Open Access Article. Published on 22 April 2015. Downloaded on 1/13/2026 12:00:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Nanoscale, 2015, 7, 9505

Electrically pumped random lasing based on an
Au-ZnO nanowire Schottky junctiont
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Electrically pumped random lasing based on an Au-ZnO nanowire Schottky junction diode is demon-

strated. The device exhibits typical Schottky diode current—voltage characteristics with a turn-on voltage

of 0.7 V. Electroluminescence characterization shows good random lasing behavior and the output power
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1. Introduction

ZnO is a direct band gap material with particularly large
exciton binding energy of 60 meV, i.e. more than twice the
thermal energy at room temperature, which makes it extremely
promising for the development of room temperature (RT)
ultraviolet (UV) lasers.™ Meanwhile, a random laser has
attracted much attention for its great application potential in
speckle-free imaging, sensing, and medical diagnostics.”™°
A great deal of effort on optically pumped random lasers'**
has significantly enriched the knowledge of the field, and the
development of portable random lasers by electrical pumping
is essential from the application standpoint. Electrically
pumped random lasing behavior has been realized in ZnO p-n
junction structures.”'*'*> Nevertheless, due to the difficulty
and unreliability of ZnO p-type doping, other structures such
as the heterojunction'®'” and metal-insulator-semiconductor
(MIS) structures'®'® have been developed. These device struc-
tures have shown promising lasing spectral characteristics.
Further effort is necessary to investigate approaches to
enhance the quality factor, control the lasing mode, and
increase the output power for ultimate application of these
random lasers. One of the possible ways is the exploration of
alternative device structures.
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is about 67 nW at a drive current of 100 mA. Excitonic recombination is responsible for lasing generation.
Zn plasma is only observed under high applied bias, which can be distinguished from the random lasing
spectral features near 380 nm. The laser diode based on the Schottky junction provides an alternative
approach towards semiconductor random lasers.

In this paper, we demonstrate an electrically pumped
random laser based on the Au-ZnO nanowire Schottky diode,
which is different from all reported device structures.
Undoped n-type ZnO bundle nanowires were grown on n-type
ZnO thin films, and Au was deposited on the top end of ZnO
nanowires to form the Au/ZnO Schottky junction. Interestingly,
good random lasing behavior with a decent output power was
achieved from such a unipolar device. The excitonic lasing
signals are further distinguished from Zn micro plasma emis-
sion, which can only be generated at relatively high voltage.
The demonstration of a ZnO Schottky random laser diode has
important implications: it gives a potential lower bound of the
number of holes to initiate random lasing with the leakage
minority carrier hole current in a unipolar Schottky diode; it
suggests that excitons in ZnO have played a major role on the
low-threshold random lasing electroluminescence (EL) at
room temperature.

2. Results and discussion

Fig. 1a and 1b show top-view and side-view scanning electron
microscopy (SEM) images of the undoped ZnO nanowires
grown on a ZnO thin film seed layer, respectively. The growth
details are given in the Experimental section. Densely distribu-
ted nanowire arrays with hexagonal structures on the top end
can be seen in Fig. 1a. From the side-view image, a separate
nanowire segment and a seed film segment are observed. The
as-grown ZnO nanowires follow the c-axis of the ZnO grains of
the seed film (ESIT). The nanowires are not totally vertically
aligned, rather slightly tilted 5-10 degrees, which may be due
to the roughness of the seed layer surface. The average length
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Fig.1 (a) Top-view, and (b) side-view SEM images of undoped ZnO
nanowires grown on the ZnO seed thin film layer. The scale bar is 2 pm.
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Fig. 2 Temperature-dependent PL spectra of as-grown ZnO nanowires.
The four peaks from left to right are assigned as FA-2LO, FA-1LO, FA and
DX, respectively.

of nanowires is about 3 pm while the diameters vary from
200 nm to 500 nm.

The temperature-dependent photoluminescence (PL)
measurement was performed with a 325 nm He-Cd laser for
the as-grown ZnO nanowire sample to evaluate the optical pro-
perties. Fig. 2 shows PL spectra recorded at temperatures from
13 K to 290 K. From right to left there are four peaks around
3.361 eV, 3.305 eV, 3.233 eV and 3.163 €V in the spectra. The
dominant emission peak at 3.361 eV is usually observed in the
n-type ZnO and can be attributed to the donor bound exciton
(D°X)."%° The peak at 3.305 eV shows a slightly red shift with
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Fig. 3 (a) Schematic of the random laser device. The Schottky junction
forms at the interface of each single ZnO nanowire and the Au “island”
on top. The laser device is densely packed Au-ZnO Schottky junctions
connected in parallel. (b) /-V curve of the Schottky device measured in
the dark.

increasing temperature and therefore it is assigned to a free
electron acceptor (FA).>"** The chemical state of the acceptors
may be related to unintentionally incorporated nitrogen
species. The 3.233 eV peak is 72 meV at the lower energy side
of the FA peak, which is equal to the phonon energy of ZnO,
and thus it is attributed to the first phonon replica of FA
(FA-1L0).>® Similarly, the obscure peak at 3.163 eV is 70 meV
away from the FA-1LO peak and can be assigned to the second
phonon replica of FA (FA-2LO). The observation of phonon
replicas reveals the high quality of the ZnO nanowires.>**

Fig. 3a shows a schematic of the device structure of the
Schottky junction random laser diode. Au of 10 nm was
deposited on top of the nanowires to form a Schottky junction
at the interface. Due to the nanowire morphology, it is expected
that Au will not be continuous as a thin film on the entire
sample surface. While some Au form localized islands on each
top ends of the nanowires, there is some metal leaking into void
spaces in between the nanowires. Nevertheless, due to the
limited Au evaporation and shade effect, the metal does not
reach deep inside; instead it only coats the top portion of the
nanowires. For each single nanowire, the Au on top forms a
Schottky junction with the nanowire and the laser device can
be treated as densely packed Au-ZnO Schottky junctions
connected in parallel. The area of the device is about 1 cm by
1 cm. Device fabrication details are given in the Experimental
section. Fig. 3b shows a current-voltage (I-V) curve in the dark.
Rectifying behavior is observed. The relatively small turn-on
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Fig. 4 (a) EL spectra of the laser device operated at the drive current
from 50 mA to 100 mA. Inset is the illumination photograph of the
device driven at 100 mA and the scale bar is 1 cm. Zn plasma related
peaks are evident in the spectrum as the device is driven by 100 mA. (b)
Integrated intensity and output power as a function of injection current.
Dashed line is a guide to the eye.

voltage of about 0.7 V explains the formation of the Au-ZnO
Schottky junction.>® As a reference, the I-V cutve from a ZnO
nanowire/thin film p-n junction is also shown in the ESLf
which exhibits different I-V characteristics with much larger
turn-on voltage.

Fig. 4a shows EL spectra of the Schottky diode laser device
with increasing injection current under the forward bias. At
currents below 60 mA, the EL spectra are dominated by a back-
ground noise. The EL near band edge spontaneous emission
centered at around 385 nm superimposing with a few ran-
domly distributed lasing modes starts to show up at a drive
current of about 70 mA. Both spontaneous emission and
lasing modes continue to grow stronger with the increase of
the injection current. As the current reaches 100 mA (the
corresponding voltage is 30 V), randomly distributed sharp
peaks become dominating in the spectra. It is also noticeable
that at an injection current of 100 mA peaks emerge between
320-335 nm and around 480 nm, which originates from the
formation of Zn micro plasma generated in between ITO glass
and some uncontacted nanowires as a result of the high elec-
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tric field.>® The Zn plasma may contribute to the lasing
process at 100 mA by re-absorption of some high-energy
photons and subsequent generation of additional electron—
hole pairs in ZnO. However, these peaks are not observed at
lower voltages, effectively excluding Zn plasma being solely
responsible for the lasing behavior in the device under lower
biases. The inset in Fig. 4a is the photographic image of the
random lasing device taken at a drive current of 100 mA. A very
bright light spot with violet halo is obvious, which directly
proves the lasing process in the Au-ZnO nanowire Schottky
diode.

Fig. 4b shows the integrated intensity and output power as
a function of injection current. The output power was
measured for a single wavelength of 385 nm from the normal
to the surface of the device by using a Thorlabs PM100 Optical
Power Meter. The integrated intensity was calculated by extract-
ing the area under the random lasing spectra in between
360 nm and 420 nm at different injection currents, which
matches reasonably well with the output power data trend.
A dashed line is plotted to guide the eyes, showing a threshold
current of about 70 mA. The output power is about 67 nW at a
drive current of 100 mA, which is about two orders of magni-
tude higher than that of the MIS structure random laser
device.'®

Finally, we discuss the mechanism of the lasing behavior
from the Au-ZnO nanowire Schottky diode. Fig. 5a shows a
schematic of the simplified energy band diagram of the
device. As a forward bias is applied on the Au metal, the
energy band of ZnO bends downward adjacent to the metal-
semiconductor interface. Electrons transport to the interface
from the bulk of ZnO nanowires driven by an electric field.
Under a sufficiently high forward bias, the sharply bent energy
band region appears and holes can directly tunnel to the
valence band of ZnO from the positive pole.>” These holes
readily interact with electrons in the conduction band to form
excitons and emit light through excitonic EL.*® Due to the
limited hole injection, the exciton recombination process is
believed to be responsible for the lasing behavior since popu-
lation inversion is not necessary in excitonic lasing gene-
ration.>® The light is mostly generated in the nanowires below
the Au/ZnO interface because of the small hole diffusion
length.? Light emits in all directions and the light path is com-
plicated considering randomly distributed tilted nanowires. In
some cases, the light can returns to where it starts; then close-
loop resonant cavities for coherent lasing are formed,**?*! as
schematically shown in Fig. 5b. When the light generation
overcomes the loss inside the cavities, lasing signals start to
dominate the EL spectra. As shown in Fig. 4a, the lasing peaks
are from different lasing modes because the cavities are
randomly formed.

3. Experimental

Nanowire growth: an undoped ZnO seed layer of 1 pm was
grown on a Si (100) substrate by plasma-assisted molecular-
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Fig. 5 (a) Simplified band energy diagram of the Au—-ZnO Schottky
junction under the forward bias. The solid and hollow circles represent
electrons and holes, respectively. (b) The formation of light close-loop
cavity for random coherent lasing in the device.

beam epitaxy. The ZnO/Si (100) sample was then transferred to
a CVD furnace for vapor-solid growth of ZnO nanowires. The
substrate was positioned at the center of the quartz tube.
A silica bottle with zinc powder (99.999%, Sigma Aldrich)
was placed 1 cm away from the substrate at the upstream side
as a source material. A flow of 300 s.c.c.m. argon diluted
oxygen (0.5%) was used as the reaction gas and a flow of 600 s.
c.c.m. nitrogen was passed continuously through the furnace
during the growth. The growth temperature is 515 °C and the
growth duration is 40 min. The substrate was partly covered
during the growth for subsequent contact formation on the
ZnO film.

Device fabrication: Ti/Au (10 nm/100 nm) contact was de-
posited on the ZnO thin film by e-beam evaporation. During
the Ti/Au metal evaporation, the nanowires were protected by
an aluminum foil. This metal contact was annealed at 400 °C
for 60 seconds in a rapid thermal annealing (RTA) furnace to
ensure Ohmic contact. Au of 10 nm was subsequently
deposited on top of the nanowires for the formation of the
Schottky junction. A slice of ITO glass was clamped on the device
as a top contact where the ITO side connects the Au/ZnO nano-
wires for current feed through on the top contact of the Schottky
diode random laser.
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4. Conclusions

Undoped n-type ZnO bundle nanowires were grown on a ZnO
seed thin film layer. The Au metal was deposited on the top
ends of the nanowires to form a metal-semiconductor junc-
tion. The current-voltage curve in the dark indicates typical
Schottky diode electrical characteristics. Good random lasing
behavior is demonstrated, indicating that the leakage hole
current flowing in a unipolar Schottky junction is sufficient
to help trigger the excitonic process in ZnO nanowires,
and initiate and maintain excitonic lasing. Furthermore, Zn
plasma is only observed near 320 nm and 480 nm at a high
current of 100 mA, and therefore differs from the random
lasing spectral features in between 360 nm and 420 nm. This
study demonstrates excitonic lasing through a nanowire
Schottky diode, which provides an alternative device structure
for the development of semiconductor random lasers.
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