
Soft-solution route to ZnO nanowall array with low threshold power density
Eue-Soon Jang, Xiaoyuan Chen, Jung-Hee Won, Jae-Hun Chung, Du-Jeon Jang, Young-Woon Kim, and Jin-
Ho Choy 
 
Citation: Applied Physics Letters 97, 043109 (2010); doi: 10.1063/1.3466910 
View online: http://dx.doi.org/10.1063/1.3466910 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/97/4?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Effects of Cu diffusion-doping on structural, optical, and magnetic properties of ZnO nanorod arrays grown by
vapor phase transport method 
J. Appl. Phys. 111, 013903 (2012); 10.1063/1.3673861 
 
Structure evolution of Zn cluster on graphene for ZnO nanostructure growth 
J. Appl. Phys. 109, 024307 (2011); 10.1063/1.3537828 
 
High-density excitation effect on photoluminescence in ZnO nanoparticles 
J. Appl. Phys. 107, 124311 (2010); 10.1063/1.3425783 
 
Enhanced light extraction efficiency of GaN-based light-emitting diodes with ZnO nanorod arrays grown using
aqueous solution 
Appl. Phys. Lett. 94, 071118 (2009); 10.1063/1.3077606 
 
Characterization of ZnO nanorod arrays fabricated on Si wafers using a low-temperature synthesis method 
J. Vac. Sci. Technol. B 24, 2047 (2006); 10.1116/1.2216714 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  203.255.172.21 On: Tue, 25 Oct

2016 05:42:56

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2116740565/x01/AIP-PT/APL_ArticleDL_101216/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Eue-Soon+Jang&option1=author
http://scitation.aip.org/search?value1=Xiaoyuan+Chen&option1=author
http://scitation.aip.org/search?value1=Jung-Hee+Won&option1=author
http://scitation.aip.org/search?value1=Jae-Hun+Chung&option1=author
http://scitation.aip.org/search?value1=Du-Jeon+Jang&option1=author
http://scitation.aip.org/search?value1=Young-Woon+Kim&option1=author
http://scitation.aip.org/search?value1=Jin-Ho+Choy&option1=author
http://scitation.aip.org/search?value1=Jin-Ho+Choy&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.3466910
http://scitation.aip.org/content/aip/journal/apl/97/4?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/1/10.1063/1.3673861?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/111/1/10.1063/1.3673861?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/109/2/10.1063/1.3537828?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/107/12/10.1063/1.3425783?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/7/10.1063/1.3077606?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/7/10.1063/1.3077606?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/24/4/10.1116/1.2216714?ver=pdfcov


Soft-solution route to ZnO nanowall array with low threshold power density
Eue-Soon Jang,1,a� Xiaoyuan Chen,1 Jung-Hee Won,2 Jae-Hun Chung,3 Du-Jeon Jang,3

Young-Woon Kim,3 and Jin-Ho Choy4,a�

1Department of Radiology, Molecular Imaging Program at Stanford (MIPS) and Bio-X Program,
Stanford University, 1201 Welch Rd., Stanford, California 94305, USA
2Hygiene Application Team, LG Household and Health Care, Daejeon 305-343, Republic of Korea
3Seoul National University, Seoul 151-747, Republic of Korea
4Department of Chemistry and Division of Nanosciences, Center for Intelligent Nano-Bio Materials
(CINBM), Ewha Womans University, Seoul 120-750, Republic of Korea

�Received 11 January 2010; accepted 29 June 2010; published online 29 July 2010�

ZnO nanowall array �ZNWA� has been directionally grown on the buffer layer of ZnO nanoparticles
dip-coated on Si-wafer under a soft solution process. Nanowalls on substrate are in most suitable
shape and orientation not only as an optical trap but also as an optical waveguide due to their unique
growth habit, V�011̄0��V�0001��V�0001̄�. Consequently, the stimulated emission at 384 nm through
nanowalls is generated by the threshold power density of only 25 kW /cm2. Such UV lasing
properties are superior to those of previously reported ZnO nanorod arrays. Moreover, there is no
green �defect� emission due to the mild procedure to synthesize ZNWA. © 2010 American Institute
of Physics. �doi:10.1063/1.3466910�

The UV-laser has been considered as the next generation
laser source for the information technology because the UV-
laser could store fourfold more data in the same space than
the IR-one.1 However, the durability of photonic device
could inhibit their practical applications since the high
pumping power is usually required to induce UV-lasing
emission. Zinc oxide �ZnO� material with a large exciton
binding energy �60 meV� and a direct wide band gap ��Eg

=3.37 eV� has attracted much attention for the development
of UV-laser devices. The threshold power density �Ith� of
UV-lasing ZnO nanostructures is typically in a range of sev-
eral hundred kilowatt per square centimeter,2 which is sig-
nificantly higher than that of the semiconductor IR-laser.3

In order to reduce the Ith, the length of ZnO building
blocks should be increased because gain threshold �gth� is
inversely proportional to the cavity length �L� by gth=�
+1 /2L ln�R1R2�, where � is the absorption loss, and R1,2 is
the reflectivity of end facets.4 However, the diameter of the
�0001� polar surface of ZnO nanorod is continuously reduced
by increasing the cavity length because of the large aniso-
tropic growth rate �V�0001��V�011̄0��V�0001̄�� along the c-axis
of the individual facet.5 Thus the cleaved �0001� surface
plays an important role in UV lasing action as a Fabry–Perot
cavity and reflecting mirrors and consequently small diam-
eter of the ZnO nanorods could induce large scattering losses
of incident light toward the �0001� plane.6 Actually, Capasso
and co-workers7 clearly showed that lasing oscillation was
not observed from the ZnO nanorod with diameters below
150 nm in spite of the cavity length of few tens micrometer.
An alternative way to achieve low Ith is the development of
photonic nanodevice employing whispering-gallery modes
�WGM� with efficient mechanism for lasing enhancement.

Recently, we successfully synthesized ZnO nanoplates
through growth rate control by citrate ions in the nutrient
solution.8 Due to the highly enhanced �0001� plane area,

we found that the ZnO nanoplates have not only an excellent
photocatalytic activity but also a unique UV-lasing
property.8,9 Especially, monochromatic cathodoluminescence
images revealed that luminescence is spatially localized near
the boundary of the nanoplates through the WGM-like en-
hanced emission.9

In the present study, we demonstrate the growth of ZnO
nanowall array �ZNWA� with an unusual growth behavior,
V�011̄0��V�0001��V�0001̄�, on Si-wafer by a seed mediated soft
solution process at 95 °C. The present ZNWA has threshold
power density of only 25 kW /cm2, which is significantly
lower than that of high-quality ZnO nanorod arrays.2,10

It is also of note that such Ith of the ZNWA is only
slightly higher than our previously reported ZnO nanofiber
�Ith=8 kW /cm2� with an ultralong cavity length of
submillimeter.11

Slices �1�1 cm2� of a p-type Si �100� wafer were used
as a substrate to fabricate ZNWA. The Si-wafer was cleaned
by acetone in an ultrasonic bath and etched by a piranha
solution �3:1 mixture of concentrated H2SO4 and 30% H2O2�
at room temperature for 30 min. ZnO nanoparticles as
nucleus seeds were prepared in ethanol �99.5% �v/v�� follow-
ing our previously reported method.10 These nanoparticles
were dip-coated onto a Si-wafer at a withdrawal speed of 4.2
cm/min. A nutrient solution for ZNWA growth was prepared
from an aqueous solution of 100 ml of 0.1 M zinc acetate
and 10 ml of 0.28 mM sodium citrate. A 200 ml capacity
teflon-lined autoclave containing the Si-wafer dip-coated
with ZnO nanoparticles and the nutrient solution was main-
tained at 95 °C for 6 h in a conventional furnace and finally
cooled down to room temperature. Morphology of the result-
ing product was examined with a field emission scanning
electron microscopy �FE-SEM� �Hitachi, S-4300� and further
characterization was accomplished using a 300 kV high res-
olution transmission electron microscopy �HR-TEM� �JEOL,
JEM-3000F�. Luminescence spectra were obtained by detect-
ing the emission from the samples excited by the third har-
monic pulses of 355 nm from a Q-switched YAG laser
�Quanta, HYL-101, 10 Hz, 6 ns pulse duration� with an in-
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tensified CCD �Princeton Instruments, ICCD576G� of 2 ns
gating resolution attached to a 0.5 m spectrometer �Acton
Research, Spectrapro-500�. Photoluminescence �PL� decay
kinetic profiles were measured by detecting the luminescence
from the samples excited by the third harmonic pulses of
355 nm and 25 ps from a mode-locked Nd:YAG laser �Qu-
antel, YG501� with a streak camera �Hamamatsu, C2830�
with 10 ps temporal resolution, attached to a charge-coupled
device �CCD� detector �Princeton Instruments, RTE128H�.
Decay times were extracted by iteratively fitting the mea-
sured profiles to the computer-simulated decay curves con-
voluted with the respective temporal response functions.

According to the TEM image in Fig. 1�a�, the uniform
ZnO nanoparticles as a starting precursor show a quasi-
spherical shape with a diameter of approximately 4 nm. The
top surface of the ZNWA shown in Fig. 1�b� indicates that
the geometrical shape of a nanowall with rectangular cross-
section. The selected area electron diffraction �SAED� pat-
tern and HR-TEM image of the top surface of the ZNWA, as
shown in Fig. 1�c�, indicate that the nanowalls are grown

along the �011̄0� zone-axis and enclosed by the �0001� and
���2110� planes. The observed distance of 5.2 Å between
the lattice planes corresponds to the 5.21 Å between the
�0001� planes of ZnO.12

As shown in Fig. 1�d�, the nanowalls grown in the large
area of Si-wafer are fairly uniform with a height of 500 nm
and a length of 0.6–1.0 	m. However, the thickness of the
upper and lower part for each nanowall varies widely from
10 nm to approximately 100 nm �marked yellow arrows in
Fig. 1�d��. The SAED pattern, HR-TEM image, and their
simulated counterparts clearly indicate that the cross-
sectional facet with a large area of �0.5 	m2 is the �0001�
plane �Figs. 1�e� and 1�f��. These results collectively verify
that ZNWA indeed was fabricated in a controlled growth
rate, V�011̄0��V�0001��V�0001̄�, owing to the selective adsorp-
tion of citrate ions on the �0001� surface.8

When the external laser with a beam diameter of 2 mm
was incident to the ZNWA, PL emission intensity �IPL� could
be changed by incident angle �
� of excitation laser against
c-axis of the substrate because the �0001� plane as the re-
flecting mirror is parallel to the a- and b-axis of the substrate.

As shown in Fig. 2�a�, the maximum IPL of the ZNWA was
observed at incident angle of 20° that is the optimal incident
angle of pumping laser for the effective absorption into the
�0001� plane of the ZNWA. To investigate the UV lasing
properties of the ZNWA, power-dependent PL measurements
were performed at room temperature and incident angle of
the pumping laser was fixed as 20°. As shown in Fig. 2�b�,
the IPL at 383.6 nm linearly increases when the excitation
power density �Pex� is raised from 10 to 20 kW /cm2 but
superlinearly increases beyond 30 kW /cm2. Such nonlinear
response of IPL and decreasing ��fwhm are indicative and
typical of stimulated emission.13 From the onset of nonlinear
behavior of IPL, it was determined that the first stimulated
emission of the ZNWA took place at the Ith of 25 kW /cm2

as shown in the inset of Fig. 2�b�. Such Ith is remarkably
lower than that of the high-quality ZnO nanorod array by
several fold,2,10,14 and similar to those of ZnO nanoribbons,
nanowires, and nanofibers with ultralong cavity length.11,15,16

In addition, we found that green emission around 510 nm
does not appear in this ZNWA.17 The green emission is well
known as the defect emission by recombination of a photo-
generated electron with a hole trapped in an oxygen
vacancy.18 Such specific defects are usually generated under
high temperature annealing condition, as typically employed
in thermal vapor transport procedure.18,19 Moreover, the
green-emission could hinder the UV lasing action because
the pumping energy required for the stimulated emission
could be consumed with the spontaneous green emission. In
Fig. 2�c�, which is blowup spectra of Fig. 2�b�, asymmetric
PL emission peaks could be fitted as sum �red dotted line� of
the symmetric spontaneous Gaussian peaks �blue dashed
line�. We found that the spontaneous Gaussian peaks around
388 and 400 nm were disappeared by increasing the Pex from
10 to 40 kW /cm2. This fact could be understood as the PL
emission change from the spontaneous emission to the
stimulated emission. Moreover, the main PL emission peak
around 380 nm was slightly shifted to the low energy side
from 383.4 to 0.7 nm upon increasing the Pex from 10 to
40 kW /cm2. This redshift could be induced by the band-gap

FIG. 1. �Color online� �a� Low- and high-resolution �inset� TEM images of
ZnO nanoparticles. �b� The SEM image for the surface of the ZNWA. �c�
The HR-TEM image and SAED pattern �inset� for the top surface of the
ZnO nanowall. �d� The cross-sectional FE-SEM image of the ZNWA. �e�
The high-resolution TEM image and SAED pattern �inset� for the side sur-
face of the ZnO nanowall. �f� The simulated image �inset� is matched well
with the high-resolution TEM one for the �0001� plane of nanowall.

FIG. 2. �Color online� �a� PL emission intensity variation upon incident
angle �
� of pumping laser against c-axis of Si-substrate. Pex was fixed as
10 kW /cm2. �b� Pex-dependent PL spectra of ZNWA dispersed with a
150 g/mm grating. The inset shows the Ith of ZNWA is only 25 kW /cm2. 

was fixed as 20°. �c� Blowup spectra from Fig. 2�b�. Blue dashed line is the
calculated Gaussian peak and red dotted line is sum of the Gaussian peaks.
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renormalization due to Coulomb interactions among ampli-
fied free carriers at the band edge through the electron-hole
plasma �EHP� process.10 In addition, full-width at half-
maximum ���fwhm� of the UV emission was significantly
decreased from 19.4 nm at 10 kW /cm2 to 9.3 nm at
40 kW /cm2.

To observe a further detailed PL spectrum �1200 g/mm
grating�, the ZNWA was excited by optical pumping power
density of 20–50 kW /cm2 and the resulting output emission
was accumulated by 400 times. As shown in Fig. 3�a�, the
spontaneous emission was observed at 383.7 nm by pumping
power density of 20 kW /cm2. At the Pex of 30 kW /cm2,
the stimulated emission with a narrow linewidth
���fwhm=0.1 nm� was observed at 385.0 and 385.7 nm.
Compared to the spontaneous emission, redshift of the stimu-
lated emission could be induced by the band gap renormal-
ization due to the EHP process.20 When the Pex reached at
50 kW /cm2, the number of the stimulated emission peaks
around 385 nm were increased by random lasing effect due
to different dimension of the ZNWA.21 The above results
were confirmed again by studying the PL lifetime for the
various Pex. According to decay times of IPL shown in
Fig. 3�b�, the PL lifetime in the ZNWA increased rapidly up
to 30% as Pex increased from 7 to 70 kW /cm2 but increased
only 4% upon further increment to 700 kW /cm2. Such a
phenomenon can be ascribed to the transition from the spon-
taneous emission to the stimulated emission at a range of
7–70 kW /cm2.6,10

It is worthwhile to elucidate why Ith of the ZNWA is so
low without advanced structures as multiple quantum-well
layers.22 In our previous study, we found that WGM-like-
enhanced emission of 25% is generated from the free-
standing ZnO nanoplate.9 For the ZNWA, WGM type phe-
nomenon could be more enhanced than the ZnO nanoplates
because one side of the ZnO nanowall is blocked by the
substrate. Moreover, randomly oriented �0001� planes of the
ZnO nanowalls along the crystallographic c-axis inherently
provide photon confinement as shown in Scheme 1. Once it
enters the cavities formed by the nanowalls, light keeps cir-
culating around within the cavities, as indicated by the ar-
rows in Scheme 1�a�.23 Once absorbed by ZnO, the transmit-
ted light cannot easily escape due to a large difference
in the refractive indices of air �nr=1.00� and ZnO
�nr=2.45�.13,23 Furthermore, each nanowall could naturally
serve as an optical waveguide for the lasing action because
the cross-section of the nanowalls is in a trapezoid shape
�Scheme 1�b��. Such unique shape might serve as an optimal
waveguide to focus and direct the stimulated emission to-

ward the upper side of the nanowall �Scheme 1�c��.
It is, therefore, concluded that the present ZNWA is a

novel nanostructure to achieve the low Ith. In addition, the
present soft-solution approach to fabricate ZnO-based UV
laser may very well be the most economic compared to high
energy consumption procedures operated under extreme con-
ditions such as high vacuum and temperature.
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FIG. 3. �a� Emission spectrum, dispersed with a 1200-g/mm grating, of
ZNWA at 20, 30, and 50 kW /cm2 of Pex. �b� Pex-dependent PL decay ki-
netics of ZNWA.

SCHEME 1. �a� Randomly oriented ZnO nanowalls on the Si-wafer cause
even the reflected excitation light to be almost completely absorbed via
WGM-type modes. �b� Schematic view of the ZnO nanowall. �c� Whereas
nonreflected incident excitation light is totally absorbed to excite the me-
dium, emission light stimulates emission extremely efficiently via total in-
ternal reflection.
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