination dropped from the conduction band of ZnO nanowires
layer into deep level state,27 and this contribution is relatively weak
in sample 3.

Conclusions

ZnO nanowire based heterostructure LEDs have been fabricated
by employing an insulating MgO dielectric layer as a carrier control
layer and a ITO coated polymer sheet as an electrode on the top
of the nanowires. We utilized the MOCVD for the growth of the
ZnO nanowire and MgO layers, and controlled the thickness of MgO
layers for searching the optimized UV LED structure. Consequently,
the heterostructure LED with 4 nm MgO layer exhibited excellent
UV EL emission. It was attributed that the i-MgO layer confined the
electrons at the ZnO/MgO interfaces, and the relative small VBO and
thin MgO induced selectively the hole injection from p-Si to ZnO,
resulting in the effective radiative recombination in the ZnO region.
Under forward bias, a sharp UV EL emission (around 380 nm) at
room temperature was observed from the n-ZnO nanowires layer,
together with weak visible emissions. For thick i-MgO thickness, the
UV emission intensity became weak under the same driving voltage,
and the threshold voltage and series resistance in the I-V curves were
also increased. Such n-ZnO/i-MgO/p-Si heterojunction LEDs showed

EL and PL emissions centered at similar positions due to nearly stress
free ZnO nanowires.
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