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ABSTRACT: Pure phase Zn,GeO, nanowires (NWs) were
grown by the chemical vapor transport method on p-GaN:
Mg/AlL,O; substrate. The as-grown Zn,GeO, NWs exhibited
n-type characteristic due to native defects and formed a p—n
heterojunction with the p-GaN substrate. The unique energy
level of Zn,GeO, NWs promotes electron injection into GaN
active region while suppressing hole injection into Zn,GeO,
NWs. The device exhibited an emission centered at 426 nm
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and a low turn-on voltage around 4 V. Zn,GeO, NWs are first reported in this paper as promising electron transport and

injection material for electroluminescent devices.
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1. INTRODUCTION

Nanowire electroluminescent devices have attracted extensive
attention because of the many advantages of NWs, such as
structural flexibility, high crystallinity, and nanoscale dimension.
The unique one-dimensional structure of NWs provides a
spontaneous mechanism for strain relaxation and lattice
mismatch accommodation,’ making it viable to integrate
other functional materials onto III-V optically active semi-
conductors with low defects. This advantage helps to increase
carrier injection efficiency and contribute in tackling the
challenging problem of efficiency droop in light-emitting diode
(LED), which is partially related to the high dislocation density
caused by lattice-mismatch epitaxy.” Moreover, NWs provide
direct pathways for photon transport, improved photon
extraction is expected in the one-dimensional nanostructure.
Apart from being used as the light emitting active elements,
nanowires are also good candidates for carrier injection
materials. The capability to grow high-crystal-quality nanowires
on the substrates with less lattice match requirement®~> enables
a large range of materials selection for carrier transport and
injection, which opens up numerous freedoms to engineer band
structures of the p—n junctions and improve the LEDs
performance.

Zn,GeO, is a ternary functional oxide with many unique and
interesting properties, such as negative thermal expansion
below room temperature,6 white luminescence due to native
defects,” and high photon response for ultraviolet light
detection.® Earlier optoelectronic studies mainly focused on
its properties in high field electroluminescence because of some
of its advantages: extreme stability under high electrons
irradiation, presence of native defects that act as effective
emission centers and larg7e bandgap that can avoid self-
absorption of emitted light.””~'" However, it is challenging to
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explore this material for application in LED devices in the bulk
structure due to its relatively high resistivity (1 X 10"' Ohm cm
based on bulk structure'?) and large lattice mismatch with
optically active III—V materials. In this work, we synthesized
Zn,GeO, single-crystal nanowires on III—V substrate and
fabricate nanowire LED device using Zn,GeO, nanowires as an
efficient charge injection layer based on its unique band
structure, efficient charge transport and tolerance to lattice
mismatch. It was demonstrated that LED devices could be
successfully fabricated by integrating Zn,GeO, NWs with p-
GaN substrate. The electrical and optical properties of
Zn,GeO, NWs in injection electroluminescent devices were
elucidated.

2. EXPERIMENTAL SECTION

The Zn,GeO, NWs were synthesized by a chemical vapor
transport method."® ZnO, GeO,, and carbon powders were
mixed with molar ratio of 2:1:3. The mixed powder was put
into a 30 mm diameter quartz tube and inserted into the
furnace, which was heated up to 1000 °C. Ar gas mixed with
10% O, was used as carrier gas. Si substrates coated with thin
Au film (~10 nm) were used to collect NWs grown in the
temperature region of 500—400 °C. The system pressure and
oxygen concentration significantly affect morphology of the
NWs (see Figure S1 in the Supporting Information). The
growth conditions were chosen to achieve preferred NWs
product based on the consideration of high electron injection
efficiency and good carrier mobility. Detailed illustrations can
be found in the Supporting Information. Morphology and
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structures of the NWs were characterized by field-emission
scanning electron microscopy (SEM, JEOL 7600F), trans-
mission electron microscopy (TEM, JEOL 2100), and X-ray
diffraction (XRD, Shimashu XRD-6000, Cu Ka radiation).
Mg-doped GaN (0001) epitaxial film (3 ym in thickness) on
AlL,O; template was used as the p-type substrate. Zn,GeO,
NWs were grown on the substrate by the method described
above. The GaN substrate was partially covered and protected
by a hard mask during the nanowire growth process. After the
Zn,GeO, NW growth, 100 nm Au layer was sputtered onto the
protected area and followed by a 500 °C rapid thermal
annealing for 3 min in air to form Ohmic contact. The prepared
sample was placed onto a glass slide which served as a
supporting substrate. Two clean GaN substrates with thin
elastic films (paraffin film) on top were put on both sides of the
sample to serve as spacers. Bulldog clips were used to press Ag/
PET transsparent electrode onto the spacers and assemble the
device.'*'* By using this method, we can achieve good Ohmic
contact between the top electrode and underneath NWs
without complex processes of insulating layers deIposition,
plasma etching, and transparent electrode deposition.'®'”

3. RESULTS AND DISCUSSION

Top view of the Zn,GeO, NWs grown on p-GaN substrate is
shown in Figure la. The lengths are typically ~100 ym with a
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Figure 1. (a) SEM image of Zn,GeO, NWs. (b) High-resolution TEM
image of the Zn,GeO, NWs, which have a growth direction of (113).
Inset is the corresponding selective area diffraction patterns. (c) XRD
pattern of the Zn,GeO, NWs.

growth time of 20 min. Figure 1b is a high-resolution TEM
image of the Zn,GeO, NWs, showing single-crystalline
structure of the NWs. Crystallinity of the NWs was further
confirmed by the selective area electron diffraction (SAED)
patterns, as shown in Figure 1b inset. Figure lc is the XRD
pattern of the Zn,GeO, NWs. All the peaks can be readily
indexed to a pure rhombohedral crystal phase (JCPDS: 011—
0687, a = 14.231 A, b = 9.53 A). The high-purity Zn,GeO,
NWs eliminates the concern of impurity, such as ZnO NWs
and GeO, NWs, which may affect performance of the devices.
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Room-temperature photoluminescence (PL) of the Zn,GeO,
NWs on Si substrate and GaN substrate are presented in
Figures 2a, b. The Zn,GeO, NWs have a broad emission from
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Figure 2. (a) Room-temperature PL spectrum of Zn,GeO, NWs on Si

substrate. (b) PL spectrum of Zn,GeO, NWs on GaN substrate. (c)
PL spectrum of pristine GaN substrate.

500 to 700 nm, which was ascribed to the donor—acceptor
recombination from native defects.” Since the excitation energy
(3.81 eV) was relatively low compared to the bandgap of
Zn,GeO, (4.42 eV), the band edge emission behavior of the
NWs could not be shown. PL of the Zn,GeO, NWs on GaN
substrate was a combination of the narrow emission centered at
~440 nm and the broad emission from native defects of
Zn,GeO, NWs. The emission centered at ~440 nm came from
the GaN substrate in which transits were from conduction band
or shallow donors to the deep-level Mg dopants.'® Figure 2c
shows the PL from pristine GaN substrate, which confirms the
440 nm emission from GaN. The multipeaks structure in the
spectrum was attributed to light interference in the GaN film."?

Figure 3a is a schematic of the Zn,GeO, NW/p-GaN
heterojunction device. Silver nanoparticles on PET substrate®
(Ag/PET, sheet resistivity of 2 ohm/sq, transparency of ~65%
from 900 to 370 nm) was used as the top transparent electrode
by mechanical press onto the Zn,GeO, NWs. Reliable current
feeding and light extraction were achieved by this device
configuration. Current—voltage (I—V) characteristic of the
device was measured by a Keithley 4200 semiconductor
analyzer. The device exhibited strong rectifying behavior with
remarkable small reverse current, as presented in Figure 2b.
Due to oxygen vacancy and zinc interstitial, as donors, the NWs
behaved as intrinsic n-type materials.>' The p—n heterojunction
was formed between the Zn,GeO, NWs and p-GaN substrate.
Electrical properties of the device were further investigated by
measuring the I—V characteristics under varied cryogenic
temperature (see Figure S2 in the Supporting Information). It
shows that Zn,GeO, NWs had a carrier freeze-out temperautre
at around 150 K. Detailed results and discussions are provided
in the Supporting Information.

Strong blue emission from the device could be observed
under forward bias, as shown in the inset of Figure 3c. No
emission was detected under reverse bias. The emission spectra
centered at 426 nm with a full width at half-maximum (fwhm)
of about 60 nm, as shown in Figure 3c. The electro-
luminescence process can be explained by energy band diagram
of the heterojunction in Figure 3d. The conduction band edge
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Figure 3. (a) Schematic of the Zn,GeO, NWs/GaN heterojunction device. (b) Current—voltage curve of the LED device. (c) Electroluminescence
spectra of synthesized device, inset is a lighted LED device under 10 V forward bias. (d) Energy band diagram of the heterojunction.
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Figure 4. (a) EL stability test of the device with an operation time of 10 min under 8 V forward bias. Inset is the EL time respond of the device under
rectangle pulse function. (b) Enlarged image for response of the device under a single pulse.

of Zn,GeO, is located at around —3.80 eV (vs AVS-absolute
vacuum state),”> 0.4 eV higher than the conduction band of
GaN (—4.20 eV vs AVS).> Electrons can be easily injected into
GaN in this energy band structure.

It was reported that a Ga,O; film formed on GaN substrates
before the NWs growth in a chemical vapor deposition process.
The Ga,O; barrier reduced electron injection efficiency under
forward bias and largely increased the turn on voltage of the
LED device to +11.5 V.** The large turn-on voltage was not
observed in our devices which have a low turn-on voltage at
around 4 V. This suggests that the Zn,GeO, NWs should be in
direct contact with GaN thin film and high quality
heterojunction was formed in the device. The ease of electron

injection greatly enhanced the minority carrier concentrations
in the GaN active regions under forward bias, which increased
the radiative recombination rate while the nonradiative
recombination rate may be suppressed due to saturation of
deep level traps.”® There is a 0.63 eV energy barrier (AE, =
0.63 eV) between the valence bands of Zn,GeO, and GaN.
Hole injection into the conduction band of Zn,GeO, NWs is
largely suppressed under the high energy barrier. Because of the
low injection efficiency, these minority carriers more likely
relaxed through nonradiative recombination process. Con-
sequently, no characteristic emission from Zn,GeO, NWs was
observed in the EL spectra. No emission was detected from the
device with forward voltage below 3 V. When the bias was
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increased to 4 V, slightly above the bandgap of GaN, high
electrons injection took place, resulting in emission from the
GaN centered at 426 nm. The low turn-on voltage was
attributed to good Ohmic contact in the device and high quality
interface at the nanocontact of Zn,GeO, NWs and GaN film.

Dynamic switching experiments were also performed to
investigate stability and time response of the devices, as
presented in Figure 4. Emission intensity of the device was
quite stable during the test with 8 V forward bias. In order to
test the time response behaviors, a rectangular pulse function
(pulse width of 2.5 s, pulse period of S s and pulse voltage of 8
V) was applied to the device. As shown in Figure 4a inset, the
device showed quick and repeatable response to the pulse
function. The response time was below 16 ms, which was
limited by the acquisition time of our spectrometer, as
presented in one enlarged cycle in Figure 4b.

4. CONCLUSION

In conclusion, we demonstrate that the wide-bandgap intrinsic
n-type ternary material, Zn,GeO, NWs, can be used to form
high quality p—n heterojunction with p-type GaN for
electroluminescent applications. The conduction band offset
(from Zn,GeO, to GaN) AE_ is —0.4 €V, whereas the valence
band offset AE, is 0.63 eV. The p—n heterojunction greatly
facilitates electron injection into p-GaN active materials while
suppressing hole injection into Zn,GeO,. As a result, main
radiative recombination process was confined in GaN active
region, which has high internal quantum efficiency. The large
bandgap of Zn,GeO, NWs also reduces self-absorption of the
emission and increases light extraction efficiency. Therefore, the
ternary oxide NWs are promising materials for electro-
luminescent devices as electron injection layers.
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