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ZnO D Randomlaser
Recent study on nano-structured semiconducting materials based on transition metal oxides— 
(1)Fabrication of 3D mamostructures of ZnO and their application to random laser emission 

S. Tanemura1,2*, L. Miao2,1, H.Y. Yang4, S.P. Lau4, B.K. Tay4

The semiconductor oxide materials, e.g., ZnO and TiO2, have attracted much attention over decades due to their 
unique advantages: stable, inexpensive, wide band gap and etc. These unique properties lead to various novel 
applications which different from conventional semiconductors greatly: photo-induced reactivity [1], optoelectronic 
device [2-3], solar cell [4-5], smart windows [6] and etc. To prepare these semiconductor oxides in nanometer-scale 
and to find the novel optical properties of the prepared nano-materials different from those of conventional bulk 
materials should contribute to the development of innovative nano-systems and nano-structured materials. 

In our laboratory, we recently focused on the synthesis, optical properties and novel applications of ZnO. Several 
kinds of nanostructures: nano-films[7-12], nanobamboos[13], nanorods[14,15], and nanowalls[16-19] were fabricated 
by either physical or chemical methods. In this presentation, we highlight the accomplishment on 3D nano-wall ZnO 
[16-19]. 

A solid-vapor phase thermal sublimation technique was employed to fabricate low-cost and mass-production of 
ZnO 3D random-wall structure on ZnO/SiO2/Si substrate without any catalyst and additive in tube furnace as shown in 
Fig.1. We prepared 3 samples by following the conditions listed in Table 1, where Tp: the temperature of mixed 
powder at the bottom of the tube; Ts: the temperature of substrate; Tdep: deposition time; ZnO: C: the weight percentage 
for raw materials ZnO powder and carbon powder; Ptol: base pressure under the evacuation of the tube furnace, and O2:
introduced oxygen rate. The oxygen flow rate was 150ml/min. The substrates (ZnOfilm/SiO2/Si) were used. 
“Patterning” in Table1 means that we used Cu-mesh mask in sputtering process for top thin layer of ZnO. 

Fig.1. Schematics of the tube furnace used for the fabrication of ZnO nanostructure. 

Table 1. Typical fabrication conditions of samples A, B and C. 
Sample 
Name. 

  Tp/Ts (oC) ZnO: C 
(mg) 

Oxygen flow 
(ml/min) 

Tdep
(min) 

Patterning 

A 1000/630 500:20 150 30 X 
B 1000/730 500:20 150 30 
C 1000/730 500:20 150 30 X  

Figure 2 shows the SEM images of three samples. Except sample C, Samples A and B display vertically [001] 
grown nanorods with hexagonal end planes, averaged diameters in about 100~200 nm, and the length ranging from 
500~1700 nm. Although the substrate temperature is slightly different, the morphology difference of sample B from 
that of sample A is the patterned c-axis growth of rods. The coalescence of several rods is apparent in sample A.    

Although three samples show very strong and narrow near band edge emission centered at 380 nm in wavelength 



Fig. 2. SEM images of ZnO nanostructures synthesized in the conditions listed in Table 1. (a) nanorods in Sample A; 
(b) low-magnified image of nanorods with mesh patterning in Sample B and insert high magnified-image; (c) 3-D 
random-wall nano structure in Sample C; (d) cross-sectional and tilted SEM images of 3-D random wall nanostructure 
in Sample C. The cavities with 20-200 nm in diameters are holed throughout the layer. The wall has irregular height 
from 250-95 nm. 

without any broad green band emission centered at 500nm, no lasing action was observed except a single broad 
spontaneous emission peak (amplified spontaneous emission: ASE) with a full width at half maximum of ~ 20 nm for 
samples A and B under high power pumping as 0.8MW/ cm2. Random laser action with strong coherent feedback has 
been firstly observed at the wavelength between 375 nm- 395 nm under 355 nm optical excitation with threshold 
pumping intensity 0.38 MW/cm2 in sample C with ZnO 3-D random-wall nanostructure as shown in Fig.3 There is no 
significant difference between TE and TM mode in randomlasing. 

.

Fig.3. (a) Evolution of emission spectra of sample C (ZnO 3D random walls) under different pump intensities (from 
bottom: 0.20, 0.38, 0.50, and 0.80 MW/cm2). Holizontal axis: wavelength in nm, and vertical axis: out put intensity in 
a.u. ; (b) Output light- pumped light curves. 
References 
[1] O. Carp, C. L. Huisman, A. Reller, Progress in Solid State Chemistry 32 (2004) 33. 
[2] S. J. Pearton, D.P. Norton, K. Ip, Y. W. Heo, T. Steiner, Progress in Mater. Sci., 50(2005) 293. 
[3] A E J. Gonzalez and S G. Santiago, Semicond. Sci. Technol. 22, 709 (2007). 
[4] O’Regan B, Gra¨tzel M. Nature 353 (1991)737. 
[5] W. J. E. Beek, M. M. Wienk, R. A. J. Janssen, Adv. Mater. 16  (2004)1009. 
[6] P. Jin, L. Miao, S. Tanemura, G. Xu, M. Tazawa, K. Yoshimura, Appl. Surf. Sci.212-213  (2003) 775. 
[7] Y. G. Cao, L. Miao, S. Tanemura, and M.Tanemura,  Adv. Material Res., 11-12 (2006) 159-162 

 [8] Y.G. Cao, L.Miao, S.Tanemura, M.Tanemura, Y.Kuno, Y.Hayashi, Y.Mori, Jap. J. Appl. Phys,45 (2006) 1623-1628 
[9] Y.G. Cao, L.Miao, S.Tanemura, M.Tanemura, Y.Kuno, Y.Hayashi, Appl. Phys. Lett. 88 (2006) 251116 1-3 

[10] F.Y. Ran, L. Miao, Y. G..Cao, S. Tanemura, M. Tanemura, Trans MRS Jpn. 33[4] (2007) 1247-1250  
[11] L.Miao, S. Tanemura, M.Tanemura, S.P.Lau, B.K.Tay, J.Materials Science, Materials in Electronics, DOI 10 (2007) S343-346 
[12] F.Y.Ran, L.Miao, S.Tanemura, M.Tanemura, Y.G.Cao, S.Tanaka, N.Shibata, Materials Sci. & Enginrg., B148 (2008) 35-39 
[13] L.Miao, S.Tanemura, M.Tanemura, Y.Hayashi, R.P. Wang, S.Toh, K.Kaneko,  Int. J. of Modern Physics 19 (2005) 2804-2810 
[14] L. Miao Y. Ieda, S. Tanemura, M. Tanemura, Y. Hayashi, S. Toh, K. Kaneko, S. P. Lau and B. K. Tay, Sci. Tech. Adv. Material
8 ((2007) 443-447 
[15] X.H.Zhang, S.J. Chua, A.M.Yong, H.Y.Yang, S.P.Lau, F.Yu, X.W. Sun, L.Miao, M.Tanemura, S.Tanemura, Appl. Phys. Lett,
90 (2007) 13107 
[16] L.Miao, S.Tanemura, Y.Ieda, M.Tanemura, Y.Hayashi, H.Y.Yang, S.P.Lau, B.K.Tay, Y.G.Cao, Surface Sci., 601 [13] (2007) 
2660-2663 
[17] S.Tanemura, L.Miao, M.Tanemura, F.Y.Ran, Y.G.Cao, H.Y.Yang, S.P.Lau, Proc. IEEE Nano Elecronics Conference (IEEE 
NEC) 08 , (2008) 58-63 
[18] L. Miao , S. Tanemura*, H.Y. Yang, S.P. Lau, J. Nano tech. (2009), (in printing).  
[19] L.Miao, S.Tanemura, H.Y. Yang, S.P. Lau, G.Xu, Phys. Status Solidi C (2009) (in printing) 

500nm 

(a) (b) (c)

200n

(d)

Wavelength (nm)
360 370 380 390 400 410

O
ut

pu
t I

nt
en

si
ty

 (a
.u

)

Sample 3
Pumping

a

b
c
d

a: 0.8MW/cm 2

c: 0.38M W/cm 2

b : 0.5MW/cm 2

d: 0.20M W/cm 2

a



JFCC

11

Recent Study on Nano-Structured Semiconducting 
Materials Based on Transition Metal Oxides--

(1) Fabrication of 3D nanostructures of ZnO and their 
application to random laser emision

Sakae TANEMURA*
L. Miao2),

H.Y. Yang3), S.P. Lau3) B.K.Tay3)

*Japan Fine Ceramics Centre, Nagoya, Japan
2)Key Lab. Renewable energy & Gas hydrate, 

Gangzhou Inst. Energy Conversion, CAS, China
Electric & Electronic Dept., Nanyang Tech. Univ, Singapore

JFCC

The 111th HVME Seminar
9th March 2009,  Kyusyu Univ.

JFCC

2

1) L. Miao Y. Ieda, S. Tanemura, M. Tanemura, Y. Hayashi, S. Toh, K. Kaneko, 
S. P. Lau and B. K. Tay

“Synthesis, microstructure, and photoluminescence of well-alighned ZnO 
nanorods on Si substrates”
Sci. Tech. Adv. Material  8 ((2007) 443-447

) L.Miao, S.Tanemura, Y.Ieda, M.Tanemura, Y.Hayashi, H.Y.Yang, S.P.Lau, 
B.K.Tay, Y.G.Cao

“Synthesis,morphology, and random laser action of ZnO nanostructure”
Surface Sci., 601 [13] (2007) 2660-2663

) X.H.Zhang, S.J. Chua, A.M.Yong, H.Y.Yang, S.P.Lau, F.Yu, X.W. Sun, L.Miao, 
M.Tanemura, S.Tanemura

Linewidth dependence of exciton radiative lifetime in ZnO nanorods
Appl. Phys. Lett, 90 (2007) 13107

4) S.Tanemura, L.Miao, M.Tanemura, F.Y.Ran, Y.G.Cao, H.Y.Yang, S.P.Lau
“Synthesis, Optical properties, and Functional Applications of ZnO Nano- 

materials: A Review”,
Proc. IEEE Nano Elecronics Conference (IEEE NEC) 08, pp58-63.

5) L. Miao , S. Tanemura*, H.Y. Yang, S.P. Lau,
“Synthesis and random laser application of ZnO nano-walls: Review”
J. Nano Tech.  (in printing)  (2009)

6) L.Miao, S.Tanemura, H.Y. Yang, S.P. Lau, G.Xu
“Random laser action in 3-D ZnO nanostructures”

Phys. Stat. Solidi, C (in printing) (2009)

JFCC

Our Publication Lists on this Subject

JFCC

3

1.Research background
2.Fabrication of ZnO nano rods and 3-D nano 
random-wall by a chemical reaction/vapor trans- 
portation deposition method 
3. Characterization of Optical properties :

PL spectra;
Random laser action by Nd:YAG 355nm excitation;
Mueller matrix ellipsometry analysis;
Polarization
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Research background (1) 
ZnO characteristics and Possible applications

Wide band gap 
semiconductor (3.37eV)

Mechanical actuators and 
piezoelectric sensor/transducer

Short wavelength 
optoelectronic applications
(LED (wide band), Laser)

High exciton binding energy 
(60meV> room temp.)
High amplitude gain 
Easy  induced emission

Photonic material in 
the blue-UV region

Piezoelectric and pyroelectric 
properties

High transmittance 
Transparent electrode for 
Display and/or PV

JFCC
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On Random lasing

Random lasing is not usual lasing action occurred by amplitude gain of light traveling 
between two forwarding mirrors, but by closed-loop scattering through inhomogeneously 
distributing media and coherent amplification of light. This laser is emitted spherically in 
direction. Physical mechanism such as quantum confinement of the excited electrons and 
excitons, enhancement of DOS near band edge, and accelerated recombination of excitons 
and electrons by light emission might be assisted.

Initial works on random laser action
N. M. Lawandy et al, “Laser action in strongly scattering 
media”,
Nature, 368 (1994) 436:Colloidal solution containing 
rhodamine 640 perchlorate dye in methanol and TiO2 
(rutile)

On ZnO random laser:
H. Cao et al: Phys. Rev. Lett, 82(1999) 2278, 84(2000) 5584,
ZnO particles is excited by Nd:YAG laser(                   ) 
threshold energy(562kW/cm2),

=355nm

JFCC JFCC

66

References on ZnO random lasing

ZnO

SiO2

Si

Closed-loop path light scattering
FCVA:Filtered Cathodic 
Vacuum Arc method

,

JFCC
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Random lasing by ZnO nano-structure

It is difficult to get 
high quality p-type But

ZnO promising for UV laser

Random laser No requirement for p-n junction

ZnO

SiO2

Si

Closed-loop scattering and coherent 
amplification of incidental light

Lasing!

Output emission

Closed-loop path light scattering

Nd:YAG laser(                   ) =355nm

JFCC JFCC
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Fabrication method for ZnO nano-optoelectronics

We proposed:

Complicated vacuum equipment

Expensive substrate

1.Filtered Cathodic Vacuum Arc (FCVA) 
2.Molecular Beam Epitaxy (MBE) 
3.Metalorganic Chemical Vapour deposition
4.Pulsed Laser Deposition (PLD) 
5.Ion bombardment (seeds/corn processing) at 
R.T.

Reported methods

Limitations:

Necessary needs: Low-cost, high quality thin film or nanostructures 

A chemical reaction/vapor transportation deposition 
method in a tube furnace to fabricate low-cost and 
mass-production of ZnO nano-rods/3-D random-wall 
structure on ZnO/SiO2/Si substrate without any 
catalyst and additive. 

JFCC
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Experimental (TCR/VTD)
The schematic diagram of the horizontal furnaceThe schematic diagram of the horizontal furnace

non direct heating zone

O2gasto
pump

ZnO,Graphite

substrate
quartz tube

heater

heater

ZnO nanorods

Gas flow

N2 gas

Parameters:

The ratio of ZnO:C, The temperature of mixed raw materials, the temperature of 
substrate, gas flow, deposition time, reaction gas, catalyst, substrate

JFCC
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Samples
ZnO film(300nm) 

/SiO2/Si

T p./T s. (oC) T dep.(min) ZnO:C(mg) Ptol
(Pa)

O2
(ml/min)

Sample 1:smooth 
surface

1000/630 30 500:20 40 150

Sample 2: rough 
surface

1000/730 30 500:20 40 150

Experimental parameters being optimized after tremendous experiments which 
being performed by various set of parameters. 

Note: Tp: the temperature of mixed powder; Ts: the temperature of substrate; 
Tdep: deposition time; ZnO: C: the weight percentage for raw materials ZnO 
powder and carbon powder; Ptol: total pressure; 

Synthesis conditions for lasing ZnO nanostructures 
depending on substrate conditions

JFCC
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FE-SEM image and PL of ZnO nanorods arrays 
grown on ZnO film (300nm) (sample 1, 630

PL
 in

te
ns

ity
 (a

.u
.)

600055005000450040003500
Wavelength (Å)

380nm
Strong near band edge emission

Range: 60-350 nm

Length:500-700 nm
Diameter:

500nm

Weak emission from oxygen 
vacancy

No lasing !!
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FE SEM image of ZnO nanostructure grown on 
ZnO film (730 (sample 2)

500nm

The top view of SEM image shows quite 
different in morphology. Any isolated 
nanorod is not observed, and the nanorods 
grown along c-axis are coalesced to form the 
honeycomb wall with 80~100 nm in thickness. 

200nm

Cross-sectional and tilted SEM 
images of 3-D random wall 
nanostructure. The wall has 
irregular height from 250-95 nm . 

Honeycomb-shaped  3-D 
nano random-wall

JFCC
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Mueller matrix spectroscopic 
ellipsometry analysis JFCC

(a)

L1. 435nm

Sub.

L2. 300nm

L3 130nm ZnO Void (35%)

SiO2

ZnO Void
(25%)

Si100-HOR

Dispersion formula of refractive index n(E) and k(E) for ZnO
: F &B 2terms formula 
Bruggemen EMT: applied for ZnO thin film and 3-D structure
Energy range: 848-429nm.

: 14.85

Buffer layer

ZnO thin film

ZnO 3-D nanowalls

Si substrate

M( ), M(

The thicknesses achieved by SE fit to SEM observation very well.

JFCC
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Refractive index of ZnO nanowalls compared 
with ZnO thin films JFCC

2.2

2.0

1.8

1.6

1.4

1.2

R
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x 
(n

)

2.82.62.42.22.01.81.6
Photon energy (eV)

 ZnO nanowalls
 ZnO layer
 Pure ZnO film 
200 nm ZnO on SiO2

Compared with ZnO thin films, ZnO nanowalls has: Similar 
curve shape, but lower refractive index value
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Optical polarization property of ZnO nanowall

0.98
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0.94
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0.88

0.86
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P
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Photon energy (eV)

1.00
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0.84

P
gen

 P-70deg.
 pgen-70deg.
 p-50 deg.
 pgen-50 deg.

JFCC

P=Pgen No polarization

Incidence light 
angle depend
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Evolution of emission spectra of the ZnO 3-D 
random-wall of sample 2

When the pump power reached a threshold as high as 0.38MW/cm2, a dramatic 
emission oscillation in a line width as narrow as 0.4 nm emerged from the 
single-broad emission spectra. 

Wavelength (nm)
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Sample 3
Pumping

a

b
c
d

a: 0.8MW/cm2

c: 0.38MW/cm2

b: 0.5MW/cm2

d: 0.20MW/cm2

Threshold:0.38MW/cm2

Coherent feedback
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(a) Pumping power dependent Emission spectra of TE and/or TM 
mode and

(b) corresponding pumping laser power vs out-put laser power JFCC

TE TE

TM

TM

TM

TE(b)

(a)

No great diference was 
found in TE and TM mode 
except out-put laser power.

JFCC
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Summary
Through a simple solid-vapour phase thermal sublimation 
technique :

3-D ZnO random-wall structure and well-aligned ZnO
nanorods were grown on ZnO thin film using Si substrate

Morphology is the key parameter
Closed-loop scattering and coherent amplification of light

are realized by 3-D random wall.
Relatively lower threshold is obtained (0.38 mW/cm2)
No great difference was found in TE and TM polarization 

mode of random lasing and Mueller matrix analysis.
Compared with ZnO thin films, ZnO nanowalls shows similar 

refractive index curve shape, but lower refractive index value .

Our method to fabricate mirrorless UV lasers on silicon substrate is 
unique and this will make the mass production of low-cost UV lasing 
sources and their integration with silicon-based electronics feasible.

JFCC
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SiO2/SiC interface problem

• Si, C dangling bond
• Si suboxides
• C clusters
• C suboxides SiC

SiO2

Interface

Si 10-1~-2

SiC-MOS

/SiC

• ~3 eV
• Si ~10
• Si ~5

(SiC)

SiO2/SiC

Crystalline SiON film on SiC(0001)

8 �� 8 nm240 �� 40 nm2

[1120]

(1 0)
(0 1)

Ei = 245 eV

Sample preparation

H2
1 atm

1340˚C

RT

~15 min 2~30 min

N2
1 atm

H2 etching Nitridation
Oxidation

�3 x �3
Si (SiON)

O N Si C

[0001]

Shirasawa et al., PRL 98, 136105 (2007)

Si oxide
layer

Si nitride
layer•

•
• SiC

/SiC

LEED STM

4

5 Å[1120]

Filled state image (Vs = -5.0 V)

5 Å[1120]

Empty state image (Vs = 4.5 V)

Protrusions correspond to Si atoms

Sample bias voltage (V)
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0
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8.7 eV

Protrusions correspond to O atoms

Consistent with the structure model

The band gap of the mono-atomic
SiO2 layer is comparable to bulk
SiO2 of 9 eV

Band gap of the topmost layer of the SiON
TTooppmmoosstt
SSiiOO22  llaayyeerr

Atom-resolved STM images

STS I-V characteristic

Reproduced by an ab-initio calculation
F. Devynck et al., Appl. Phys. Lett., 91, 061930 (2007)

Atomic-layer resolved band-gap structure

XAS & XES
@SPring-8 BL27SU & SAGA-LS BL12

O 1s
N 1s

�F

PDOS

h�
h�

PDOS

XAS

XES

h� O N Si C

Si oxide
layer

Si nitride
layer

XAS: Soft X-ray absorption spectroscopy X
XES: Soft X-ray emission spectroscopy X

XAS&XES on SiON/SiC(0001)

SR

Mirror

Sample

CCD
Detector

Grating

Photoelectron
Analyzer

SPring-8 BL27SU

SPring-8 BL27SU X
CCD , E/�E ~ 1300

XAS
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(TEY) E/�E = 3000
(AEY) �E = 0.4 eV
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Band-gap profile of SiON film

STS *1 : 8.7 eV
*2 : 8.9 eV

*1 Shirasawa et al., PRL 98, 136105 (2007).
*2 Krüger et al PRB 77, 085329 (2008).

Band-gap profile SiON film

experiment calculation by
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Band-gap profile SiON/SiC(0001)
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