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Abstract

In this thesis, the photocurrent of one-dimensional tin dioxide nanowires has
been investigated. The mechanism responsible for photocurrent is explicated here and
an alternative route to enhance photocurrent is provided. They are presented as

follows.

I. High photocurrent gain in SnO, nanowires

Unlike previous reports, the responsible mechanism of photocurrent in metal
oxide nanostructures, always emphasize on the carrier trapping of charged oxygen
molecules. Here we point out that space charges induced by surface defects does play
a significant role, especially, for nanostructured materials with a large surface to
volume ratio. The huge photoresponse gain with a value of about one hundred
thousand detected in vacuum represents an outstanding example to illustrate out
proposed mechanism. The study shown here provides a useful guideline to achieve

photodetectors based on nanostructured materials with high sensitivity.

I1. Photocurrent enhancement of SnO, nanowires through Au-nanoparticles
decoration

It is found the sensitivity of photoresponse of SnO, nanowires can be enhanced



by metallic decoration. The underlying mechanism is attributed to the formation of

the Schottky junction on the nanowires surface in the vicinity of metallic

nanoparticles. The increment in the barrier height and width of space charge region

due to the existence of Schottky junctions increases the surface electric field and

enhances the spatial separation effect, which then prolongs the lifetime of

photoinduced electron and consequently increases the gain. The results shown here

provide an alternative way for enhancing the photoresponse of semiconductor

nanostructures, which should be useful for creating highly sensitive photodetectors.

Key words: Photocurrent, SnO,, nanowires, high gain, metal decoration.



List of Figures

Fig. 2-1: Summary of the range of and spatial resolution of backscattered electrons,
secondary elctrons, X-ray, and Auger electrons for electrons incident on a solid, and
etching the exposed portion of the materials. Electron trajectories, calculated with

Monte Carlo techniques, also agree with these shapes..................ccoeevinnn 11
Fig. 2-2: The X-Ray APParatUs. .. .......cuueeiieee e e eae e seie e e eere e e an e 13
Fig 2-3-1: Ideal model of Stokes and Anti-Stokes Raman scattering.................... 15
Fig. 2-3-2: Jobin-Yvon T64000 Micro-Raman System...............cceeeveveniennnn.... 18

Fig. 2-3-3: Schematic of a Raman microscope. The microscope objective lens focuses
the laser beam to a spot size of about 1 ;2 m. Scattered light is transmitted through the
beam splitter to the triple monochormator, giving the Raman spectrum of the selected
region. Visible light from the illuminator is reflected from the sample to a video
camera, giving a realtime image to the allow position of the probe beam. The sample
can be moved on the X-y Stage......c.o v 19

Fig. 2-4: The setup of air and vacuum measurement system..............................23

Fig. 2-4-1: (a)(b) Scanning electron microscope image of SnO, NWs deposited on
M-plane SapPPNITe. .. ...t e e e 2D

Fig. 2-4-2: The corresponding (a) X-ray diffraction pattern and (b) Raman spectrum
measured from the as-synthesized SNO; NANOWIIES..........ovveireiiiiiiiiiiiieenenns 26

Fig. 2-4-3: (a) Unit cell of the structure of SnO,. (b) Atomic displacement of atoms,
viewed along the c axis, associated with Raman-active modes..........................27

Fig. 2-4-4: (a)(b) Various magnifying scanning electron microscope patterns of the
morphologies of the fabricated SnO, nanobelts ... 28

Fig 2-4-5: Scanning electron microscope image of a single SnO, nanowire straddled
with Ni/Au pad and the plug by the shadow mask method................................29

VI



Fig. 2-4-6: The SnO, Nanowire between two terminals exhibits perfect Ohmic

0] T U0 (= 1] ot PPORC
Fig 2-5: Au-nanoparticles distribution on the Si substate.............cccccevverviieiivcresnne, 30
Fig. 3-1: I-V characteristics of SnO, nanowire in ambient air............................38

Fig. 3-2: Photocurrent of SnO2 nanowire with a bias 0.1V under different excitation
1] 0 75PN 1

Fig. 3-3: (a) Photoconduction gain of SnO, nanowire as a function of illumination
intensity. (b) Photocurrent of a SnO, nanowire as a function of excitation intensity...39

Fig. 3-4: Photoconduction gain of “short rise time” photocurrent versus different
EXCItatioN INTENSILY. ... .oveeie et e e e e re e e eneeneeennen e e 240

Fig. 3-5: Photocurrent of a SnO, nanowire in air and in vacuum under the illumination
of He-Cd laser with wavelength 325nm and excitation intensity of 100 W/m? in
102 0T 110 | O

Fig. 3-6: (a) Photocurrent of a SnO, nanowire under the illumination of He-Cd laser
with wavelength 325nm in vacuum. (b) Photoconduction gain relative to excitation
INEENSITY 1N VACUUM. .. ettt et et et e e e e e e e e et e e e eeeae et eaeeennenaeeas 41

Fig 3-7: Photoresponse of the SnO, nanowire device under green laser illumination
(532nm) with light intensity 40000 W/M?..........vmie e A2

Fig. 4-1: I-V characteristics of SnO, nanowires with and without Au-nanoparticles in
AMDIENT AT .. e e e e e 51

Fig. 4-2: (a) Scanning electron microscope (SEM) image of the Au-decorated SnO;
T T0 1T £ P 51

Fig. 4-3: Photoresponse of SnO, nanowires by UV illumination under different

VIl



3 (ol L0 1] (=101 1Y/ - 24
Fig. 4-4: Power dependence of pristine and Au-decorated SnO; nanowires............53

Fig. 4-5: (a.) Accumulation of free electrons and upward band-bending on the surface.
(b.) Au-nanoparticles result in a localized Schottky barrier in the vicinity of
Au-nanoparticles, which will increase the height and the width of space chare
=T 1 54

Fig. 4-6: Computer simulation of gain versus intensity and barrier height. An increase
of the exponent x and gain with increasing barrier height are obtained by this

(70T [ Y - o

Fig. 4-7: Photocurrent measurement in (a) pristine and (b) Au-decorated SnO,
nanowires with an intensity 0f 53 W/M?..........uvuieeie e 56

VIl



Chapter 1

Introduction

1.1 Introduction to Nanotechnology

Nanotechnology is defined as fabrication of devices with molecular scale. Devices
with feature sizes about 100 nanometers (nm) are considered to be products of
nanotechnology. A nanometer is one billionth of a meter (10” m) and is the unit of
length that is generally most appropriate for describing the size of molecules. The
nanoscale marks the nebulous boundary between the classical and quantum
mechanical worlds. Nanostructured materials have received steadily growing interests
as peculiar and fascinating properties superior to their bulk counterparts.' Thus,
realization of nanotechnology is promising to bring excellent capabilities and
applications. Fabrication of nanomachines and nanodevices will undoubtedly solve an

enormous amount of problems faced by mankind today.



So far, the carbon nanotubes (CNTs), Si nanowires (SiNWs) and other
semiconductor nanowires such as GaN or ZnO nanowires etc. are successfully
fabricated and widely studied.”> CNTs have been applied in the fabrications of
various devices such as scanning probes, biological sensors and electronic transistors
etc. and the ZnO nanowire arrays are applied for nanolasers and nanogenerators.”
Besides the porous materials are considered as the quasi one-dimensional (1D)
structure that exhibits similar behaviors to nanowires such as blue shift
photoluminescence (PL) and red shift in Raman scattering spectra due to the size
confinement effects, and the surface phonon modes are observed in Raman spectrum.
Therefore nanotechnology gives another opportunity for devices design and provides
another field for fundamental researches, and it is possible to result in next industrial

revolution.

1.2 Introduction to SnO, material

SnO.,, as an n-type wide-banded gap semiconductor (E,= 3.6 ¢V at 300 K for bulk
SnO,) with rutile structure, exhibits interesting properties such as sensitivity to the
environment, high chemical and thermodynamic stabilities.® Recently, attention has

been focused on the research filed of one-dimension (1D) nanostructures such as



wires and rods, because of both their fundamental properties and potential
applications in nanodevices.” For example, in recent reports, SnO, nanowires (NWs)
have been studied for field emission, electrochromic displays, and gas sensors.*’
Owing to the great sensitivity in ultraviolet (UV) region and conductance, SnO, NWs
are also expansively applied in dye-based solar cells, transistors and transparent
electrodes.'™'" Although a considerable amount of researches have been performed on
SnO, NWs, only relatively few experimental information about photoconductive
characteristics in UV region has been reported.'” Based on the remarkable
photoconductance in UV region, SnO, NWs are promising for the fabricattion of

excellent visible-blind UV photodetectors

1.3 Photoconductivity

The photoconductivity (PC) can be defined as the difference between the
electrical conductivities under illumination and in the dark. Namely, PC is the change
in resistance due to extra carriers from optical absorption in a semiconductor or in an
insulator. It is concerned with optical excitation and transport phenomena. Light
incident on the sample whose photon energy is bigger than the energy band gap of a
semiconductor is absorbed with the effect, and additional electron-hole pairs are

produced, resulting in an increase of conductivity.



PC offers a means of studying many physical properties of materials.

Furthermore photoconductivity effects have obvious applications to the detection and

measurement of light, in the whole spectrum. All these considerations explain why

photoconductivity is a very useful subject.

The observation of any photoconductivity phenomenon requires the presence of

at least one type of mobile charge carrier. If the conductivity due to these carriers is

written as follows:

0 =qun (1.1)

where q is the magnitude of electronic charge, ( is the mobility and n is the

volumetric concentration, the photoconductivity, or variation of conductivity upon

light irradiation, has the general form

Ao =q(u An+nAp). (1.2)

Thus photoconductivity may arise due to a charge in carrier concentration and/or

carrier mobility. These changes result from the generation in the semiconductor of the

electronic excited states by absorption of the light energy. Either these excited states

represent the excess carrier concentration An or a mobility variation A 1, which is



usually small enough to ignore. Therefore the PC is attributed to the An.

An=Fr (1.3)

is the fundamental relationship in the discussion of all photoelectronic phenomena,
where F' is the absorption rate of photon per sec and 7 is the lifetime of a free
carrier. The lifetime 7 is usually a function of F, so the equation can be expressed
as

Anoc F'™ (1.4)
The value of x is the evidence to distinguish the PC mechanism and will be

discussed later.
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Chapter 2

Experimental instruments and details

2-1 Scanning Electron Microscope

Scanning electron microscope (SEM) is similar to light microscope with the
exception that electrons are used instead of photons and the image is formed in a
different way. A SEM consists of an electron gun, a lens system, scanning coils, an
electron collector, and a liquid crystal display (LCD). An electron beam is utilized to
produce a magnified image of a sample in electron microscope. The electron energy is
typically 10-30 KeV for most samples, but for insulating samples, the energy could be
as low as several hundred eV. The utilization of electrons has two main advantages
over typical microscopes. Much larger magnifications are possible since electron
wavelength are much smaller than the photon wavelengths and the depth of field is

much higher.



De Broglie proposed in 1923 that particles can also behave as waves. The

electron wavelength A . depends on the dynamics energy or the accelerating voltage

V as

h Ao 122

A = = -
‘ \/2mEk \/quV N7

The wavelength is 0.012 nm for /=10000 V which is significantly smaller than the

(nm) 2.1)

wavelength in visible range (400 nm~700 nm). Consequently, The resolution of an

SEM is much better than that of an optical microscope.

The contrast in a SEM depends on a number of factors. For a flat uniform sample,

the image shows on contrast. However, if the sample consists of materials with

different atomic numbers, a contrast is observed if the signal is obtained from the

backscattered electrons, because the backscattering coefficient increases with the

atomic numbers Z. Nevertheless, the secondary electron emission coefficient is not a

strong function of Z and atomic number variations give no appreciable contrast.

Contrast is also influenced by the surface conditions and by the local electric field.

But the main contrast-enhancing feature is the sample topography. Secondary

electrons are emitted form the top 10 nm or so of the sample surface. When the

sample surfaces is tilted from the normal beam incidence, the electron beam path



lying within this 10nm is increase by the factor %os 0 where is the angle from the
normal incidence (@ = 0°for normal incidence). The interaction of the incident beam
with the sample increases with path length and the secondary electron emission
coefficient increases. The contrast C depends on the angle as

C =tan(0)do (2.2)
For 6= 45° a change in the angle of d & =1° produces a contrast of 1.75% while

at 60° the contrast increases to 3% for d #=1°.

The beam diameter of SEM is ranging from 1 to 10 nm. Yet the resolution of
electron beam measurements is not always so good, owing to the shape of the
electron-hole cloud generated in'the semiconductor. When electrons impinge on a
solid, they lose energy by elastic scattering (change of direction with negligible
energy loss) and inelastic scattering (energy loss with negligible change in direction).
Elastic scattering is caused mainly by interactions of electrons with nuclei and is more
probable in high atomic number materials or at low beam energies. Inelastic scattering
is caused mainly by scattering from valence and core electrons. The result of these
scattering events is a broadening of the original nearly collimated, well-focused

electron beam within the sample.
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Fig. 2-1:Summary of the range of and spatial resolution of backscattered electrons,
secondary elctrons, X-ray, and Auger electrons for electrons incident on a solid, and
etching the exposed portion of the materials. Electron trajectories, calculated with

Monte Carlo techniques, also agree with these shapes.

The generation volume is a function of the electron beam energy and the atomic
number Z of the sample. Secondary electrons, backscattered electrons, characteristic

and continuum X-rays, Auger electrons, photons, and electron-hole pairs are produced.
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For low-Z samples there is considerable scattering near the surface and a large
fraction of the incident electrons is backscattered. The shape of the electron
distribution is teardrop-shaped as shown in Fig. As Z increases (15<Z<40) the shape
becomes more spherical and for Z>40 it becomes hemispherical. “Teardrop” shape

has been observed by exposing polymethylmethacrylate to an electron beam.

The depth of electron penetration is the electron range R., defined as the average
distance from the sample surface where an electron travels. A number of empirical

expressions have been derived for R,. Once such expression is

4.28x10°E"
R, = $x10 (cm), (2.3)
Y2

where p is the density (g/cm’) of the sample and £ is the electron energy (KeV).

2-2 X-ray Diffraction

The crystalline structure can be analyzed by X-ray diffraction using the Bragg
equation:

2dsin@ =nA (2.4)
where d is the distance between the crystal planes, { is the wavelength of X-ray ,
and CuK a line is used here. 6 is the Bragg diffraction angle. As illustrated in Fig.

2-2, the incident angle and diffraction angle are scanned simultaneously in 6 -26

12



XRD. 6-26 XRD is used to analyze the crystal planes parallel to the substrate
surface. According to equation 2.4, the diffraction peaks in the 6-26 XRD patterns
could be used to determine the d values, and then to identify the orientation of the

films

Detector / 7

26
(scan)

X-ray Beam

o \ 7

(scan)
Sample

0-20 XRD

Fig. 2-2: The X-Ray Apparatus

2-3 Raman Scattering
Raman scattering effect is an inelastic scattering phenomenon of light with
materials. Indian physicist, C.V. Raman, first observed this effect in 1928. It involves

a change in photon frequency. When the photons encounter the surface of a

13



semiconductor, they will mostly be reflected, transmitted, absorbed, or Rayleigh
scattered, because of first-order elastic interaction with electrons, phonons, and
impurities. There is no change in photon frequency during these elastic interactions.
However, a small fraction of the light interacts inelastically with phonon modes
producing outgoing photons whose frequencies are shifted from the incoming values.
These are the Raman-scattered photons. This interaction of incident light with optical

phonon is called Raman scattering.

2-3-1 Stokes shift and Anti Stokes shift

In quantum theory, we represent crystal oscillations by supposing some quanta,
so-called phonons, which only have discrete energies named energy levels. When
light incident into a semiconductor interacting with crystal oscillations, we can view
this situation as photon interacting with phonon which is possibly at different energy
level. Consider phonons at ground state (n=0) and first excited state (n=1) with
interval of 4®. As a photon (with frequency v) interacts with a phonon at first excited
state, the phonon absorbs its energy exciting to a higher energy level with energy A(v
+ ). Due to the short lifetime (about 10™* sec) of this higher energy state, the phonon
will soon fall down to a lower energy state. If it goes back to the ground state, an

anti-Stokes photon will be released in this process. If the phonon goes back to the first

14



excited state, a Rayleigh-scattered photon will be produced. Similarly, a photon

interacting with a phonon at ground state will excite the phonon to a higher level of hv.

A Rayleigh- scattered photon (see Fig. 2-3-1) will be produced as the phonon decays

to the ground state. A Stokes photon will be produced as the phonon decays to the first

excited state.

Virtual levels ey e S e B ey

._
B
-
&
e

v, hv, v hv, v, v,

¥ Y

Stokes Rayleigh Anti-Stokes

Fig 2-3-1: Ideal model of Stokes and Anti-Stokes Raman scattering.

As described above, those Raman-scattered photons gain energy by absorbing a

phonon (anti-Stokes shifted), or lose energy by emitting one (Stokes shifted). Both of

15



the processes must obey the energy and momentum conservation rules. The

conservation conditions can be written as:

hv,=hv, tho, (2.5)

1

ks= ki £ Ko, (2.6)

where v;and vs are the incoming and scattered photon frequencies respectively, K; and
ks are the incoming and scattered photon wave vectors respectively, while ® and Kg
are the phonon frequency and wave vector respectively. The values of frequency shift
resulting from Raman scattering range from ten to a few thousand cm™. Normally
speaking, the intensity of the Stokes component is much stronger than that of the
anti-Stokes line because usually there are few phonons to be absorbed compared to
the number of phonon that can be emitted. Raman scattering is inherently a weak
process, but lasers provide enough power so that the spectra can be routinely
measured. One thing needs to be emphasized is that those Raman shifts measured are
precisely the frequencies of crystal oscillations regardless of the frequency of incident

light.

However, a change in the wavelength of the exciting radiation changes the

penetration, giving flexibility in the probe depth. The small wavelength of exciting

16



radiation, combined with Raman microprobe techniques, also provides good spatial
resolution’. Owing to the close relation between Raman scattering and the oscillations
of atoms and molecules inside the materials, we can gain the information about the
oscillations of atoms and molecules inside the materials from Raman scattering
spectrum. These oscillations are mainly controlled by interatomic or intermolecular
interactions. Raman-scattering researches can therefore provide a way for people to

understand these interaction force.

2-3-2 Raman Scattering Apparatus

A typical Raman arrangement is similar to that for PL with one major difference:
the single monochromator used for most PL work does not discriminate sufficiently to
separate the Raman signal from the strong Rayleigh light that accompanies it. The
double monochromator is needed in order to increase discrimination, which consists
of two ganged gratings turning together and sequentially selecting the light. In some
case, for instance to examine Raman peaks with a few wavenumbers of the exciting
line, triple monochromator must be used. Besides, the Raman system may also
include means to polarize the exciting light and analyze the polarization of the
scattered light. These polarization states are intimately connected to the orientation of

a crystalline sample.

17



Our Raman scattering system is arranged as in Fig. 2-3-2 and the laser light

source is Ar' laser (working at 514.5 nm). Raman spectrometer is the

Decasbon i il
Single/ Double/Triphe e mﬂ [y = [Djjzj
Maonochremator Manual or motoitzad
Capablites e,
Fhexiskcanth
Adaptation

7 2
i 1

Mans| or mokwizad satting. [
+s|cTs-|mn Unit _4'7—

T 64000 Options
Concept

Fig. 2-3-2 Jobin-Yvon T64000 Micro-Raman System.

T64000 micro-Raman system that produced by the Jobin-Yvon Company. After going
through a half-wave plate, the incident laser light is focused on the sample. The

scattering lights collected by a lens are focused on the slit of the spectrometer. As

18



shown in Fig. 2-3-3, the optics can be arranged so that the Raman scattered light is

coupled to the monochromator through the microscope, and auxiliary illuminating

light is sent to a video camera to give a real-time images of the sample surface. This

makes it possible to locate and probe areas of the sample as small as the bean size.

White
light

SQUnce

Laser

spot
- lum

to Wideo system and
Ilonoc hromator

Laser light

K-y stape

Microscope ohjective

Fig. 2-3-3: Schematic of a Raman microscope. The microscope objective lens

focuses the laser beam to a spot size of about 1 ¢ m. Scattered light is

transmitted through the beam splitter to the triple monochormator, giving the

Raman spectrum of the selected region. Visible light from the illuminator is

reflected from the sample to a video camera, giving a realtime image to the

19



allow position of the probe beam. The sample can be moved on the x-y stage.

2-4 Experimental details and setups

Here, we will particularly report our experimental details and setups. First we
will illustrate the synthesizing method of SnO, NWs. Fabrication of a single nanowire
device on sapphire will also be reported in subsequent sections. In addition, the

method that we proceed in photoconductivity and Au-decoration will be illustrated.

2-4-1 Synthesization of SnO; nanowires

The growth of SnO, NWs' is based on the method named vapor-liquid-solid
(VLS). In the synthesizing process, the Au layer (about 10 nm in thickness) is first
deposited on M-plane (100) sapphire (Al,O3). Then Sn powder is placed on the
ceramic boat and put into a furnace with Argon flow as gas carriers at the flow rate
200 sccm. The temperature is rapidly increased from room temperature up to 1000 °C
by a rate of about 100 °C/min and Sn vapor is mixed with oxygen in air and turns into
SnO, and blown onto the Au catalyst. After SnO, dissolves into Au, the
supersaturation of the alloy SnO; -Au droplet results in the nucleation, and SnO, NWs
are fabricated. The as-grown SnO, NWs have a diameter of 100~300 nm and length

above 40 ;£ m as shown in Fig. 2-4-1. In Fig. 2-4-2(a), the XRD graph is employed to
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identify the structure of synthesized products. Most of the peaks are perfectly indexed

according to the tetragonal rutile structure of SnO,.

Rutile SnO, belongs to the space group D, of which the normal lattice
vibration at the ' point of the Brillouin zone is given on the basis of group theory:
I'=14,, +14,, +14,, +1B,, +1B,, + 2B, +1E, + 3E,. Among them, the four first
order active Raman modes are Big, Eg, A, and Byg. In Fig. 2-4-2(b), the three Raman
peaks at 478, 637, and 779cm™ are displayed, which respectively correspond to the E,,
Ay, and By, vibration modes in Fig. 2-4-3 (B, mode is at the 123cm 'not shown
here). Thus, these peaks further confirm that the as-synthesized SnO, NWs have the

tetragonal rutile structure.

If we replace Au catalyst layer with Ti, the different fabrications can be formed.
The SEM graph shows the products, and the nanobelts are synthesized. The width is

ranging from 100 nm to I £ m as shown in Fig. 2-4-4.

2-4-2 Fabrication of SnO, nanowires device
The SnO, NWs were removed from the M-plane sapphire by percussion and

transferred to another clean sapphire as an insulator. Using a simple commercially
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available copper grid as a shadow-mask method with square openings of 100x100
um” and spacing 10 pum, the ends of the wires were contacted by vacuum thermal
evaporation, and Ni/Au (15/150 nm thickness) electrodes for SnO; to achieve Ohmic
contacts. Figure 2-4-5 shows SEM image of the SnO, NWs contacted at both ends by

the Ni/Au pads.

2-4-3 Two terminal 1-V measurement

The two terminal /-7 (current versus voltage) curve is measured by the system of
two probes, Keithley-4200 electrometer and optical electron microscope. A single
SnO, NW device is put down in the holder under microscope. Two probes contact
between the Ni/Au contact which a single wire strides across both side. When we
ensure that two probes are contacted perfectly, we use Keithley-4200 system to supply

bias on the SnO, N'Ws device to measure /-V relation and record it.

2-4-4 Photoconductivity measurement in air and in vacuum

In our photoconductivity experiment, we use He-Cd laser whose photon energy
(3.81 eV) is larger than the energy band gap of SnO, (3.6 eV). The powermeter is
used to measure the light power spotted on the device. By measuring the current

without 325 nm UV illumination and current with 325 nm UV illumination, we can
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calculate the generated-photocurrent by subtracting these two currents.
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Fig. 2-4: The setup of air and vacuum measurement system.

2-5 Sputtering metallic nanoparticles

After the SnO, NWs device is set in the chamber, the ambient pressure is

pumped below 10 Pa readily, and then the JFC coater sputters the metallic
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nanoparticles out. The sputtered Au-nanoparticles are consequently dropped at the

surface of SnO, NW uniformly and the random distribution as shown in Fig 2-5. The

distribution density is low enough that the screen effect on SnO, NWs will not happen.

Additionally, the Au-nanoparticles do not construct a new conductive path on the

substrate to influence the PC measurement.
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Fig. 2-4-1: (a)(b) Scanning electron microscope image of SnO2 NWs deposited on

M-plane sapphire.
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Fig. 2-4-3 (a) Unit cell of the structure of SnO,. (b) Atomic displacement of atoms,

viewed along the c axis, associated with Raman-active modes.
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Fig. 2-4-4: (a)(b) Various magnifying scanning electron microscope patterns of the

morphologies of the fabricated SnO, nanobelts
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Fig 2-4-5: Scanning electron microscope image of a single SnO, nanowire straddled

with Ni/Au pad and the plug by the shadow mask method.
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Chapter 3

High photocurrent gain in SnO, nanowires

3-1 Introduction

1D SnO, NWs are known to have many unique electronic and optical properties
due to the high surface-to-volume ratio to make excellent nanodevices. Because of its
high guantum efficiency in ultraviolet (UV) region, it is extensively used in
visible-blind photodetectors.® Additionally, SnO, thin films and NWs have also been
used in active pollutant gas sensors based on the measurement of resistance, such as
H,, CO, and NO; etc.”” For both, the most quoted model to explain the resistance
change is that the adsorbed oxygen on the surface will extract the electron from
semiconductor metal oxide, and react with chemical gas, and then the conductivity is
altered. Even this premise has been adapted to explain the photoresponse of metal

oxides, such as ZnO and SnO,;'""" however, so far, a quantitative description of the

31



photoresponse gain of SnO, NWs is still lacking, and the underneath mechanism of
the photoresponse has not been well established. In this letter, we point out that the
mechanism responsible for the photocurrent (PC) in SnO, NWs includes
oxygen-related hole-trap states at the surface of NW as well as band-bending induced

by surface electric field.

3-2 Results and Discussion

SnO; is a direct band-gap semiconductor with good optical adsorption in UV
region as shown in Fig. 3-1. On illumination with photon energy larger than the
energy band gap (~3.6 eV), the conductivity of the sample increases drastically due to
photoexcited electron-hole pairs. Figure 3-2 shows the current of the sample with a
bias of 0.1 V and under the illumination of a He-Cd laser working at 325 nm with
different excitation intensity. The gain (I") of the photoresponse could be obtained by

: 13
expression,

r:ﬁﬁ : (3.1)
O

where Ai is the current difference between photocurrent and dark current, ¢ is the
electron charge, 4 v is the photon energy of incident light, P is the power of photon
that the NW has absorbed, which means P =17x/xd . [ is the exciting intensity

illuminating the pattern, / and d are the length and the width of the NW,
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respectively. 7 is the quantum efficiency which is set to be 1 for simplicity. Quite
surprisingly, the calculated gain for the SnO, NW can be as high as 8000, which
implies that SnO, NWs can serve as a highly sensitive photodetector. It will be very
interesting to understand the mechanism behind the large photoresponse gain.
According to the reports of Binet et al and Mufioz et al,'*"” the relation between the
gain and the illumination intensity is very useful to reveal the mechanism responsible
for photocurrent. There are 2 types of PC can be observed with “short rise time” and
“long rise time” in the graph. The current is recorded in an interval of 0.5 s, and can
still measure a step PC with short rise time (7, ) smaller than 0.5 s (even smaller than
0.01 s), so we cannot measure the correct rise time. And the focus is on the “long rise

time” PC.

As shown in Fig. 3-3(a), for the excitation intensity below the critical value of 2
W/m®, T does not depend on the intensity, which means " remains constant. This
behavior can be understood in term of oxygen-related hole-trap states at the surface of
NW.'"*'® When SnO, NWs are exposed in air and adsorb oxygen molecules at their
surface, the adsorbed oxygen molecules will capture electrons from the NWs and
become negatively charged.'® It can be described by the expression

[0,+¢” — 05 ]. (3.2)
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After the UV light illumination, the photoinduced holes will migrate to the surface
by the surface electric field and discharge negative-charged oxygen molecules, as
described the expression, '

[A"+0, > 0,]. (3.3)
Accordingly, the neutralized oxygen molecules are photodesorbed from the surface .
Therefore, the presence of hole-trap states prolongs the photoinduced electron
lifetime, and hence the large value of gain can be understood. Indeed, I' is defined
as z',u(I)/ I*, where 7 is the carrier lifetime, ( is the carrier mobility, ®is applied
voltage. When the excitation intensity is low, ¢ remains unchanged. Therefore, I
does not depend on the excitation intensity. The oxygen-related hole-trap mechanism
results in photoconductive gain as high as 10*. Nevertheless, once the excitation
intensity exceeding the critical intensity (2 W/m?), oxygen-related hole-trap states
will be filled and change the electron-hole recombination behavior, and then lower
down the gain. Under this circumstance, I" versus intensity follows an inverse
power law [I" oc /7" ]. As shown in Fig. 3-3(a), the value of x is about 0.81 fort the
intensity beyond 2 W/m?, which is much larger than the exponent of £ =0.5
dominated by the trap mechanism. Thus, this result suggests a non-trap mechanism
in SnO, NWs. The mechanism responsible for the PC observed here may be

attributed to the modulation of surface space charge region according to the

34



simulation of Mufioz et al and Garrido et al.">'" It predicts a power law dependence
for the relationship between gain and excitation intensity with the value of x in the

range 0.5-0.9.

It is well-known for SnO, NWs with surface defects, usually oxygen defects,
resulting in an n-type semiconductor.'® Owing to the defects at the surface, the
upward band-bending exists and forms a low-conductivity depletion layer at the
surface referred to space charge region. Because NWs have much higher
surface-to-volume ratio, the surface of NWs influences the conductivity more
drastically. Once electron-hole pairs are photogenerated, holes drift to the surface
readily surface electric field, leaving unpaired electrons inside, thus being spatially
seperated.'® Thereupon, the recombination probability of electrons and holes reduces,
and consequently the lifetime of conducting electrons increases. At the intensity of
100 W/m? as shown in Fig. 3-3(b), the PC contributed from surface band-bending is

81% and only 19% is from hole-trap effect.

However, the x of “short rise time” PC is 0.5 as shown in Fig.3-4, which is
believed that the PC is induced by the intrinsic recombination mechanism from bulk,

and is not the focus here.

35



Let us now examine the PC response in vacuum condition. As shown in Fig. 3-5,
when the SnO, NW is placed in a vacuum of 10 torr for 30 min, the dark current is a
little higher than that in air which can be explained by the existence of the oxygen
adsorption. However, under the illumination with an intensity of 100 W/m?, the PC is
greatly enhanced by up to one order of magnitude compared with that measured in air.
Besides, both of the PC rise and decay times exhibit a much slower process. Quite
remarkably, the gain now reaches an extremely high value of one hundred thousand.
This behavior can be easily understood based on the reduction of adsorbed oxygen
molecules on the NW surface. With the reduction of adsorbed oxygen molecules, the
photoexcited electrons can now enjoy a longer lifetime, therefore all the rise and
decay times are enhanced. As shown in Fig. 3-6(a), the high gains can be also
obtained under different intensity, and in Fig. 3-6(b), the exponent x is changed to
0.7, which implies the difference of surface band-bending in different ambient

surrounding.

The SnO, NW device is also studied under green laser illumination (532nm) with
light intensity 40000 W/m®, and the photoresponse in air was given in Fig. 3-7. As for

the SnO, NW device, the current increases from 12.5 nA to 15nA on green light
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illumination. As oxygen molecules are adsorbed on the surface of the SnO, NW, they

capture electrons from the NW and form negatively charged ions. When light with

energy below the band gap is introduced, the electrons captured at the oxygen

molecules are photoexcied to the conduction band, which enhances the electron

density and lowers the band-bending. Both of them give rise to the increase of

conductance.
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Fig. 3-1: I-V characteristics of SnO, nanowire in ambient air.
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Fig. 3-2: Photocurrent of SnO2 nanowire with a bias 0.1V under different excitation
intensity.
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3-3 Summary

In summary, we have investigated the photoconductive properties in a SnO; NW,
and quantified the gain of 10* in air and 10° in vacuum. Even the photocurrent in
metal-oxide based 1D nanostructures has been studied for a long period, the
responsible mechanism in previous reports always put emphasis on the neutralization
of ionized oxygen molecules by trapping holes [#* + O, — O,]. Here we point out
that the space charges induced by defects can also play a significant role, which can
prolong the carrier lifetime drastically. Our result shown here should be very useful

for the creation of highly sensitive photodetectors based nanostructured materials.
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Chapter 4

Photocurrent enhancement of SnO, nanowires

through Au-nanoparticles decoration

4-1 Introduction
Currently, in order to improve the sensitivity of gas sensors, functionalizing
materials have been proposed with catalytically active metals such as Pd and Ag on

. 10,11
semiconductor NWs.

The metal particles on the surface will results in the
formation of a localized Schottky junction, which creates a charge depletion region in
the NWs in the vicinity of the metal particle. The metal-particles could become an
intermediate in chemical combustion reactions which reduce the current through the
NWs and then enhance the sensitivity. In this letter, we report that the photoresponse

of SnO, NWs with Au-particles decorated can be enhanced. All our results can be

interpreted based on the formation of the Schottky junction on the decorated surface.
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4-2 Results and Discussion

A scanning electron microscopy (SEM) image of the sample is shown in the inset
of Fig. 4-1. The distance of the channel between two terminals is 10 ¢ m, and the
diameters of the three NWs are respectively 137, 295, and 479 nm. The dark current
versus bias (/-V) measurement is routinely checked to ensure Ohmic contact between

nanwires and metal electrodes as shown in Fig. 4-1.

As shown in Fig. 4-2, the diameter of the Au-particles are about 10 nm, and the
random distribution of the Au-particles does not cover the whole surface of the NWs.
Thus the decorated Au-particles will not screen the incident light, and the excess
Au-decoration will not produce a new conductive path on the surface and the
substrate. As shown in Fig. 1, the I-V curve of the NWs with the Au-particles is a little
higher than that of the NWs with Au-particle. The dark current doesn’t decrease by
the expansion of SCRs after the Au-decoration because of the large density of
conduction electrons in Au-nanoparticles. Figure 4-3 shows the results of
photoresponse under different excitation intensity performed on SnO; nanowires in
ambient air. It is obviously that the PC increases with increasing the light intensity

from 2.5 W/m” to 1410 W/m®. Quite interestingly, when the nanowires are decorated
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with Au-particles, the measured PC can be enhanced by up to about 110%. It will be
intriguing to know the exact mechanism that causes the PC enhancement after
Au-particles decoration. For the pristine SnO, nanowires studied here, the measured

PC has an extremely high PC gain. It’s value can reach up to about 900.

The high gain of SnO, is attributed to the presence of oxygen vacancies. Due to
the existence of oxygen vacancies on the surface of the SnO, nanowires, the free
electrons are accumulated on the surface.'* Consequently, the existence of upward
band-bending forms a low-conductivity depletion region at the surface referred to
space charge regions (SCRs). After the electron-hole pairs are photogenerated, the
photoinduced holes can migrate to the surface by the strong electric field. As a result,
a conductive volume increment is produced. And the spatial separation of electrons
and holes also reduce the electron-hole recombination rate, and therefore, the electron
lifetime increases and the photoresponse is enhanced. According to the simulation of

14
L,

Garrido et al,” the PC induced by the modulation of surface SCRs causes I

following the inverse law with excitation intensity, i.e., I'oc /™, and the exponent

r 1s between 0.5 and 0.9. As shown in Fig. 4-4, the gain logarithmic plot in the
intensity ranging from 2.5 W/m* to 1410 W/m® shows a clear power law x ~0.6,

which is in good agreement with the decoration prediction.
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Let us now try to understand the origin of the PC enhancement after the Au
decoration. It is known that depositing the metallic particles on the surface of a

%11 results in a localized Schottky barrier in the vicinity

semiconductor, such as SnO,,
of the metallic particles. The formation of the Schottky barrier on the surface will
enhance the surface electric field and increase the width and height of space charge
region as shown in Fig. 4-5. This is due to the fact that the work function of SnO,
nanowires 4.7 eV, is smaller than that of Au cluster, 5.1 eV. The increase of the barrier
height of the SCRs on the surface will enhance the spatial separation effect in
illuminating process, and the electron lifetime is increased. In turn, the measured PC
is enhanced. The exponent x of inverse power law now changes from 0.6 to 0.65 as
shown in Fig. 4-5 due to the enhancement of the SCRs on the surface of SnO,
nanowires. This behavior can be simulated according to the following equations.

SCRs inside a semiconductor produce a variation of the conductive volume when

carriers are photogenerated, and the Ai can be expressed as

idark x {|:28AlP0 }1/2 _ 28(A\P0 - \Pph )1/2 } (4 1)
d =Wy gN, qN, ’

2A\P 1/2
& ) . (4.2)

P
where V., =V, In| 14" —_, W, =
ph T |: qnhVA T2 dark qu

¢ is the permittivity, and AY, 1is the barrier height. N, is the dopping level,
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V, = k% ,and A" is Richardson constant =1.2x10° A/m’K>."> Figure 4-6 shows the
simulation results, which indicate the gain and the slope £ become larger with the

increasing barrier height. This result is consistent with the Schottky junction model

proposed as described above. "’

Finally, as shown in Fig. 4-7, the decay time, that describes the photocurrent
recovers to the dark current after turning off the incident light, increases form 112 s to
207 s, when the SnO, nanowires are decorated with Au particles. The behavior is
consistent with enhancement of surface electric field caused by Au particles. Because
the increased surface electric field will enhance the spatial separation of photoexcited
electrons and holes, it becomes more difficult to return to the original states, and

hence the decay time is increased.
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Fig. 4-1: I-V characteristics of SnO, nanowires with and without Au-nanoparticles in
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Fig. 4-2: Scanning electron microscope (SEM) image of the Au-decorated SnO,

nanowires.

51



3107k =  Pristine 1
e Au-decoration
< .
-7

2x10'F -
e ¥ g
v o
| -
- 7
U 1x10 i

400 600 800

Time (s)

0 200

Fig. 4-3: Photoresponse of SnO, nanowires by UV illumination under different

excitation intensity.

52



m  Pristine K~0.6
e Au-decorated K~0.65
N
=
&5/ 10° 3
= '
©
@)
101I o a2 2 o PLA I o a2 2 2222l
10° 10 2 10°

Intensity (W/m %)

Fig. 4-4: Power dependence of pristine and Au-decorated SnO, nanowires.

53



(@)

surface

Wdark

(b.)

surface Wk

SCR

Fig. 4-5: (a.) Accumulation of free electrons and upward band-bending on the surface.

(b.) Au-nanoparticles result in a localized Schottky barrier in the vicinity of

Au-nanoparticles, which will increase the height and the width of space chare region.

54



= ¥ =0.7eVK~0.81
10° e ¥ =0.8eVK~0.89
— ¥ =0.9 eV K~0.92
S 10 ¥ =1.4 eV K~0.95
@©
N’
-
g 10°
O
10°

Intensity (W/m?)

Fig. 4-6: Computer simulation of gain versus intensity and barrier height. An increase

of the exponent x and gain with increasing barrier height are obtained by this

model.

55



(00}
x
[IRY
S,
©

o— Light off
~ -8
E’; ox10 —a— Au-decoration
c
O 4x10 -
- Light on e
= ¥ -9
O 2x10°-
4x10° .
g o Light off
— —=— Pristine
c
)
=
S 2x10° Light on "
O 100 . 200 300 400 500

Time (s)

Fig. 4-7: Photocurrent measurement in (a) pristine and (b) Au-decorated SnO,

nanowires with an intensity of 53 W/m”.

56



4-3 Summary

In summary, the metallic decoration has been utilized to improve the sensitivity

of photoresponse in SnO; nanowires. The underlying mechanism is attributed to the

formation of the localized Schottky barrier in the vicinity of metallic nanoparticles,

which will enhance the surface electric field and increase the spatial separation of

photoexcited electrons and holes. It thus prolongs the photoinduced electron lifetime,

and increases the photocurrent gain. Our result therefore demonstrates that

metal-particles decoration provides an alternative way for enhancing the photocurrent

of semiconductor nanowires, which should be very useful for creating highly sensitive

photodetectors.
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Chapter 5

Conclusion

In this thesis, we have carried out the PC measurements of SnO, NWs, and the
difference of PC between pristine and Au-decoration SnO, NWs. The dominant PC
mechanism of SnO, NWs is clearly elucidated and the high gain is peculiarly defined.

A new way to enhance the PC in air is also investigated.

In chapter 3, PC of metal-oxide based one-dimensional nanostructures has been
investigated for a long period, but the explication of PC mechanism always put
emphasis on ionized oxygen molecules which can trap holes [A" +0O, — O,] to
increase the photoconductivity. Based on the power dependence in the thesis, we point
out that band-bending effect also dominates the PC in air in SnO, NWs. Nevertheless,

oxygen-deficient surrounding decreases the adsorption rate and prolongs the carrier
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lifetime drastically, which increases the PC in one order of magnitude. The behavior

of PC in air and in vacuum is consistent with previous references and all the

metal-oxide semiconductors. This indicates the dominant mechanism of PC in

metal-oxide semiconductors will change from hole-trap effect into surface

band-bending when the environment is in oxygen deficiency.

In chapter 4, photoconductive measurements have been performed on SnO,

nanowires with and without Au-nanoparticle surface decoration. The enhanced

photosensitivity is attributed to the Schottky barrier effect. The increment in the

barrier height of space charge region increases the spatial separation effect and

prolongs the photoinduced electron lifetime. In turn, it increases the photocurrent gain.

Our experimental results not only confirms the Schottky junction model used in

improving gas sensing, but also provides a new way to enhance the photocurrent of

semiconductor nanowires.

Finally, based on the investigation shown here, it is stressed that a precise picture

photoresponse in metal-oxide based 1D nanostructured semiconductors has been

established. Besides, a new route to increase the efficiency of photoresponse in 1D

nanostructures based upon Au-nanopartilces decoration has been provided. These
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results should be very useful for the future development of highly efficient

optoelectronic devices.
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