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 1 Introduction Nanostructured inorganic crystals 
with tunable morphologies are desirable for optimization in 
many potential applications in energy conversion, electron-
ics, catalysis, optics, chemical sensing, and medical use. 
Zinc oxide (ZnO), a direct wide band gap (3.37 eV) semi-
conductor with a large excitation binding energy (60 meV), 
is one of the most important functional oxide, exhibiting 
near-UV emission [1], transparent conductivity, and piezo-
electricity [2]. The growth of patterned and aligned one 
dimensional (1D) ZnO nanostructures is an interesting 
work, on the other hand, the growth of 2D and 3D nano-
structures have also attracted much attention because of 
their interesting properties and potential to allow explora-
tion of fundamental physical concepts and technological 
applications [3,4]. 

Ultraviolet (UV) light-emitting devices have diverse 

applications in scientific research [5, 6], medical apparatus 

[7, 8] and commercial products [9]. Hence, the realization 

of UV light-emitting diodes (LEDs) and lasers, especially 

for the use of ZnO semiconductor, has been the focus of 

the recent researchers. Low threshold lasing of laser dye in 

a colloidal suspension of TiO2 nanoparticles [10] has been 

theoretically and experimentally studied extensively. A 

random walking model has been widely accepted for this 

phenomenon [10-12]; therefore this isotropic low threshold 

laser emission is called “random laser.” The discovery of 

random lasing has stimulated many experimental and theo-

retical studies [13, 14] attracted by the possible application 

of this kind of micro-laser. However, no practical random 

laser has been fabricated as it is very difficult to process 

powders or solutions into devices [15]. 
 Recently, Yu et al. demonstrated ZnO thin-film ran-
dom lasers on silicon substrates using a simple thermal an-
nealing technique [16-18]. Laser cavities, due to closed-
looped optical scattering from the lateral facets of the ir-
regular ZnO grains, were generated through post-growth 

Room-temperature ultraviolet random lasing with low thresh-

old pumping power was successfully achieved by ZnO 3-D

random-wall nanostructure fabricated on ZnO/SiO2/Si sub-

strate through a thermal chemical reaction and vapor trans-

portation deposition method in a simple horizontal tube fur-

nace from the mixed ZnO and graphite powders. The nano-

rods grown along c-axis on the substrate are coalesced to

form the 3-D nano-wall with 80~100 nm in wall thickness

and irregular height ranging of  95-250 nm. Mueller matrix

spectroscopic ellipsometry reveals that evaluated refractive

indices n (E) of ZnO nanowalls are well interpreted by taking

 account of the ratio between ZnO and void achieved by effec-

tive medium theory analysis and isotropic depolarization fea-

ture of the designated nanowalls. Random lasing action ob-

served in the wide wavelength range between 375 and 395

nm is realized by coherent amplification of the closed-loop

scattered light inside 3-D random-wall nanostructure. It is

demonstrated that both transverse electric (TE) and transverse

magnetic (TM) modes show the same threshold and pumping

power dependent trend, while the intensity of TM lasing is

weaker than that of TE due to the different scattering strength

originated from the features of the inside of nano wall. 
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annealing of ZnO films. This approach has opened up a 
new way to construct random lasers on silicon.  

Considering the complex fabrication process and film 
structure for obtaining random lasing in our previous 
works [19, 20], we proposed one simple method: thermal 
chemical reaction and vapor transport deposition technique 
in a tube furnace to fabricate low-cost and mass-production 
of ZnO 3-D random-wall nanostructure on ZnO/SiO2/Si 
substrate without any catalyst and additives and observed 
lasing action at the wavelengths between 375 and 395 nm 
by the designated nanostructure under optical excitation by 
a frequency-tripled Nd:YAG laser (355 nm) at pulsed op-
eration (6 ns pulse width, 10Hz) as the world premier. 

In this work, the fabrication conditions of the desig-
nated nanostructures were duplicated for preparation of the 
new series of the samples, the morphology of 3-D random-
wall nanostructure was investigated in detail by scanning 
electron microscopy (SEM), random laser action in similar 
UV region and polarization effect of the emitting laser was 
tested, and finally refractive indices n (E) (1.5–1.8 eV), 
depolarization effect and  its incident angle dependency of 
the ZnO nanowall were evaluated by Mueller matrix spec-
troscopic ellipsometry (MMSE) respectively. 

 
2 Experiment ZnO 3-D random-wall nanostructures 

were fabricated by a horizontal tube furance system. The 
system consists of four main parts such as (i) a tube fur-
nace, (ii) a horizontal quartz tube, (iii) a vacuum pump, 
and (iv) oxygen gas introduction system. ZnO nanostruc-
tures were synthesized on silicon substrate by the follow-
ing steps: (i) thermally evaporated ZnO vapor is reduced 
into Zn or ZnOx vapor by mixed graphite, (ii) then, Zn or 
ZnOx vapor is oxidized into ZnO vapor by the introduced 
oxygen flow, and (iii) ZnO vapor is transported onto sub-
strate by oxygen flow and being deposited on substrate to 
produce nano structures in the non-direct heating zone of 
the tube furance. A buffer layer, with refractive index 
lower than that of the ZnO film, is needed between the 
ZnO film and Si substrate in order to achieve transverse 
confinement of light inside the ZnO nanostructure. In the 
present case, amorphous SiO2 thin film was used.  
We again emphasis the several key steps of the synthesis 

as: (i) growth of 300-nm-thick SiO2 on Si substrate by 
thermal dry oxidation at 1000 oC for 3h; (ii) prior deposi-
tion of a 300-nm-thick ZnO thin film on substrate by heli-
con rf magnetron sputtering, and finally (iii) growth of 
ZnO nanostructures in the quartz tube inserted in the tube 
furnace through the above described chemical processes.  
 Zinc oxide powders (high purity chemicals, 99.9%) 
and graphite powders (high purity chemicals, 99.9%) were 
mixed together, and being set in heating zone, while the 
substrate was placed in the bottom of the quartz tube in or-
der to adjust the vapour transport direction. The parameters, 
such as: total pressure (Ptol), oxygen gas flow rate (GFR), 
deposition time (Tdep), powders heating temperature (Tp), 
substrate temperature (Ts), and the weight percentage be-
tween ZnO powder and carbon powder (C), were opti-

mized. The optimal experiment conditions for synthesis of 
ZnO 3-D nanostructure are summarized in Table 1. 

 

Table 1 Optimal fabrication conditions for ZnO nanowalls. 

 

T p./T s. 

(oC) 

T dep. 

(min) 

C=ZnO:C 

(mg) 

Ptol 

(Pa) 

GFR 

(ml/min) 

1000/730 30 500:20 40 150 

 

The morphology of nanostructure was observed by SEM. 

The crystal quality was evaluated by X-ray diffraction 

(XRD) and photoluminescence (PL). The random laser ac-

tion of ZnO nanostructure was studied under optical exci-

tation by a frequency-tripled Nd:YAG laser (355 nm) at 

pulsed operation (6 ns pulse width, 10 Hz). Optical pump 

was achieved by using a cylindrical lens to focus a pump-

ing strip of 5 mm length and 60  µm width onto sample 

vertically. A polarizer was set before the detector in order 

to analyze the polarization state of lasing light. The TE 

(TM) polarization is defined as the direction parallel (per-

pendicular) to the sample substrate surface. 
The refractive indices, isotropic depolarization effect 

and its incident angle dependency of ZnO 3-D random-
wall were investigated by MMSE (MM-16, Horiba Jobin-
Yvon Co.) in the wavelength range of  848-429 nm. 
 

3 Results and discussion  
 3.1 SEM images  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1 SEM images of 3-D ZnO nanowalls (a) surface view; 

(b) tilt view; (c) cross-sectional view. 

 

 Figure 1 shows the surface, tilt and cross-sectional 
SEM views of the fabricated 3-D ZnO nanowalls. No any 
isolated nanorod is observed in this structure, and the 
nanorods grown along c-axis are coalesced to form random 
wall with 80~100 nm in wall thickness. The surface and tilt 
views in Figs. 1(a) and (b) reveal that (i) the cavities have 
not regular shape, (ii) all of them are not vertically drilled 
through to ZnO buffer layer, and (iii) hexagonal facet still 

(b) 

(c) 

200 nm 

(a)
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can be observed in some areas. The wall has irregular 
height from 95-250 nm as shown in Fig. 1(c). We call this 
structure as “3-D random-wall nanostructure”.  
 

 3.2 Spectroscopic ellipsometry analysis and 
refractive index The Mueller matrix provides the most 
general and complete description of the response of a me-
dium to excitation by polarized light in either reflection or 
transmission configurations. The Mueller matrix totally 
characterizes the optical properties of the sample by the in-
teraction of a polarized light with mater in the absence of 
non-linear effects. The details of the MMSE analysis in-
cluding of the employed film configuration model and the 
optical functions applied to respective films will be re-
ported elsewhere. We emphasize that employed basic opti-
cal function to approximate refractive index n(E) and k(E) 
was 2-term Frouhi-Bloomer (F & B) dispersion formula 
[21, 22]. The thicknesses achieved by MMSE agree satis-
factorily with that of SEM observation.  
 
 
 
 
 
 
 
 
 
 

 
Figure 2 Energy dependent real part of refractive index n(E) for 

ZnO 3-D nanowall and pure ZnO thin film. 
 
 Figure 2 shows the evaluated energy dependent refrac-
tive indices n(E) in the narrow energy range of 1.5-2.8 eV. 
ZnO nanowalls show similar curve shape with that of pure 
ZnO thin film, but relatively lower refractive indices` val-
ues due to the existing of 35% void in the 3-D random 
walls. By applying the effective medium theory into the SE 
fitting model, the reasonable refractive indices n(E) were 
achieved for the void containing sample. We omit k(E) be-
cause of approximate zero values in this energy range. 
 
 3.3 Depolarization Access to full Mueller matrix al-
lows us to have a complete picture of the sample, and for 
many cases this is vital for the correct characterisation of a 
sample. It is well known that the defined depolarization 
factors P for standard ellipsometer based on simple Muel-
ler matrix expression and Pgen for general one based on full 
Mueller matrix expression are equivalent and less than 1 
for an isotropic depolarizing sample. Figure 3 plots energy 
dependent P and Pgen at two different incidental angles of 
50 and 70 degree. It is observed that the curve of P dupli-
cate completely that of Pgen from 1.5-2.8 eV for the desig-
nated two incident angles. From above mentioned features 
of P and Pgen, we can discern that isotropic depolarization 
existing in the 3-D random walls.  

 When we compare the spectra of P and Pgen at 50 de-
gree with those of 70 degree, curves shift can be observed. 
It reflects the incidental light angle dependence of the ZnO 
3-D random walls. 

 

 

 

 

 

 

 

 

Figure 3 Energy dependent depolarization of ZnO 3-D 

nanowalls at two different incident angles of 50 and 70 degree. 

 
 3.4 Random lasing Room temperature optical char-
acteristics of ZnO nanostrucures were studied under optical 
excitation. Figure 4(a) exhibits the evolution of emission 
spectra of the ZnO 3-D random-wall nanostructure as a 
function of pumping laser power. With increasing of the 
pumping power up to 0.38 MW/cm2, multiple laser modes 
with strong coherent feedback at the wavelengths between 
375 and 395 nm were detected. Below 0.38 MW/cm2, only 
amplified broad spontaneous emission (ASE) (373-400 
nm) was observed. Consequently, coherent random lasing 
is resulted by the formation of closed-loop of scattered 
light inside the ZnO 3-D nanowalls. The relatively lower 
pump threshold of ZnO 3-D random-wall structure com-
pared to ZnO nanorods arrays embedded in ZnO epilayers 
(0.8MW/cm2) [16] and ZnO thin film waveguide (0.69 
MW/cm2) [23] was due to the high crystal quality of the 
grown nano-walls. From both our experimental results and 
reported reference [24], the crystal quality of the sample 
which determines the band edge emission, scattering 
length, gain length, and sample size are considered to be 
responsible for the threshold of the random lasing. 
 A polarizer in the direction parallel [transverse mag-
netic (TM)] and perpendicular [transverse electric (TE)] to 
the 3-D nanowall structure surface was also used to ana-
lyze the polarization properties of the lasing light. Figure 
4(b) plots the emission spectra of TE and TM modes at 
various pumping laser powers. Both TE and TM modes 
show the same pumping power dependent trend and same 
threshold value, while the lasing intensity of TM mode is 
weaker than that of TE mode. The reason can attribute to 
the morphology characteristic of the designated 3-D 
nanowall structure as reflected by SEM images. The 
growth orientation of ZnO nanowalls causes the closed-
loops, which served as laser cavities, are easily formed in 
TE direction, thus leading to scattering strength of light is 
stronger for TE mode. This result is well agreed with iso-
tropic depolarization feature obtained from full Mueller 
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matrix analysis. Experimentally, it is demonstrated that co-
herent random lasing is achieved from both TE and TM di-
rections as shown in Fig. 4(b) although their power intensi-
ties are a subtly different. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 (a) Emission spectra of 3-D ZnO nanowalls at different 

pumping power; (b) emission spectra of TE and TM modes and 

(c) the corresponding pumping power dependent emission inten-

sity for TE and TM modes.  

 
4 Conclusions ZnO 3-D random-wall nanostruc-

tures have been achieved by a simple thermal chemical re-
action/vapour transportation method. Room temperature 
random lasing was observed at relatively lower threshold 
0.38 MW/cm2. Compared with TE mode, TM lasing 
showed weaker intensity but same threshold, which re-
flects by the structure feature of the 3-D random walls. 
MMSE analysis reveals the isotropic depolarization char-
acteristics of the 3-D random-walls. As a result, UV lasing 
at the wide energy range of 375-395 nm with isotropic de-
polarization state has been successfully achieved in the 
prepared ZnO nano-random-wall on Si substrate. 
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