Chapter 1 Introduction

1.1  Introduction to nanotechnology

Nanostructures that are defined as having at least to 1 and 100 nm one
dimension have received much interest as a result of their peculiar and fascinating
properties, and applications superior to their bulk counterparts.’™® The ability to
generate such nanogtructure is essentia to much of modern science and technology.

Recently, one dimension nanostructures such as wires, belts, rods, and tubes have
also become the focus of intensive research owing to their unique applications in
meso-scopic physics and fabrication of nanoscale devices® Many unique and
fascinating properties have already been proposed or demonstrated for this class of
materials, such as superior mechanical toughness,® higher luminescence efficiency, ”

enhancement of thermoelectric figure of merit, ® and a lowered lasing threshold.

Previoudly, nanowires ifferent compositions have xplored using various
methods, including vapor phase transport process, ™’ chemical vapor deposition, 14
arc-discharge,™® laser ablation, ' solution™” and template based methods. 1819
Meanwhile, most of these works has been focused on semiconductor systems such as
9,5 Ge 19 GaN, ™ and Gaas, > until recertly that 1D oxide nanostructures have
become the very promising nanoscae building blocks because of their interesting
properties, diverse lities.  surface . cle: nd  chemical/thermal

il ”.y 22,23,9,12,20,21)

1.2 M otivation



Zinc oxide is a wide band gap (3.37€V) semiconductor, for which
ultraviolet lasing action has been reported in disordered particles and thin films. 242
In this regard, ZnO is a good candidate for room temperature UV lasing as its exciton
binding energy is approximately 60meV, significantly larger than that of ZnSe(22meV)
and GaN(25meV). Recently, many groups grew ZnO nanowires on sapphire or silicon
by ssimple vapor transport and condensation process via vapor-liquid-soild mechanism
or by MOV PE via vapor-solid mecharism 162

In this study we choice another substrate, porous silicon, to grow ZnO
nanowires. Porous silicon is one of Skbased materials and conforms to today's
Si-industry. It is an anisotropy crystalline, and we can easily control the surface
morphology of porous phase via different current density. We expect that Au dots as
catalyst will be different on porous and pure silicon substrates while forming ZnO
nanowires. And the surface morphology of an porous silicon substrate plays a major
role in controlling the growth of low dimensional structures?” In genera, the
anisotropy of the surface can influence the growth via at least two major mechanisms:
firgtly, it can eliminate an anisotropic strain of nanowires grown on a lattice
mismatched interface, and secondly, it can confine the adatom diffusion to lower

dimensions.?®® Thus, it is expected that the surface feature of an anisotropic

cryddline substrate can control the growth behavior of 1D nanowires.

1.3  Organization of thethesis

The thesis consists of five chapters, including the present introduction. Next
chapter introduces the growth mechanism of vapor liquid solid method (VLS), as well

as the basic theory of some characterization tools for semiconductors such as xray



diffraction (XRD) spectrum, photoluminescence (PL) spectrum. In Chapter 3, we
describe the experimental details, including sample preparation, the equipment setups
and parametric characterization. By means of the XRD and PL, the crystalline
changes under different growth conditions have been investigated and discussed. The
morphology and detailed structure of ZnO nanowires are also investigated by SEM
and TEM. In the final chapter, we give a conclusion to our investigations on the ZnO

nanowires and some proposal topics for further study.



Chapter 2. Theoretical background

2.1  Vapor-Liquid-Solid M ethods
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Porous silicon (PS) is formed by an electrochemical etching of Si inan HF
solution. Following anelectrochemical reaction occurring at the Si surface a partial dissolution
of S settles in. The exact dissolution chemistries of Si are till in question, and different
mechanisms have been proposed. However, it is generally accepted that holes are required for
both eectropolishing and pores formation. During pore formation two hydrogen atoms evolve
for every dissolved Si atom.*3% The hydrogen evolution diminishes while F ion approaching
the electropolishing regime and disappears during electropolishing. Current efficiencies are
about two dectrons per dissolved Si atom during pore formation, and about four eectrons in
the dectropolishing regime.®*“**Y The global anodic semi-reactions can be written during
pore formation as

S +6HF ? H2SFe+Hz+2H" +2¢
and during eectropolishing as

S +6HF ? H2SFe+4H" + 4e
The fina and stable product for S in HF isin any case H2SFs or some of its ionized forms.
This means that during pore formation only two of the four available S electrons participate
in an interfacia charge transfer, while the remaining two undergo corrosive hydrogen
liberation. In contrast, during electropolishing, al four Si electrons are electrochemically
active. Lehmann and Gosele 2 have proposed a dissolution mechanism that is so far the most
accepted (Fig.2-3). It is based on a surface bound oxidization scheme, with hole capture, and
subsequent electron injection, which leads to the divalent S oxidization state.
According to Fig.2-3, the S hydride bonds passivate the S surface unless a hole is available.
This hypothesis is aso supported by the experimental observation that hydrogen gas
continues to evolve from the porous layer after the release of the applied potential for a
considerable time. In addition, various spectroscopic techniques have confirmed the presence
of Si-H surface bonds during PS formation.”**® While it is generally accepted that pore

initiation occurs at surface defects or irregularities, different models have been proposed to
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explain pore formation in PS.***** Some basic requirements have to be fulfilled for

electrochemical pore formation to occur:*®

1. Holes must be supplied by bulk Si, and be available at the surface.

2. While the pore walls have to be passivated, the pore tips have to be active in the dissolution
reection. Consequently, a surface which is depleted of holes is passvated to
electrochemical attach, which means that (i) the electrochemical etching is self-limiting and

(i) hole depletion occurs only when every hole that reaches the surface reacts immediately.
The chemical reaction is not limited by mass transfer in the el ectrolyte.

3. The current density should be lower than the electropolishing critical vaue.
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23 Xray diffraction
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25 Scanning electron microscopy
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Chapter 3 Experimental details

3.1 Samplepreparations

3.1.1 poroussilicon substrate preparation

The porous silicon substrate was formed by the eectrochemica anodization
method on a <100>p+ type silicon substrate. Fig.3-1 shows our experimentd tank
used for electrochemical anodization method in this study. All the substrate having
area of 1 cnf were placed in the tank vertically. The distance between platinum
electrode and silicon substrate is 5 cm. The anodic etching was carried out in the
HF-ethanol solution (HF: ethanol=1:1) with different current density of 10mA/cn? ,

20mA/cn? , 40mA/cny , 80mA/ent .

3.1.2 Authin film preparation
All the substrates having area of 1 cnt were cleaned before coating Au thin

film by the following seps

(1) Rinsed in D. I. water in 5min.

(2) Rinsed in H,SO4:H,0,=1:1in 15min.

(3) Repesat step(1)

(4) Rinsed in HF:H>,0=1:100 in 15min.

(5) Repeat step(1)

(6) Rinsed in H,O:H202:NH4OH=1:1:5in 15min

(7) Repeat step(1)

(8) Rinsed in H,O:H202:HCI=1:1:6 in 15min

(9) Repeat step(1)
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(10) Rinsad in HF:H,0=1:100 in 15min.
(11) Dried with the gas of N
After initill RCA clean, we used RF-sputter to coat Au thin film. Coating time was 5

sec and the thickness of Au thin film was about 100 A.

3.1.3 ZnO nanowiregrowth
After coating Au thin film, we mixed ZnO powder and graphite

(weight ratio=1:1) powder and put them on the dumina boat. The alumina boat
carrying the Au-coated substrates were placed into a quartz tube. The substrates were
placed 25-30cm from the center of the boat. This quartz tube was placed inside a
furnace, with the center of the alumina boat positioned at the center of the furnace and
the substrates placed downstream of an argon flow (Fig.3-2). The quartz tube was
kept 1-30 torr. The temperature of the furnace was ramped to 950°C at a rate of
20-30°Cmin? and then kept at that fixed temperature for 2-4hr under a constant flow
of argon (150sccm). After the furnace was cooled to the room temperature, dark gray

material was obtained on the surface of the substrates.

3.2  X-raydiffraction
After growing the ZnO nanowires, the crysta structures of the
as-grown ZnO nanowires were inspected by X-ray diffractometer a JPN MAC
Science MXP18 with a CuKa line (I =1.5405A). The maximum voltage of

the system is 30kV with a maximum current 20mA. The scanning step is 0.02°

and scanning rateis 4° /min.
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3.3  Scanning Electron Microscope system

The morphology of ZnO nanowires were observed by the Field
Emission Gun Scanning Electron Microscopy (FEG-SEM ) The accelerated voltage is
0.5-30kV and the magnification is 10-500k times. Besides, the Energy Dispersive
X-ray Anayzer (EDX) is also another function of SEM and the composition of the

ZnO nanowires can be identified by EDX.

3.4  Transmission electron microscope system

The detailed structure of ZnO nanowires can be found by transmission
electron microscope. The TEM images were taken by a Hitachi electron microscope
operated at 125 kV. The prepared narowires were firstly suspended in alcohol by

supersonic jolt and then the suspension was moved to the copper grid for observation.

3.5 Photoluminescence detection system

A He-Cd laser (Kimmon IK5552R-F) operating at the 325 nm UV line
is commonly utilized as a pumping source for PL. As shown in Fig. 3-3, the PL
detection system includes reflection mirror, focusing and collecting lens, the sample
holder and the cooling system.

In this system, we utilized two single-grating monochromators

(TRIAX 320), one equipped with a CCD detector (CCD-3000), and the other
equipped with a photo-multiplier tube (PMT-HVPS), which are matched with a
photon counter for detection. The norma operated voltage of PMT is 0.8 KV.
Moreover, we used a standard fluorescent lamps to calibrate our spectral response of

spectrometer and detector. PL signals are exposed about 0.1 sec at a step of 0.1 nm,
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and the data are transmitted through a PGIB card and recorded by a computer. The
monochromator (TRAIX 320) is a 32 cm one with three selective resolutions of lines
600, 1200 and 1800 groovessmm separately. When the entrance and exit dlits are
both opened to about 50 mm, the resolution is about 0.1 nm in this system.
Low-temperature PL measurements were able to carry out by using an additional

closed cycle cryogenic system.
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Chapter 4. Results and discussion

4.1 Growth parameters of the ZnO nanowire

4.1.1 Pressures dependence on optical properties of ZnO nanowire
Fig.4-1~4-2 show PL spectral patterns of ZnO nanowires grown on silicon
substrates pored with J=10mA/cnt by VLS method under the tube pressures of (a) 1
(b) 5(c) 10 (d) 30 Torr at afixed flux rate of argon gas 150 sccm. From the PL pattern,
we can observe the three main photon emission categories: the near band edge
emission (NBE) with peak position of 3.263 €V, the low energy tail extending from
the near band edge emission, and the deep level emission with peak position of 2.48
eV at room temperature. We used the least square method to decouple the NBE and
low energy tail extending from the NBE shown in the insert of Fig.4-1. Under the
growth pressure of 10 Torr the FWHM of the NBE feature is corresponding to 98meV.
From Fig4-2 we find the FWHM of NBE becomes larger when the growth pressure is
higher or lower than 10 Torr. The concentration of Zn vapor generated with the
thermal reduction of ZnO powder by carbon depends on the tube pressure. When
the concentration of Zn vapor is too high or low, the growth of ZnO nanowires is not
proper. Because too much Zn vapor will make the Au-Zn aloys quickly to be
saturated, the ZnO nucleation will be completed too fast to be a good single
crystalline nanowire. And the appropriate growth rate is necessary for the ZnO
nanowires growth. As the pressure is too low the ZnO nucleation will be completed
too slowly to be a good single crystalline nanowire. So the concentration of Zn vapor
must be appropriate for growing ZnO nanowires. Besides, we aso observe ZnO

nanowires on the porous silicon substrates with different current density show the

21



different FWHM of NBE. The reason is that the lattice mismatch between ZnO and
PS substrate is bigger as the current density is larger. As increasing current density,
the surface roughness of PS is more obvious. So the surface roughness perhaps is

another reason.

4.1.2 Flow dependence on optical properties of ZnO nanowire

As indicated above, although optima growth pressure can make ZnO
nanowires have the better performance, the highly textured ZnO nanowires was still
hardly obtained by using appropriate argon gas flow. So we used a sequence of
different argon gas flow to grow better quality ZnO nanowires. Fig.4-3 shows the PL
spectra obtained from ZnO nanowires grown under the tube pressure of 10 Torr at
argon flow of 125, 150, 200, 250 sccm. The NBE intensity and the full width at half
maximum both increase with the increasing argon gas flow as shown in Fig.4-4.
When argon flow is higher than 150sccm, the FWHM increases and the crystalline
structure of nanowire becomes poor. Because when argon gas flow is higher than
150scem, too much Zn vapor carried by argon gas is making the nucleation fast. The
crystalline structure with fast nucleation in ZnO nanowires does not give a good
optical property. The FWHM of NBE is broader than that of lower argon gas flow. We
also found the ZnO nanowires did not grow on the PS substrate as the argon gas flow
is lower than 100sccm. We speculate that Zn vapor is too low to make Zn in the
Au-Zn aloy to be saturated, and there for Zn can not nucleate on the Au-Zn aloy

surface to form ZnO.

4.1.3 Growth temperature dependence on optical properties of ZnO
nanowire

The subdtrate temperature is one of the important factors during the growth
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of ZnO nanowires. When the substrate temperature is higher than 750°C, Au still
forms Au-Zn aloy with Zn. But it doses not form ZnO nanowires. Fig.4-5 shows only
Au-Zn droplets-like alloy on the substrate (indicated by arrow) and there is no ZnO
nanowires . Because the solubility of Zn in Au-Zn droplets is higher at high
temperature, it is not supersaturated and Zn vapor does not nucleate at the solid- liquid
interface. But when the substrate temperature is decreased to lower temperature
(~650°C), the solubility of Zn in the Au-Zn alloys decrease and then supersaturated
Zn aloys forms. It makes Zn start to oxidize and forms ZnO nanowires. When the
temperature is much lower than 650°C, Zn separates fast from the Au-Zn alloys due to
the low solubility of Zn at low temperature. That produces the poor crystalline
structure of ZnO nanowires and not only nanowires but also other blocks or films

exid.

4.1.4 Thickness of Au thin film dependence on optical properties of
ZnO nanowire

According to the above optima growth condition: tube pressure 10 Torr,
argon flow rate 150sccm, substrate temperature 700°C, different thickness of Au thin
film was changed to grow ZnO nanowires. The SEM images for a series of Au
thickness in growing nanowires were shown in Fig.4-6~4-8. From SEM images we
can observe the thicker thickness of Au film, the smaller diameter ZnO nanowires
were obtained by CVD. The experiment results are analogous to other group’s
results3? It is strange that the ZnO belts and nanowires were grown together on the
thicker thickness of Au thin film shown in Fig.4-8. We speculate that the thicker Au
thin film forms bigger Au clusters or idands closely with each others at high
temperature, that makes each Au-Zn alloys to connect together. Consequently, the

piece of Zn reacts with oxides to form the ZnO bdts.
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4.2 Result of the X-ray diffraction measurement

The X-ray diagrams measured from CVD grown nanowires are shown in
Fig.4-9(30°~40°). It shows XRD pattern of ZnO nanowires grown by CVD under a
fixed 10 Torr pressure and at a fixed 150sccm argon flow. Chemical vapor deposited
nanowires exhibit virtually identical diffraction patterns of a wurtzite phase and in
concurrence with results obtained previously. Three main diffraction peaks
(1)31.6°[100], (2)34.4°[002], (3)36.1°[101] were found evident as comparing with
JCPDs data. By comparing with ZnO nanowires grown on sapphire, only [002]
orientation has been measured, our nanowires seemed to have poor orientation
preference due to the lattice mismatch between PS ans ZnO nanowires.

Besides, in order to understand whether the nanowires have orientation
preference or not, we calculate the texture coefficient Tyoo2).>" This factor can be

cdculated using the following formula:

(hkl) /Io(hkl)

I(hkl))

Tc(hkl) =

I

1,
N o)

where Teni k) is the texture coefficient of (h k ) plane, | the measured intensity, Io the
corresponding recorded ASTM intensity, and N the number of preferred growth
directions. According to the XRD patterns from Fig.4-9(a)~(b) we can calculate the
Te002). The results are as listed in Tabled-1(a)~(b). We can find the results are dll
larger than one. So the nanowires have a little orientation preference for [002]. And
from the Tabled-1(a) we find some texture coefficients are smaller. From
Fig.4-35~4-38 we adso find that the ZnO nanowires look like a group of groves. So
we speculate that the reason caused lower texture coefficient is that the nanowires
grew along the horizontal direction. So the XRD patterns look like the results of ZnO

powder. Each diffraction patterns of ZnO can be measured. From Table4-1(b) we find
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texture coefficient of ZnO nanowires grown on PS substrates is larger than on silicon
substrate. We speculate that PS have lower Y oung’s modulus to release stress between

ZnO nanowires and substrate.>*® From below equations:

EO = Esi (1- P)Z

e —;e

f thf m
1+——
EOdO

where Eg , E: Young's modulus of silicon and ZnO, P: porosity, em,: total mismatch
stress, hy: length of ZnO , dy: thickness of PS layer, & : efficient stress. We simplify the

equation as 1
e H

1+ 1

(- P)?
We find that the bigger porosity caused the lower stress between nanowires and

substrate. So ZnO nanowires can grow aong it’s preference orientation [002]. But
when silicon pored with higher current density, the surface roughness will be so

vidlent that nanowires can not grow aong it’s preference orientation.

4.3 Photoluminescence spectra of ZnO nanowires

The photoluminescence of nenowires were measured using an He-Cd laser
as the excitation source. Fig.4-10 shows the room temperature PL spectra of
nanowires grown on the different porous silicon substrates: ()10, (b)20, (c)40, (d)80
mA/cnf. Strong emission at ~380nm is measured for al samples. The FWHM of
NBE are (8)81, (b)81.8, (¢)82.2, (d)83.5 meV. Comparing with our group’s result,60
meV, we think them as proper samples. And we speculate the reason, making the
FWHM bigger as current density increasing, the lattice mismatch between nanowires

and PS substrate. In addition, we observe that the green emission intensity at ~510 nm
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is very weak. While the UV emission corresponds to the near band edge emission, the
green emission peak is commonly referred to as deep level or trap state emission. The
green transition has been attributed to the singly ionized oxygen vacancy in ZnO and
emission results from the radiative recombination of a photo-generated hole with an
electron occupying the oxygen vacancy.>* Fig.4-11 shows photoluminescence spectra
of ZnO nanowires at 7 K. The sample was prepared at the optimal condition:10torr,
150sccm, 4hrs. From SEM images we think the structure proper. The insert in
Fig.4-11 shows, in a logarithmic scale, the NBE at 7 K. The NBE including the
emissions from the free exciton(EX) recombination located at 3.372eV with a FWHM
of 9.082 meV and the another main peaks (3.362, 3.358eV), with the FWHM of
9.985,7.436 meV, which are éttributable to a transition from an exciton bound to a
neutra donor. The low energy extending tail of the band edge is attributable to
emission from the longitudinal phonon replicas (LO) of free exciton (EX), as shown
in the inset of Fig.4-11. The observation of the free exciton peak for ZnO nanowires at
7 K grongly suggests that the nanowires are of high optical qudity.

In order to make sure what the origin is about each emisson pesk we use
the model calculated by T. Schmidt, K. Lischka and W. Zulehner.%® The luminescence
intensity | of the NBE PL emission line is proportional to L, where L is the power of
the exciting laser radiation. Thisk can be caculated using the following formula:

|~L¥

After calculation we can see the results from Table4-2 and Fig.4-12~4-14. Our results
of calculation for each emission peak all lie between one and two. Therefore we can
define them as exciton-like trangtions.

Fig.4-15~4-16 show a series of photoluminescence measurements at
temperature of 7~300 K and temperature-dependent PL peak intensities of ZnO

nanowires. We observe that the intensity of the PL peak at 3.372 eV(EX) increases
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with temperature increasing from 7 to 10 K but the intensities of the peaks at 3.362
and 3.358 eV decrease. This behavior presumably results from decomposition of
bound excitons due to the increasing thermal energy, and hence supports the argument
that the PL corresponds to a free exciton peak and the others to bound exciton peaks.
Above 70 K, the intensities of the exciton recombination peaks also show a decrease
with increasing temperature because of thermally induced dissociation of
electron-hole pairs. However, the free exciton peak extends to room temperature, in
contrast to those of the two bound ones disappearing around 150 K.

Then we perform numerical analyses of the energy position of the free
exciton(EX) as function of temperature using a model which is a modification of
Varshin equation for band gap temperature dependence:

aT?

BN =EQ) - — ®

We obtain the band gap of ZnO from above equation (1) by fitting: 3.372 eV shown in
Fig4-17. Similar energy band gap (Ep=3.380 €V) had been produced from C.
Boemareet d.>®

We aso want to fit the temperature dependence of the free exciton emission

intensities. In some conditions, the population governing a certain transition is given
by
D= X, A

where n is the density of the minority carrier or exciton concerned, G is the generation
rate, tr and tyr are radiative and nonradiative lifetimes, respectively. Nonradiative
recombination rate is generaly thermally activated (whether they correspond to level
depopulation or to the activation of a nonradiative recombination center), i.e., Vtnr=
Ut exp(-Eo/ KT). Under steady state, and since PL intensities are proportional to n/tg,

one obtains the Arrhenius expression
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| = lo /[ 1+aexp(-E4KT)] 2)
with a =tr /to. E4is the activation energy of the process. By the analysis of the
Arrhenius plot of the integrated intensity of the free exciton, activation energy of
about 55.711 meV is obtained in Fig. 418, the quantity is consistent with the free
exciton binding energy 60 meV, which further supports our assignment. We aso use
the same method to calculate the activation energy of the bound excitons shown in
Fig.4-19~4-20. We table the activation energy of bound excitons as Table4-3. The
results correspond to the difference between the photon energy of free exciton and
that of bound excitons. So we can make sure that the results are dl right.

Besides, we calculate the exciton-phonon coupling constant, S.°® The
intensity distribution of the phonon replicas is determined by S. For the case of
relatively strong coupling, the emission intensity of the nn phonon replica I,(?) and
the principle emisson line (1o) isrelated by

g

- _| n=0, 1, 2.....

n (0]

n

From Fig.4-11, we obtain the coupling factor S=0.251 for free exciton. Comparing
with the ZnO thin film grown on the sapphire by our lab, the coupling factor S=0.213.
So we speculate that the exciton-phonon coupling effect in nanowires is more violent
due to the spatial confinement.

When we change the excitation power, we find the peak energies of free and
bound exciton decreases with increasing excitation power density, shown in Fig.4-21.
It could be suggested that the redshift of the exciton peaks are caused by local heating
effects. It could also support the excitonexciton interaction. The interaction among
excitons results in higher effective exciton temperatures above nominal crystal

temperature of 7 K.>%%9 These excitons are said or bein a“hot”, nonthermalized state.
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4.4 Reaultsof SEM

4.4.1 SEM

The size of ZnO nanowires are about 30~100 nm in diameter and 2~3 um
in length as seen from field-emission scanning electron microscope(FE SEM) shown
in Fig.4-22~4-25. From SEM images we observe that the density of ZnO nanowiresis
lower for the higher porosity substrate. We speculate that the Au clusters are formed
on the surface of silicon but not in the pores. So ZnO nanowires grew on the surface
of glicon. This explains the fact that a higher porosity substrate causes a lower
density nanowires. Comparing with results in growing ZnO nanowires on pure silicon
under the same conditions, our SEM image, as shown in Fig.4-26, clearly indicates
that nanowires are divided into two categories. ~20 nm in diameter and ~5 pm in
length, ~50 nm in diameter and ~1 pm. The nanowires grown on PS show a better
similarity in diameter and length. This can be explained by the different Au clusters
formed on PS and silicon at high temperature. From Fig.4-27~4-28, we found that
the sze of Au clusters on PS is more uniform than those on silicon.

Besides, from the cross-section SEM shown in Fig.4-29~4-32 we found that
the thickness of wetting layer is more on pure silicon than PS. We speculate that

appropriate wetting layer is good to grow nanowires,

4.4.2 EDX

We used the EDX to check the growth mechanism of our ZnO nanowires.
From Fig.4-39 we find that the tips of ZnO nanowires contain Au content, SO we can
define the growth method as the VLS one with Au as the catalyst element. Besides,
we also make sure that the constituent components in nanowires are ZnO only as

seemin Fg.4-40.
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45 Reaultsof TEM

The detailed structure of individual ZnO nanowires have been characterized
using selected area electron diffraction(SED), high-resolution TEM(HR-TEM). These
nanowires are monolithically single crystalline as evidenced by the SAED pattern
shown in the insert of Fig.4-41. From Fig.4-41 we clearly find that the diameter of a

nanowireis about ~50nm.



Chapter5. Conclusion and per spectives

5.1 Conclusion

The single crystd ZnO nanowires can be grown on the porous silicon
substrate viaa VLS method by chemical vapor deposition. A room temperature PL
gpectrum of the nanowires consists of a sharp UV emisson band at ~380 nm and a
very wesk green emission band at 510 nm. From the RT-PL anayss, we found the
optimum growth conditions for producing ZnO nanowires under Pyne=10 Torr, argon
flow=150scem and T=700°C. The ZnO nanowires with a FWHM of 98meV at 3.263
eV were obtained.

According the XRD patterns and the texture coefficient we know that the
nanowires possess cartain of orientation preference for [002]. And ZnO nanowires
grown on PS substrate have better texture coefficient than on silicon substrate. From
low temperature PL spectrum we can observe the appearance of donor-bounded, free
exciton and one appended with few LO-phonon replicas. The FWHM of free exciton
emisson is9.082 meV. With increasing temperature, the intensities of bound excitons
decay and finaly only the free exciton gppears. The band gap vaue obtained from
Vaedni formulafitting is 3.372 eV. The activation energy of free exciton aso
obtained by Arrhenius expressionis 55.711 meV.

According to SEM images we can observe that nanowires are about
30~100 nm in diameter and 2~3 pm in length. We also find that the nanowires are
more uniform on PS substrate than on silicon substrate. Besides, we speculate that

ZnO nanowires are Sngle crysdline from the SAED.

5.2 per spectives
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In this research, our mgor objectiveisto grow the highly qudity ZnO
nanowires by CVD and andyze its optica properties. To achieve this god, we need
the triple harmonic of Nd-YAG laser (350nm, 10-ns pulse width) to offer higher
excitation pumping source. It excites our samples and makes the nanowires produce
dimulated emission. Besides, we require the near- field scanning optical microscope
(NSOM) to study the locdlization and the divergence of the laser beam emitted from

nanowires.
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Fig.4-1. A series of substrate pressure dependent PL patterns under a growth condition

of the fixed 150sccm argon flow at the same growth time 2hr.

H
o
»

'_\

o

I
T
1

100 | i

FWHM of NBE(meV)
o

©

[ee]
|
]
1

o 5 10 15 20 25 30
P(torr)

Fig.4-2: Growth pressure dependent ZnO PL pesk FWHM.
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condition of the fixed 10 torr pressure a the same growth time 2hr.
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Fig.4-5: the SEM images of Au-Zn droplet-like on PS a high temperature.
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Fig.4-6: the SEM image of ZnO nanowires grown on the Au ~30A coating PS.
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Fig.4-8: the SEM image of ZnO nanowires grown on the Au ~210A coating PS.
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Fig.4-9(b): the XRD patterns of the ZnO nanowires grown on different PS subsirates
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Table

Spectrum EX DX D°%1 | LO 2LO | 3LO
mechanism

postion(eV) | 3.3725 | 3.362 3358 | 3311 | 3.2335| 3.1632

Table: show the emisson mechanism and positions of spectrum.
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E(0)=3.37173+0.00054
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Temperature(K)
Fig.4-17: Evolution of the energy position of the free exciton as function of
temperature(] )data, (-)thefitting using the above Egs.
i Arrhenius expression
Equation: I=1 /(1+aexp(-E /KT))
1,=1223.37288+1.88468
a=27.94681+2.98731
E.=55.71117+2.43084
.0 0.2 04 06 08 1.0 1.2 1.4 16 1.8

Fig.4-18: Temperature dependences of the free exciton of ZnO nanowires with

1/KT(meV™)

theoreticd fitting curve.
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a=13.4822+4.65996
E,=8.77488+0.54541

Equation: I=I0/(1+aexp(-Ea/KT))
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Fig.4-19: Temperature dependences of the bound exciton(D°X) of ZnO nanowires

with theoreticd fitting curve.
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Fig.4- 20: Temperature dependences of the bound exciton(D°X1) of ZnO nanowires
with theoretica fitting curve.
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Fig.4-21: The PL spectravs. the power of exciting laser radiation at 7 K.

Fig.4-22: ZnO nanowires grown on the porous silicon substrate; 10mA/cn?
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Fig.4-23: ZnO nanowires grown on the porous silicon substrate; 20mA/cn
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Fig.4-24: ZnO nanowires grown on the porous silicon substrate; 40mA/cn
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Fig.4-25: ZnO nanowires grown on the porous silicon substrate; 80mA/cn?

Fig.4-26: the SEM pattern for ZnO nanowires grown on silicon



Fig4-28

Fig.4-29 Fig.4-30

Fig.4-31 Fig.4-32

Fig.4-27~28: the SEM pattern for Au clusters on porous and pure silicon after
annealing (left graph: porous Slicon; right grgph: slicon).

Fig.4-29~32: the cross-section SEM pattern for nanowire grown on different porous
silicon substrates:(8) 10mA/cn?(b)20mA/cn(c)40mA/cn(d)80mA/c?



Fig.4-38

0.4-33~38: the SEM images of nanowires
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Spectrum 1

] 2 4
Full Scale 5093 cts Cursor: 0.000 key'

Element | Weight%  Atomic%

OK 21.01 39.36
S K 40.61 43.32
ZnL 37.47 17.18
AuM 0.91 0.14

Totas 100.00

] 2 4 G g 10 12
Full Scale 3405 cts Cursor: 0,000 ke

Element Weight%  Atomic%

OK 19.81 36.39
SK 46.16 48.31
ZnL 34.04 15.30

Totas 100.00

Fig.4-39~40: the EDX pattern for ZnO nanowires
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Fig.4-41: TEM image of ananowire. Theinsert of Fig.4-41 isthe SAED pattern
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Tabled-1(a)

[y /1
Tc(hkl): 1(hk|) |O(hkl)
SAL )
N IO(th)
sample | Fig4-33 | Fig4-34 | Fig4-35 | Fig4-36 | Fig4-37 | Fig4-38
Teoo2 | 2014 2.0709 | 15976 | 1.2567 1.069 1.461
Tabled-2(b)
Sample Fig.4-26| Fig4-22|Fig.4-23| Fig.4-24| Fig.4-25
Sample(mA/cm2) 0 10 20 40 80
Tc(002) 1.22 148 | 1452 | 1.3027 | 1.18
Tabled-2
|~L*
Spectrum FE DX DX
mechanism
k 1.09915 1.07303 1.18023
Tabled-3
DX DX1
Difference dueto 8.77448 13.683
theoreticd fitting (meV)
Difference between peaks 8.6611 13.14812
on the spectrum (meV)

Tabled-1(a): the texture coefficient of ZnO nanowires
Tabled-1(a): the texture coefficient of ZnO nanowires grown on different PS
substrates
Tabled-2: show the gpectrum mechanism and k.
Tabled-3: the activation energy of bound excitons and difference between EX and
DX, D°X1



