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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
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The semiconductor oxide materials, e.g., ZnO and TiO,, 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/SiO,/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 T,: the temperature of mixed
powder at the bottom of the tube; Tj: the temperature of substrate; Tyep: deposition time; ZnO: C: the weight percentage
for raw materials ZnO powder and carbon powder; Py : base pressure under the evacuation of the tube furnace, and O,:
introduced oxygen rate. The oxygen flow rate was 150ml/min. The substrates (ZnOfilm/SiO,/Si) were used.
“Patterning” in Table]l 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 T,/Ts(°C) ZnO: C | Oxygen flow | Tqep Patterning
Name. (mg) (ml/min) (min)
A 1000/630 500:20 150 30 X
B 1000/730 500:20 150 30 O
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/ cm’. 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/cm? 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.

Pumping

a a: 0.8MW/em® Sample 3 b
b: 0.5SMW/em® .
©: 0.38M W/em® _

5| woamwient g: .
g & .
E‘ -
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b /N»\\'\ _— .
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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/cm?). Holizontal axis: wavelength in nm, and vertical axis: out put intensity in
a.u. ; (b) Output light- pumped light curves.
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On Random lasing é
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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( A=355nm )
threshold energy(562kW/cm?),

References on ZnO random lasing ‘6
JFCC

1)M.H.Huang et al, “Room-Temperature Ultraviolet Nanowire Nanolaser”, Science, 292
(2001) 1897, Vapor phase transportation method on Au thin film catalysis/saphire, wire
diameter: 20—150nm, length: 2—10um. two naturally faceted hexagonal end faces of
epitaxialy grown ZnO acting as mirrors.

2)S.F.Yu et al, “Random laser action in ZnO nanorod arrays embeded in ZnO
epilayers”, AP.L. 84(2004) 3241-3243, MOVP epitaxiy method on
saphire/MgO(700nm)/Zn0O film(200nm) at 400 °C, diameter: 70nm, length 2um, 1.7x10'!

nanorods/cm2.

3)S.P.Lau et al,”Laser action in

Zn0 nanoneedles selectively grown I ZnOnano needles: cone angle 20°, 100~
on silicon and plastic substrates”, ;‘r- zno | 200nm in mid—diameter, 200—400nm in
AP.L.87(2005) 013104 , Ar+ Ion o length, 3.0 X 108/cm? in density
bombardment method on ZnO thin $i02

film (520nm, by FCVA)/plastic film
or ZnO(300nm, by FCVA)/Si02
(200nm) /Si at room temp.

FCVA Filtered Cathodic
Vacuum Arc method




Random lasing by ZnO nano-structure

=

JFCC

It is difficult to get
high quality p-type

ZnO: promising for UV laser B-
utl (K1

)

pobutia waty

g | — -
5 GEpE Y Dutput emission
emigsion

V

Uheiediloey path DLEME einttering

Closed-loop scattering and coherent
amplification of incidental light

Fabrication method for ZnO nano-optoelectronics ‘6
JECC

Reported methods

Limitations: —— Complicated vacuum equipment

Expensive substrate
ecessary needs Low-cost, high quality thin film or nanostructures
_ A chemical reaction/vapor transportation deposition
We proposed: method in a tube furnace to fabricate low-cost and
mass-production of ZnO nano-rods/3-D random-wall
structure on ZnO/Si02/Si substrate without any
catalyst and additive.

=

JFCC

Experimental (TCR/VTD)

The schematic diagram of the horizontal furnace

quartz tube

non direct heating zone

Parameters:

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

Synthesis conditions for lasing ZnO nanostructures
depending on substrate conditions

=

JFCC

Samples T,/T,(C) |T g, (min) |ZnO:C(mg) P, 0,

ZnO film(300nm) (Pa) (ml/min)
/Si0,/Si

Sample 1:smooth 1000/630 30 500:20 40 150
surface

Sample 2: rough 1000/730 30 500:20 40 150
surface

! being performed by various set of parameters.

i Note: Tp: the temperature of mixed powder; Ts: the temperature of substrate;
! Tdep: deposition time; ZnO: C: the weight percentage for raw materials ZnO

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

20,
F30mmT

Z

JFCC

Strong near band edge emission

Weak emission from oxygen
vacancy

T T
3500 4000 4500 5000 5500 6000

PL intensity (a.u.)

Wavelength (A)
- No lasing !!
:‘é
H
. Range: 60-350 nm F
Diameter: :
Length:500-700 nm T TR T T e
wavelength(nm)
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FE SEM image of ZnO nanostructure grown on
ZnO film (730°C) (sample 2)

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

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.

Honeycomb-shaped 3-D
nano random-wall 7

34 —



Mueller matrix spectroscopic é
llipsometry analysis JFCC

L3 130nm —— 7ZnO 3-D nanowalls

L2. 300nm —> ZnO0 thin film

— Buffer layer
—> Sj substrate

L1.435nm

Sub.

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.

72 14.85 DA=((Pu(R), An())—(F7 (1), Ar(W))]

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

Refractive index of ZnO nanowalls compared é

with ZnO thin films g
=z
vt - - --7ZnO nanowalls
-&é 1.8+ —— ZnO layer
5 --=-Pure ZnO film
B e 200 nm ZnO on SiO2
g
o)
[
1.2 T T T T T T
1.6 1.8 2.0 22 24 26 28
Photon energy (eV)
Compared with ZnO thin films, ZnO nanowalls has: Similar
curve shape, but lower refractive index value 14

Optical polarization property of ZnO nanowall ‘6
JFCC

- 1.00

0.98 ~0.98

0.96
0.94 —

a~ 0.92

T
e
Rl
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ol

0.90

0.88
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Incidence light

T
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Photon energy (eV)

P=Pgen == No polarization
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Evolution of emission spectra of the ZnO 3-D é
random-wall of sample 2

Threshold:0.38MW/cm?

JFCC

Pumping

a: 0.8MW/em®
b: 0.5MW/em®
¢ 0.38MW/em®
d: 0.20MW/em?

Output Intensity (a.u)
output power(a.u.)

03 0.4 05 0.6 07 08 0.9

pump power(MW/cm °)

360 370 380 390 400 410
Wavelength (nm)
When the pump power reached a threshold as high as 0.38MW/cm?, a dramatic
emission oscillation in a line width as narrow as 0.4 nm emerged from the
single-broad emission spectra.

(a) Pumping power dependent Emission spectra of TE and/or TM é

mode and
(b) corresponding pumping laser power vs out-put laser power JFCC
(@)
e W TE
N No great diference was
™ #4 %  foundin TE and TM mode

| N ~_  except out-put laser power.

} N ™M
_ (b) g TE

Frg Posran {51 s

Summary é

JFCC
ough 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/cm?)
=No great difference was found in TE and TM polarization
mode of random lasing and Mueller matrix analysis.
wCompared 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.  |g
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[1] T. Shirasawa, K. Hayashi, S. Mizuno, S. Tanaka, K. Nakatsuji, F. Komori, H. Tochihara, Phys.
Rev. Lett. 98, 136105 (2007).

[2] P. Kriiger, B. Baumeier, J. Pollmann, Phys. Rev. B 77, 085329 (2008).
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Protrusions correspond to O atoms
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Atomic-layer resolved band-gap structure

XAS: Soft X-ray absorption spectroscopy (EXXFRIRIXZA RS kI
XES: Soft X-ray emission spectroscopy (BXXIRFEHXRA RS kL)
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O & N K-edge XAS at SAGA-LS BL12
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