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Well-aligned ZnO nanowires have been prepared on sapphire substrate, and structural and optical characterizations
indicate that the nanowires are of single crystalline and have relatively high luminescent quality. By employing the
ZnO nanowires as an active layer, p-ZngggMg( 320:N/n-ZnO nanowire heterostructure light-emitting devices (LEDs)
have been fabricated. The LEDs show pure ultraviolet emission when a forward bias is applied, while the deep-level
emission frequently observed in ZnO p-n junctions is almost totally invisible. The devices can work continuously for
over 27 h under the injection of a current density of 500 mA/cm?, indicating their good stability. © 2014 Optical
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The wide direct bandgap and large exciton binding
energy make zinc oxide (ZnO) a potential candidate
for application in efficient ultraviolet (UV) light-emitting
devices (LEDs) and laser diodes [1-11]. Although signifi-
cant advances have been witnessed in InGaN-based UV
and visible LEDs in the past decades [12-16], the step to
pursue other high-efficiency exciton-related LEDs and
lasers by using ZnO-based technology never stops. There
have been a few reports on ZnO based p-n junction LEDs
[17-22], and in many cases the emission of the LEDs is
dominated by a broad emission at around 500 nm, which
has been attributed to the deep-level emission of ZnO.
The origin for the deep-level emission can be attributed
to the structural imperfections in the ZnO active layer
due to the relative low crystalline quality of this layer.
One of the most wonderful characters of ZnO lies in
its rich nanostructure, and it is accepted that self-
assembled nanostructures usually have relatively high
crystalline quality [4,23-25], so if ZnO nanostructures
can be employed as the active layer, the performance
of ZnO-based LEDs may be improved. However, although
ZnO nanowires have been combined together with other
p type materials, such as NiO, GaN, etc., to form LEDs
[26,27], the emission of such devices is still very poor.
One of the major reasons may lie in the poor compatibil-
ity between ZnO nanowires and their p type counterparts
due to the large difference in physical and chemical prop-
erties. ZnMgO formed by the alloying of ZnO and MgO
has been regarded as one of the most compatible coun-
terparts of ZnO to form heterostructures for their small
lattice mismatch and similar bonding state with ZnO.
Actually, some groups have fabricated p-ZnMgO /n-ZnO
heterostructures, and some intriguing results have been
made from the structures [18,28]. Nevertheless, both
reports are focused on ZnO films, while none report
on ZnMgO/ZnO heterostructure LEDs employing high-
quality ZnO nanowires as the active layer can be found
up to date.

In this Letter, vertically aligned ZnO nanowires have
been grown, and the nanowires show high crystalline
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and optical quality. ZnMgO/ZnO p-n heterostructures
have been fabricated employing the high-quality nano-
wires as an active layer. The heterostructure LEDs shows
pure intense UV emission, while the deep-level emission
frequently observed in ZnO p-n junctions has been almost
totally suppressed.

The ZnO nanowires were grown by a metal-organic
chemical vapor deposition (MOCVD) technique using
a-plane sapphire as a substrate. The precursors used
for the growth of ZnO were diethylzinc and oxygen,
and the carrier gas that leads the precursors into the
growth chamber was high-purity (9N) nitrogen. Prior
to the growth, the substrates were treated at 850°C under
10~ Pa for 60 min to remove the possible absorbed con-
taminants on the substrate. The substrate temperature
was kept at 800°C, and the pressure in the MOCVD cham-
ber at 3000 Pa during the growth process. After the
growth, the nanowire samples were loaded into a mag-
netron sputtering chamber, and there nitrogen-doping
ZnMgO layer was deposited onto the nanowires to form
the ZnMgO:N/ZnO nanowire heterostructures. For the
deposition of the nitrogen-doped ZnMgO layer, a metallic
Zn target, and a ceramic Zny;Mg,;O target bound
together were employed as the source materials, and
nitrogen gas was used as the sputtering ambient. The
sputtering was carried out at 550°C for 2 h, and the pres-
sure in the chamber during the sputtering process is
around 1 Pa. Finally, a bilayer Ni/Au was deposited onto
the ZnMgO layer and an indium layer onto the ZnO nano-
wires acting as contacts in a thermal evaporation
method. The Ni/Au contact was annealed in air ambient
at 480°C for 15 min to form an ohmic contact. The mor-
phology of the ZnMgO layer and the ZnO nanowires was
characterized using a Hitachi S-4800 field-emission scan-
ning electron microscope (SEM). The structural proper-
ties of the ZnO nanowires were assessed by a JEM-2010
transmission electron microscope (TEM) and a Bruke D8
x-ray diffractometer. The electrical properties of the
ZnMgO layer were measured by a Lakeshore 7707 Hall
measurement system under van der Paul configuration
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at room temperature, and the magnetic field used for the
Hall measurement is 9000 Gauss. Photoluminescence
(PL) studies of the ZnO nanowires were carried out in
a spectrometer employing the 325 nm line of a He-Cd
laser as the excitation source. Electroluminescence
(EL) measurement of the ZnMgO:N/ZnO nanowire heter-
ostructures was carried out in a Hitachi F4500 spectrom-
eter with a continuous current power source.

The morphology of the ZnO nanowires is shown in
Fig. 1(a), and one can see from the 30° tilted SEM image
that well-aligned nanowires grown vertically on the sap-
phire substrate have been prepared, and the length and
diameter of the nanowires are around 1.5 pm and 30 nm,
respectively. Figure 1(b) shows the high-resolution TEM
image of an individual ZnO nanowire, and well-defined
lattice fringes can be seen from the image. The inset
of Fig. 1(b) shows the corresponding Fourier transform
pattern of the lattice fringes, from which clear spots can
be observed, which indicates that the nanowire is of sin-
gle crystalline. Figure 1(c) shows the 12 K and 300 K PL
spectra of the nanowires. The 12 K spectrum is com-
posed of five peaks at around 3.380, 3.365, 3.323,
3.244, and 3.177 eV. The peak at 3.380 eV can be attrib-
uted to the free exciton (FX) emission of ZnO according
to its position [29,30]. The dominant FX emission at 12 K
symbolizes the high optical quality of the nanowires. The
peaks at 3.365 and 3.323 eV have been frequently ob-
served in the PL of ZnO, and they can be attributed to
the emission from the neutral donor bound excitons
(D°X) and the transition between the free electrons in
the conduction band to the acceptor levels (eA%) of
Zn0O, respectively. As for the peaks at 3.244 and
3.177 eV, since their energy difference with eA? is 79
and 146 meV, close to the phonon energy of ZnO
(72 meV) [30], they can then be attributed to the first
and second phonon replica of eA’, respectively. The
PL spectrum at 300 K shows an emission at 3.312 eV,
which corresponds to the near-band-edge emission of
ZnO [17,30]. The high optical quality of the ZnO nano-
wires lays a solid ground for the high-performance
ZnO-based LEDs employing the nanowires as an active
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Fig. 1. (a) 30° titled SEM image of the ZnO nanowires grown
on sapphire substrate. (b) High-resolution TEM image of an
individual ZnO nanowire, and the inset shows the correspond-
ing Fourier transform pattern. (c) 12 K and 300 K PL spectra of
the nanowires. (d) XRD pattern of the ZnO nanowires.
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layer. Figure 1(d) shows the XRD pattern of the ZnO
nanowires; a single peak at around 34.41° is visible in
the pattern, which can be indexed to the diffraction from
the (0002) facet of wurtzite ZnO. Note that the shoulder
near the peak comes from the diffraction of the (0002)
facet under the excitation of Cu Ka2 line. The XRD re-
sults indicate that the nanowires are grown along
(0001) direction of wurtzite structure.

As stated above, to form p-n heterostructures, nitro-
gen-doped ZnMgO layers have been deposited onto the
ZnO nanowires. The Mg content in the ZnMgO layer de-
termined by energy dispersive x-ray spectroscopy (EDS)
is 0.32. Since the Zn ;sMg 55O:N layers were coated onto
the conductive ZnO nanowires, a direct Hall measure-
ment on the electrical properties of the Zn,ggMgj 350:N
layer will be interfered greatly by the nanowires. Thus
to assess the electrical properties of the Znj gsMg 300:N
layers, Hall measurements have been carried out on the
layers grown directly on sapphire substrate in the same
growth process, which shows that the layers show p type
conduction with a hole concentration of around 3 x
1016 cm=3 and a Hall mobility of 4 cm? V-! s1. We then
deduce that the Zn, ggMg 30 0:N layers deposited onto the
ZnO nanowires are of p type conduction, although the
hole concentration and Hall mobility of the layer depos-
ited onto the ZnO nanowires may be slightly different
from those of the layer grown directly onto the sapphire
substrate. Figures 2(a) and 2(b) show the cross-sectional
and plane-view SEM images of the ZnjgMg)3,0:N
coated ZnO nanowires. One can see from the figures that
the top surface of the nanowires has been fully covered
by the Zng Mg, 350:N. The absorption spectrum of the
Zng sMg(350:N coated ZnO nanowires is shown in
Fig. 2(c), from which a sharp peak at around 363 nm can
be seen, which comes from the excitonic absorption of
the ZnO nanowires. Another absorption edge at around
300 nm also can be observed from the spectrum, which
should come from the absorption of the Zn( Mg 3,0:N
layer. The EDS pattern of the ZnggMg,3,0:N layer is
shown in Fig. 2(d), from which the signals of Mg, Zn,
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Fig. 2. Cross-sectional (a) and plane-view (b) SEM image of
the Znj Mg 350:N coated ZnO nanowires. (c) The absorption
spectrum and energy dispersive x-ray spectroscopy (d) of the
Zng sMgy 350:N, and the inset (d) shows the XRD pattern of
Zno_GsMgO'gzolN layer.
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O, and N can be observed, indicating nitrogen has been
incorporated into the Zng,gMg,ss layer. The inset of
Fig. 2(d) shows the XRD pattern of the Zn;ggMg(320:N
layer, one sharp peak at around 34.74° and one broad
one at around 38.10° can be observed; the former comes
from the Znj Mg 350:N layer, while the latter from the
substrate. The XRD results reveal that the Zng gsMg( 350:N
layer is crystallized in wurtzite structures. One can see
in Fig. 2 that the ZnjgMg32,0:N layer has the same
crystalline structure with ZnO but has a larger bandgap,
which provides an ideal arena for constructing hetero-
structures employing the high structural and optical
quality ZnO nanowires as the active layer. When a forward
bias is applied onto the heterostructures, holes in the
7Zn, ;sMg( 55 0:N layer will be drifted to the ZnO nanowires.
While the electrons in the undoped ZnO nanowires will be
drifted toward the Zn ssMg 3o O:N layer and concentrated
at the ZnggMg)3,0/ZnO interface, as the conduction
band offset between these two layers (0.55 eV) will pre-
vent the drifting of electrons from the ZnO nanowires into
the Zn, ;sMg, 350:N layer. As a result, electrons and holes
will recombine in the ZnO nanowires, and thanks to the
relatively high structural and optical quality of the nano-
wires, high-performance ZnO LEDs may be realized from
these heterostructures.

To test the above idea, the luminescence properties
of the ZnjgMg)3,0:N/ZnO nanowire heterostructures
have been studied. The inset of Fig. 3 shows the sche-
matic diagram of the heterostructure devices. In these
heterostructures, two In dots have been deposited onto
the nanowire as a contact, while several Ni/Au bars were
evaporated onto the ZnggMg,3,O:N layer acting as a
contact. The current-voltage (I-V) characteristics of
the heterostructures are illustrated in Fig. 3. From the
figure, an obvious rectification behavior can be seen,
and the turn-on voltage is about 4.2 V. When a positive
bias is applied onto the Ni/Au contact, while a negative
bias onto the In contact, blue emission can be observed
from the heterostructures, as shown in Fig. 4. One can
see that when a current of several milliamperes is in-
jected into the device, an emission located at around
390 nm can be detected, while the deep-level related
emission at around 500 nm, which has been frequently
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Fig. 3. I-V curve of the Znj Mg 320:N/ZnO nanowire heter-

ostructures, and the inset shows the schematic diagram of the
device.
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Fig. 4. EL spectra of the device under different injection cur-
rent, and the inset shows the emission image of the device.

observed in ZnO-based p-rn junctions [17,19-22,28], is
almost totally invisible. That is, pure UV emission has
been obtained from the ZngggMg(3,0:N/ZnO nanowire
heterostructure LEDs. Note that emission peak shifts lit-
tle when the injection current increases from 5 to 13 mA
(corresponds to a current density from about 125 to
325 mA /cm?, which is believed to be the combined effect
of carrier screening and active layer heating. The inset of
this figure shows the emission image of the device; one
can clearly observe brilliant blue emissions. Stability is
one of the most important parameters for an LED. To
test the stability of the device, a current density of
500 mA /cm? has been injected into the device continu-
ously, and the emission of the LEDs has been recorded
intermediately, as shown in Fig. 5. From the figure, one
can find that the device can work continuously for over
27 h, and the emission intensity decreased by around 30%
after 27 h, indicating good stability of the device. Note
that very few reports demonstrated the continuous oper-
ation of ZnO-based LEDs [31-33]; the 27 h reported in this
Letter is the longest lifetime ever reported in ZnO-based
LEDs. We think the pure UV emission and good stability
of the devices are mainly due to the relatively high
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Fig. 5. EL spectra of the device recorded intermediately
after continuous running for a while under an injection current
density of 500 mA /cm?.



structural and optical properties of the ZnO nanowires,
which act as an active layer in the devices.

In conclusion, well-aligned single-crystalline ZnO nano-
wires have been prepared, and the nanowires show rela-
tively high structural and optical quality. By employing the
nanowires as an active layer, Zng ggMg( 30:N/ZnO nano-
wire heterostructure devices have been fabricated. The
devices show pure UV emission when a forward bias
is applied, while the frequently observed deep-level
emission in ZnO based p-n junctions is totally invisible.
The device can operate continuously for over 27 h, which
is the longest lifetime ever reported in ZnO-based LEDs.
The pure UV emission and good stability of the LEDs are
believed to be mainly due to the high structural and optical
quality of the ZnO nanowires. The results reported in this
Letter promise that high-performance ZnO-based LEDs
may be achieved.
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