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surrounding medium, WGM lasers may 
find many important applications such as 
biosensors.[18–20] Therefore it is essential 
to develop WGM type of lasers. Thanks 
to the inherent wurtzite structure, high-
quality hexagonal ZnO microstructures 
of various sizes can be readily grown by 
using relatively simple approaches such as 
vapor phase transport method and serve as 
excellent WGM lasing cavities. However, 
most efforts on WGM ZnO microlasers 
are based on optical pumping,[11–15] and 
electrically pumped WGM lasers are rarely 
reported.[16,17] Among these electrically 

pumped WGM laser efforts,[16,17] the devices are based on heter-
ojunctions involving n-type ZnO and a p-type dissimilar mate-
rial because p-type ZnO is difficult to achieve and unstable,[21] 
and lasing mechanism is explained by excitonic recombination. 
As a matter of fact, excitonic lasing has also been observed in 
random lasers made of various types of structures including 
metal–insulator–semiconductor (MIS) structure, metal–semi-
conductor Schottky junction, and metal–semiconductor–metal 
(MSM) junction.[5,6,22] Because of the involvement of excitonic 
recombination process, these devices operate with hole car-
rier injection much less than Mott density, therefore popula-
tion inversion is not necessary in contrast to the electron–hole 
plasma (EHP) lasing, which definitely requires a p–n junc-
tion.[23] In the present work, we report excitonic lasing based on 
Au/ZnO microwire WGM Schottky laser diodes. Electrolumi-
nescence (EL) characteristics and lasing mechanism have been 
investigated in detail.

2. Results and Discussion

2.1. Structural and Optical Characterizations

ZnO microwires were synthesized by vapor phase transport 
method. The detailed growth conditions are given in the Experi-
mental Section. Figure 1a shows a scanning electron micros-
copy (SEM) image of as grown ZnO microwires. The length and 
diameter of the microwires is around 0.2–3 mm and 8–12 μm, 
respectively. Figure 1b shows a SEM image of an individual 
microwire viewed from its side, indicating smooth hexagonal 
facets of the microwire. This morphology is important for estab-
lishing TIR inside the wires, which act as WGM microcavity. It 
is also evident from the SEM images that microwires have been 
grown along the c-axis. Figure 1c shows an X-ray diffraction 

Au/ZnO microwire Schottky diodes are fabricated. The devices exhibit typical 
Schottky diode I–V behavior with a turn-on voltage of about 0.72 V. The 
hexagonal ZnO microwires act as whispering gallery mode (WGM) lasing 
microcavities. Under forward bias, a three-microwire device exhibits WGM 
ultraviolet lasing spectra with a quality factor of about 1287. Output power 
of the laser has been measured at various injection currents, indicating 
threshold behavior with a threshold current of about 59 mA. Due to limited 
hole injection in the operation of Schottky diode, the lasing is a result of an 
excitonic recombination within the WGM cavity.

1. Introduction

Low-dimensional semiconductor micro/nanostructures gained 
a great deal of interest over the past two decades because they 
can in principle lead to higher-performance devices com-
pared with their bulk counterpart. Owing to its wide bandgap 
(3.37 eV) and a large exciton binding energy (60 meV) which 
ensures excitons to exist at room temperature, zinc oxide (ZnO) 
is considered as a promising candidate for next-generation 
micro/nano ultraviolet (UV) optoelectronic devices, especially 
lasers.[1,2] Lasing actions from ZnO micro/nanostructures can 
originate from three mechanisms namely random,[3–7] Fabry–
Perot (F–P),[8–10] and whispering gallery mode (WGM).[11–17] 
Random lasing is achieved by continuous scattering among 
ZnO grain boundaries or nanowire sidewalls. In the F–P type, 
1D ZnO nano/microwires can act as individual lasing cavi-
ties with the naturally cleaved two end facets as mirrors. In 
WGM lasers, light propagates inside ZnO microstructures 
through consecutive total internal reflection (TIR) at the inner 
walls. As a result, WGM lasers are expected to have a high 
quality (Q) factor and a low threshold due to its low optical 
loss at the cavity boundary. Moreover, because of its excellent 
characteristics and resonance wavelength dependency on the 
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(XRD) pattern of an individual ZnO microwire, which is hori-
zontally placed on a substrate. The spectrum exhibits diffrac-
tion peaks from ZnO(102), ZnO(110), and ZnO(103) planes, 
indicating the hexagonal wurtzite crystal structure and c-axis 
growth of this ZnO microwire.[24] Figure 1d shows temperature-
dependent photoluminescence (PL) spectra of ZnO microwires 
under the temperatures between 13 and 300 K. The dominant 
peak at 3.361 eV is usually observed in the undoped n-type ZnO 
and can be attributed to the donor bound exciton (D°X) emis-
sion. As the temperature is increased gradually, D°X-associated 
emissions dissociate into free exciton (FX) related emissions. 
Therefore, it is supposed that FX-related emissions dominate 
at room temperature.[25] Additionally, the emission peaks shift 
to lower energy with the increase of temperature due to the fact 
that the bandgap decreases with the increase of temperature.

2.2. Electrical Characterization

Left inset of Figure 2 shows a schematic diagram of the 
cross-sectional view of the Au/ZnO microwire Schottky junc-
tion WGM laser device. Step-by-step fabrication processes 
are summarized in the Experimental Section. Bottom right 
inset of Figure 2 shows an optical microscopy image of three 
microwires, having similar diameters, which were assembled 
as the active region of the device. Current–voltage (I–V) curve 
in Figure 2 demonstrates rectifying behavior with a turn-on 

voltage of about 0.72 V. Since Au has a work function of 
≈5.1 eV and the electron affinity of ZnO is ≈4.35 eV, Schottky 
junction with a Schottky barrier of ≈0.75 eV is expected to be 
formed between them. This low turn-on voltage from the device 
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Figure 1.  a) SEM image of as-grown ZnO microwires, b) SEM image, c) XRD spectrum of an individual ZnO microwire, and d) temperature-dependent 
PL spectra of ZnO microwires.

Figure 2.  I–V characteristic of a three-microwire-based device. Left 
inset shows a schematic diagram of the cross-sectional view of Au/ZnO 
microwire Schottky diode laser. Bottom right inset shows an optical 
microscope image of the three micowires after being transferred.
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confirms this fact.[26] A device with two ZnO microwires was 
also fabricated and characterized, showing similar Schottky 
diode I–V characteristic with a turn-on voltage of ≈0.75 V 
(Figure S1a, Supporting Information).

2.3. Lasing Characterization

Figure 3a shows room temperature EL emission spectra of the 
three-microwire Schottky junction laser device at different for-
ward currents. The EL emission band extends from 370 to 410 nm.  
At a forward current of 30 mA, a broad spontaneous emission 
band centered around 384 nm can be seen. With increasing 
forward currents to, e.g., 40 and 50 mA, the intensity of spon-
taneous emission bands increases. At injection currents above 
50 mA, several discrete peaks emerge in the spontaneous emis-
sion spectrum, indicating a change from spontaneous emis-
sion to stimulated emission. As the forward current increases 
to 85 mA, many sharp lasing peaks with a full-width at half 
maximum (FWHM) of about 0.3 nm appear in the spectrum, 
which implies that there is enough gain to sustain cavity modes 
in ZnO microwires. The Q factor is estimated to be about 1287, 

according to Q
λ

∂ λ
= , where λ  and λ∂  are the peak wavelength 

(386 nm) and FWHM (0.3 nm), respectively. Since we have only 
three wires reasonably apart from each other, random lasing is 
not possible because random lasing requires a large number 
of randomly distributed scattering sites in a medium. Also the 
probability of F–P lasing from opposite facets is excluded con-
sidering the fact that it would result in very weak optical con-
finement with much lower Q factor. Therefore, WGM is the 
dominant feedback mechanism in our structure.[13]

Mode spacing of a WGM laser can be determined by the fol-
lowing equation: 
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where λ  is the peak wavelength (386 nm), n is the refrac-
tive index of ZnO (nZnO ≈ 2.45), and L is the cavity length. 

The cavity length is assumed to be maximum possible optical 
path traversed by light inside these hexagonal cavities, which 
is ≈3 × D. D is diameter of the microwire or twice of the edge 
length of the hexagonal cross section. The three wires in the 
device have similar diameters of around 8 μm. These wires 
are quite apart from each other and can be considered as indi-
vidual functioning cavities. Therefore, the mode spacing is 
estimated to be about 2.53 nm. Furthermore, since the emis-
sion bandwidth is roughly 40 nm as shown in Figure 3a, the 
number of WGM modes is about 15. These results are in 
close agreement with experimentally observed values from 
Figure 3a. The EL spectra of a two-wire device show a similar 
WGM lasing mode structure, which has a free spectral range of 
about 2.05 nm as a result of a larger diameter (Figure S1b, Sup-
porting Information). Angle-dependent EL measurement of the 
three-wire device further proves the WGM lasing characteristics 
(Figure S2, Supporting Information).

Figure 3b shows integrated intensity and output power as a 
function of forward injection currents. The integrated intensity 
is the integral of all area under the EL curve, which is equiva-
lent to total output power for emissions at all wavelengths. The 
output power is measured real time from the device for one 
particular lasing mode. In this case the power was measured 
at a wavelength around the ZnO near band edge emission, 
i.e., 386 nm. As seen from the graph, both have similar trend: 
they increase slowly as the injection current is below ≈50 mA, 
and increase rapidly as the injection current increases beyond 
≈50 mA. By interpolating the data points, the lasing threshold 
is estimated to be around 59 mA. The output power is meas-
ured as 56 nW at an injection current of 85 mA. The inset of 
Figure 3b shows a far-field emission pattern, indicating blue-
violet light emission from the three-microwire based laser 
device at an injection current of 85 mA. A device using two 
ZnO microwires as the lasing cavity shows similar threshold 
behavior (inset of Figure S1b, Supporting Information).

2.4. Discussion

Figure 4a–c shows energy band diagrams of Au/ZnO microwire 
Schottky laser diode at thermal equilibrium, moderate forward 
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Figure 3.  a) Emission spectra of the diode under different injection currents. Arrows represent WGM lasing modes, b) integrated intensity and output 
power as a function of injection current, inset shows far-field emission pattern of the device at a current of 85 mA.
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bias, and strong forward bias, respectively. Values for relevant 
parameters such as bandgap, metal work-function, electron 
affinity, barrier height are illustrated. Due to a Schottky barrier 
of about 0.75 eV, thermionic emission of electrons across the 
barrier is relatively small and balanced at equilibrium. Under 
moderate forward bias on the Au metal, the ZnO band shifts 
upward, leading to a lower energy barrier for electrons. As 
strong forward bias is applied, the ZnO band bends sharply, 
leading to a narrower triangular energy barrier for holes at the 
Au/ZnO junction. Thus, while there is a continuous flow of 
large number of electrons toward Au contact, which contribute 
to the major portion of diode current, the holes from the posi-
tive battery pole via Au electrode can tunnel into the valence 
band of ZnO directly or through trap-assisted tunneling to form 
a small hole current. Since the electrons and holes are flowing 
in the opposite direction, there are ample probabilities for them 
to couple with each other and form excitons.[27,28] These exci-
tons then recombine to emit light almost instantaneously.[28] It 
should be noted that this device is different with the MIS laser 
device, where a large barrier at the metal–semiconductor inter-
face is used to confine electrons in the semiconductor for lasing 
as reported by Zhu et al.[4] Considering the fact that Schottky 
diode is a majority carrier device and there is very limited hole 
supply to the junction during operation, lasing phenomena 
should originate from excitonic recombination as opposed to 
EHP. As a matter of fact, EHP lasing would require a popula-
tion inversion condition, which could not be established in a 
Schottky diode. On the other hand, since excitonic lasing does 
not require population inversion, it accounts for the observed 
lasing phenomenon.[6,23] High-temperature EL measurements 
were performed to further prove the lasing being excitonic 
emission in these devices (Figure S3, Supporting Information).

3. Conclusion

Hexagonal ZnO microwires were synthesized by vapor phase 
transport method. Electrically pumped WGM lasing was 
achieved from simple device structures based on Au/ZnO 
microwire Schottky junctions. The origin of the lasing is 

ascribed to excitonic recombination in WGM cavities. Although 
the present laser, which consists of two or three far-apart placed 
microwires are multimode UV lasers, this work takes an impor-
tant step toward more advanced WGM lasers such as single 
wire lasers and coupled-mode ZnO microwire WGM Schottky 
diode lasers with higher mode purity.

4. Experimental Section
Microwire Growth: ZnO microwires were grown in an Atmospheric 

Pressure Chemical Vapor Deposition (APCVD) by employing vapor 
phase transport mechanism. First, a horizontal tube furnace was set 
to heat up to 1150 °C. Then, a mixture of ZnO and graphite powder 
(mass ratio 1:1) was loaded into a quartz boat and a Si substrate was 
placed upside down on top of the boat. As the furnace reached its set 
temperature value, the boat with the substrate was inserted inside the 
furnace and kept there for 30 min. Microwires were grown directly onto 
the Si substrate.

ZnO Thin Film Growth: A high-quality c-axis oriented undoped ZnO 
thin film was grown on a MgO buffer layer on Si(100) using an SVT 
Associates (SVTA) radio frequency (RF) plasma-assisted molecular 
beam epitaxy (MBE) system. The Si wafer was first cleaned by a standard 
RCA procedure and then the 4 nm MgO buffer film was grown for 5 min 
with a Mg cell temperature of 450 °C and an O2 flow rate of 1.5 sccm at 
a substrate temperature of 400 °C. It was then followed by the growth 
of a ZnO thin film layer of around 500 nm with a Zn cell temperature of 
340 °C and an O2 flow rate of 2 sccm for 4 h at 500 °C.

Device Fabrication: Au/ZnO microwire Schottky junction WGM 
lasers were fabricated using the following process. First, polymethyl 
methacrylate (PMMA) was spin-coated on ZnO thin film layer for 
45 s under a speed of 6000 rpm producing a film of ≈50 nm. Then, the 
microwires were picked out by a tweezer and placed horizontally on the 
ZnO layer with the help of PMMA. This transfer was then followed by a 
post bake for 80 s at 110 °C to drive off the solvents from PMMA and 
secure the microwires in place. PMMA serves several purposes in this 
structure. First, it works as an adhesive to fix the wires in place. Second, 
it isolates the top metal contact from being electrically shorted. Third, it 
improves the reflection at the lower facet of ZnO microwire compared 
with a scheme that the wire is directly contacted on ZnO. Finally, 
5 nm Au and 10/100 nm Ti/Au metals were e-beam evaporated on ZnO 
micorwires and ZnO layer, respectively, to form contacts. An indium tin 
oxide (ITO) glass slide (≈15–25 Ω sq−1) was placed on top of the Au 
contact for reliable current feed through during electrical measurements 
(inset of Figure 2).

Adv. Optical Mater. 2016, 4, 2063–2067

www.MaterialsViews.com
www.advopticalmat.de

Figure 4.  Band diagram of Au/ZnO Schottky junction under a) equilibrium condition, b) forward bias on the Au metal, and c) strong forward bias on 
the Au metal.
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Structural, Optical, Electrical, and Luminescence Characterizations: SEM 
images were taken using a Philips XL 30 SEM system. X-ray diffraction 
measurement was performed using a Bruker D8 Advance X-ray 
diffractometer. A home built PL system consisting of a Kimmon Koha 
325 nm He-Cd laser, a Janis cryostat, an Oriel monochromator, a lock-in 
amplifier equipped with a chopper and a photomultiplier tube were used 
to measure PL from ZnO microwires. I–V curves were measured through 
a Signatone Probe Station (Model H150) connected to a Semiconductor 
Parameter Analyzer (Agilent 4155C). EL measurement makes use of 
almost similar system as the PL measurement except that an external 
DC power supply (HP E3630A) was used as the excitation source instead 
of the He-Cd laser. A Thorlabs PM100 optical power meter was used for 
measuring output power from the devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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