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ZnO nanobelts are a group of quasi-one-dimensional nanostructures that have a unique
rectangle-like cross section, with typical widths of several hundred nanometers, width-to-
thickness ratios of 1 to 10, and lengths of tens to hundreds of micron meters. They are the
promising candidates for nanoscale ultrahigh frequency resonator, nanosensors and
nanoactuators due to their well-defined geometry, prefect single crystallinity and excellent
piezoelectric properties. In this study, we revealed the following unique nanomechanical and
electromechanical properties of a single ZnO nanobelt using Atomic Force Microscopy. (i)
Elastic modulus, hardness and fracture toughness of the ZnO nanobelt are much smaller than its
bulk counterpart. (ii) Strong photoinduced elastic effect is observed in ZnO nanobelt, while
there is no effect in its bulk counterpart. (iii) The effective piezoelectric coefficient, ds3, of ZnO
nanobelt is frequency dependent and much higher than that of its bulk counterpart. These unique
properties cannot be accounted for using macroscale theory such as continuum mechanics, while
they may be related to surface effects thanks to the high surface to volume ratio of ZnO nanobelt.
One of the consequences of our findings is that these properties are fundamental to the real
applications and may be universal phenomena in quasi-one-dimensional semiconducting
nanostructures, which are becoming building blocks of MEMS (Micro Electromechanical

Systems) and NEMS (Nano Electromechanical Systems).
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1.0  GENERAL INTRODUCTION

One dimensional (1D) semiconducting nanostructures are the key components for
microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS)
fabrication. With a continuing miniaturization trend in MEMS and NEMS, questions inevitably
arise as to how valid it is to extrapolate material properties downward from the macroscale to
microscale or nanoscale. No clear answer has been derived yet, although there are many
examples, which show that material properties, such as mechanical, electrical, magnetic and
thermal properties, are quite different in various scales. This study focuses on the mechanical and
electromechanical properties at the nanoscale, using ZnO nanobelt as a model material and
atomic force microscopy as a main tool for characterization.

ZnO nanobelt, a quasi-one-dimensional belt-like nanostructure (so called nanobelt) with
unique rectangular cross section, was first reported in Science by Dr. Wang’s group [1]. The
belt-like morphology is distinct from those of semiconducting nanowires. Since its first
discovery in 2001, it has attracted considerable attention, which is manifested by the over 1000
references on the related research. The discovery of nanobelts is being attributed to the same
category as the discovery of the carbon nanotubes and it is stimulating a vast interest in
investigating nanobelt-based materials and applications [2-10]. The application of ZnO nanobelts
as nanosensors[11, 12], nanocantilevers[13], field effect transistors[14] and nanoresonators[15]
has been reported. However, we still know little about its mechanical and electromechanical
properties, which are fundamental to the real applications. For instance, ZnO is a traditional
piezoelectric material with good electromechanical coupling. Piezoelectric ZnO is mainly

employed in the form of polycrystalline thin film[16-23]. The grain boundary and other defects



may weaken the piezoelectric coefficients because they pin the domain walls and inhibit poling
of the materials. As ZnO nanobelt is perfect single crystalline and almost defect free, it is
interesting to find out if it has much higher piezoelectric coefficient than that of polycrystalline
thin film. The piezoelectric coefficients of the ZnO nanobelt are also critical parameters in the
design of nanosensors or nanoactuators using its piezoelectric properties. In the meantime, with a
well-defined geometry and perfect single crystallinity, ZnO nanobelt is likely to be an ideal
system for understanding mechanical behaviors at nanoscale almost absence of stress and

defects.

Hence, fundamental understanding on the nanomechanical and electromechanical
behavior of a single ZnO nanobelt is very desired. A key challenge to today’s research is the
experimental difficulty in manipulating and testing the physical properties of a single nanobelt,
for the small size of the object prohibits the applications of the well-established techniques, such
as acoustic wave method for Young’s modulus measurement, tensile test for strength and
resonance and anti-resonance method for piezoelectric coefficient measurement. On the other
hand, atomic force microscopy (AFM) has been applied successfully in nanoscale mechanical
and electromechanical characterization on 1D nanostructures since 1990s [24-36]. Most of these
work are related to one dimensional carbon nanotubes, while characterization on quasi-one-
dimensional nanostructures such as ZnO nanobelt, is much less developed [37-39]. Hence, the
objectives of the current research are not only to characterize nanoscale mechanical and
electromechanical behaviors of ZnO nanobelt using AFM, but also to develop new AFM testing
techniques applicable to the quasi-one-dimensional nanostructures.

The following chapters will be organized as follows. Chapter 2 is the background

introduction to ZnO, ZnO nanobelt, AFM and nanoindenter. Chapter 3 is about nanomechanical



characterization on ZnO nanobelt using Triboscope nanoindenter and AFM cantilever indenter.
The deformation realms are classified into the 3 stages: elasticity, plasticity and fracture. Strong
optical and mechanical coupling in ZnO nanobelt is covered in Chapter 4, while Chapter 5 deals
with the electro-mechanical coupling in ZnO nanobelt. In addition, a quick responsive and highly
sensitive and selective UV photodetector based on a single ZnO nanobelt is demonstrated in

Chapter 6. Finally, conclusions and outlook of this research is provided in Chapter 7.



2.0 BACKGROUND

2.1 STRUCTURES AND PROPERTIES OF ZNO

Zinc oxide has a hexagonal wurtzite structure with lattice parameters a=0.3249nm and
¢=0.5206nm. The c/a ratio is 1.602, which is slightly less than the value of 1.633 for the ideal
close packed structure. The structure of ZnO [3] can be simply described as a series of
alternating planes composed of tetrahedrally coordinated Zn®" and O ionms, stacking

alternatively along the c-axis (Figure 2.1).
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Figure 2.1 The wurtzite structural model of ZnO

The Zn-O distance is 1.922A parallel to the c-axis and 1.973A in the other three directions
of the tetrahedral arrangements of nearest neighbors. The lack of the inversion symmetry in the
ZnO tetrahedral structure is the origin of its piezoelectricity and pyroelectricity. Another
important feature of ZnO is polar surfaces. The most common polar surface is the basal plane.

The oppositely charged ions produce positively charged Zn- (0001 ) and negatively charged O-



(OOOI) surfaces, resulting in a spontaneous polarization along the c-axis and vastly different

properties in Zn-terminated and O-terminated plane. The other two commonly observed facets

for ZnO are {2110} and {0116}, which are non-polar surfaces and have lower energy than the
{0001} facets. In addition, ZnO is a wide band-gap (3.37e¢V) II-VI semiconductor that is

promising in short wavelength optoelectronic applications. The high exciton binding energy
(60meV) in ZnO crystal can ensure efficient excitonic emission at room temperature.

ZnO has been under intensive investigation since the 1950s. It is a versatile functional
material with a variety of practical applications, such as transparent conductive films[21],
varistors [40], catalysts [19], sensors [22], transducers [23], surface acoustic wave (SAW)
[41]filters and optoelectronic devices [17]. In particular, with the advance of the nanotechnology
in the recent years, one-dimensional (1D) ZnO nanostructures have received broad attention due
to unique electrical, optical, chemical and mechanical properties compared to their bulk (3D),
thin film (2D) and nanoparticles (0D) counterparts.

In geometrical structures, 1D nanostructures can be classified into three main groups: 1)
hollow nanotubes, 2) solid nanowires, and 3) nanobelts or nanoribbons. The first two have a
common characteristic of cylindrical symmetric cross section, while the last have a rectangular
cross-section, in correspondence to a belt-like morphology. ZnO nanobelt was first reported by
Dr. Wang’s group in 2001. The belt-like morphology is distinct from other nanostructures. With
a well-defined homogeneous geometry and perfect crystallinity, ZnO nanobelt is likely to be a
model material for the fundamental understanding in the mechanical, electrical, optical, thermal,
and ionic transport processes in 1D semiconducting nanostructures. In fact, the discovery of
nanobelts is being attributed to the same category as the discovery of nanotubes and has attracted

considerable attention [2]. Hence, we will focus on ZnO nanobelt thereafter.



2.2 SYNTHESIS OF ZNO NANOBELT

2.21 Thermal evaporation without catalyst

Over the past a few years, one-dimensional ZnO nanostructures including nanowires,
nanobelts, nanocables and nanotube as well as tetrapod nanorods have been synthesized by
various methods such as catalytic growth via the vapor-liquid-solid (VLS) mechanism[42],
thermal evaporation[1] and wet chemical method[43, 44]. The vapor transport and condensation
process has been widely used to synthesize various ZnO nanostructures due to simplicity, low
cost and fewer necessary apparatuses| 1, 42, 45, 46] .

ZnO nanobelt can be synthesized via thermal evaporation by a solid vapor process with or
without the catalyst. In this study, for the purity of the sample, ZnO nanobelt was synthesized by
thermal evaporation process without the presence of the catalyst. The processes are usually

carried out in a horizontal tube furnace, as shown in Figure 2.2.
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Figure 2.2 Schematic of the synthesis of the ZnO nanobelts by thermal evaporation



ZnO powders (99.99%) was placed in an alumina boat and then loaded into the central
region of the alumina tube, after the tube had been evacuated by a mechanical rotary pump to a
pressure of 5Pa, a carrier gas of high purity Ar was kept flowing at a rate of 200sccm. The
pressure inside tube was kept at 400 torr until the temperature increased to 1400°C. The thermal
evaporation was performed at 1400°C for 3.5 hours at 100 torr. White wool-like products were
collected on the alumina substrate, placed in the temperature range of 800-1100°C at the
downstream end of alumina tube. The temperature gradient was established by using a movable
stainless cooling finger at the outlet end of the alumina tube. SEM observations reveal that the
products consist of a large quantity of belt-like nanostructures with typical lengths in the range of
several tens to several hundreds of micrometers (Figure 2.3). Some of them even have lengths on
the order of millimeters. EDS microanalysis and powder XRD measurement [1] (Figure 2.4)
show that the sample is wurtzite (hexagonal) structured ZnO with lattice constants of a=3.249 A

and C=5.206A, consistent with the standard value for bulk ZnO.

Figure 2.3 SEM pictures of as-synthesized ZnO nanobelts (scale bar 20pum)
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Figure 2.4 XRD patterns of ZnO nanobelts [1]

TEM images [1] reveal that the geometrical shape of ZnO nanostructures is a belt (Figure
2.5, A to C). Each nanobelt has a uniform width along its entire length, and the typical widths of
the nanobelt are in the range of 50 to 800nm. A ripple like contrast observed in the TEM image
is due to strain resulting from the bending of the belt. Figure 2.5D is a cross-sectional TEM
image taken from a nanobelt, which exhibits a rectangular cross section. The typical thickness
and width-to-thickness ratios of the ZnO nanobelts are in the range of 20 to 600nm and ~1 to 10
respectively. HRTEM and electron diffraction show that the ZnO nanobelts are structurally

uniform and single crystalline but with two different growth directions. The nanobelt, growing

along [0001] and enclosed by +(2110) and +(0110) facets, shows no defect and no dislocation; the

one growing along [0110] and enclosed by +(0001) and +(2110) facets is also dislocation free but

with only a single stacking fault that is parallel to the axis and runs through out the entire length



of the nanobelt (Figure 2.5, E and G). The surfaces of the nanobelts are clean, atomically sharp

and without any sheathed amorphous phase (Figure 2.5F).

: . : o110 .

Figure 2.5 TEM analysis on ZnO nanobelts [1]

2.2.2 Thermal evaporation with addition

Synthesis of ZnO nanobelt by thermal evaporation without catalyst requires high temperature
of 1400 °C, which is inconvenient in many cases. So the synthesis of ZnO nanobelt was also
carried out by thermal evaporation with addition at much lower temperature [47]. A mixture of
pure ZnO powder (Alfa Aesar, 99.99%) and graphite powder (Alfa Aesar, -300 mesh, 99.9%) in
a 1:1 molar ratio was placed at the center region of a quartz tube. The quartz tube was then
inserted into the furnace. The mixture was heated to 1100 °C with a heating rate of 50°C/min
under a flow of high purity nitrogen as a carrier gas at a rate from 70 to more than 150 sccm

(standard cubic centimeter per minute). The growth time was typically 0.5-1 h. The temperature



distribution along the quartz tube was measured before synthesis, so that the growth temperature
of different products can be determined. After evaporation and deposition, the quartz tube was
drawn out from the furnace when it was cooled down to about 500°C. By adjusting the flow rate
of N, different products were obtained in different positions on the inner wall of the quartz tube,
namely from ZnO nanotetrapods to ZnO and Zn nanowires (some of them are nanobelts, same
for the following). The as-grown Zn nanowires were further oxidized in air at 800°C for 1 h. The
crystal structure and morphology were characterized using X-ray diffractometer (XRD-PHILIPS
APD 3720, Cu Ka), field-emission scanning electron microscope (FE-SEM, PHILIPS XL30)
with which an energy-dispersive X-ray spectroscopy (EDX) is equipped and a transmission
electron microscope (TEM, JEOL 2000F at 200 kV). The photoluminescence (PL)
measurements were carried out at room temperature on a spectrophotometer with a Xe lamp as

the excitation light source (325 nm).

Ultra-fine
ZnO nanoneedles
.

Figure 2.6 FE-SEM images of ZnO and Zn nanocrystals: (a) ZnO nanotetrapods, inset showing an
individual nanotetrapod, scale bar =100 nm; (b) ZnO nanowires; (c) Zn nanowires; (d) ZnO nanowires +
nanoneedles after oxidation of Zn nanowires at 800°C for 1h, inset showing TEM image of a ZnO nanoneedle

and corresponding SAD pattern.
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Under N, flow rate of 70 sccm, fine ZnO nanotetrapods were deposited on the inner wall of the
quartz tube located downstream of the carrier gas by a distance of approximately 88-106 mm
from the reactants, where the growth temperature was estimated to be in the range of 950-980°C.
Figure 2.6(a) shows the SEM image of as-synthesized ZnO nanotetrapods. The diameter of

tetrapods legs typically ranged from 80 nm to 200 nm, and ~1 gm in length. The cross-sectional

views were hexagonal in shape for each leg (insets in Figure 2.6(a)), indicating the growth of
nanotetrapods was in thermodynamical equilibrium condition. The morphology of our
synthesized ZnO nanotetrapods was somewhat different from those reported in the literatures
[48-51] where ZnO nanotetrapods usually had a needle shape at the tip of tetrapod legs; whereas
a hexagonal flat surface was always maintained at the tip of present tetrapod legs.

When the flow rate of N, was tuned to 90-100 sccm, instead of nanotetrapods, ZnO nanowires
were formed (Figure 2.6(b)). The diameter of ZnO nanowires normally ranged from 60-120 nm
and their lengths were 10-40 um, although some thinner wires (~30 nm) were also observed.
XRD measurements (Figure 2.7) demonstrated that ZnO nanotetrapods and nanowires were
hexagonal wurtzite structured ZnO with lattice parameters of a = 0.3249 nm and ¢ = 0.5206 nm.
The strong intensities relative to the background signal indicate the high purity and high
crystallite of ZnO nanotetrapods and nanowires. EDX analysis of the ZnO nanotetrapods and
nanowires showed that the atomic composition ratio of O to Zn (Ro.z,) is about 0.9 and 0.78,

respectively.
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The dark-gray Zn nanowires were formed as N, flow rate was increased to more than 150
sccm. Zn nanowires exhibited an entangled and curved wire-like nanostructures (Figure 2.6(c)).
They were hexagonal structure Zn with lattice constants of a = 0.2655 nm and ¢ = 0.4928 nm, in

accordance with the JCPDS data of bulk Zn, as shown in Figure 2.7.

Zn0O nanowires+nanoneedles
after oxidation of Zn

nanowires at 800°C
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Figure 2.7 X-ray diffraction spectrums of ZnO nanotetrapods, ZnO nanowires, Zn nanowires and ZnO

nanowires + nanoneedles after oxidation of Zn nanowires.

However, the peaks from the wurtzite-structural ZnO with significant low intensity were also
found, indicating that Zn nanowires had been slightly oxidized by the residual oxygen within the
tube during synthesis. This is similar to that reported by Lee [45] where coaxial Zn/ZnO
nanocables were formed by heating ZnS powders at 1300°C using a pre-evacuated tube furnace
under a flow of Ar + 5%H,. After oxidation of the Zn nanowires in air at 800°C, white wool
products were produced (Figure 2.6(d)). The XRD Pattern of oxidized Zn nanowires (Figure 2.8)
can be indexed to a hexagonal wurtzite structured ZnO. From Figure 2.6(d), it was worthy noting

that besides thick ZnO nanowires, abundant ultra-fine (UF) ZnO nanoneedles (as shown by
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arrows) grew out from thick ZnO nanowires base in a radial direction. The diameters of these in-
situ grown UF-ZnO nanoneedles were in the range of 8-20 nm and their lengths were 400 nm—1
pm, having a high aspect ratio of ~ 50. Inset in Figure 2.6(d) shows a TEM image of an
individual UF-ZnO nanoneedle (8 nm in diameter). The UF-ZnO nanowires were single
crystalline and the growth direction was along [0001] as evidenced by the SAD pattern (insert in
Figure 2.6(d)). Ro.zn of ZnO nanowires + nanoneedles was determined to be 0.85 by EDX.
Figure 2.8 shows PL spectra of the ZnO nanostructures synthesized under different N, flow
rate. In addition to the emissions in UV region (380~386 nm) for all the samples, which
correspond to the near band edge emission, a strong broad peak at ~490 nm (2.53 eV) was
detected from the ZnO nanotetrapods (Pattern A) and ZnO nanowires + nanoneedles (Pattern D).
This deep-band green light emission had been reported from ZnO nanotetrapods in the previous
work [48, 51] and was attributed to the single ionized oxygen vacancy in ZnO [52]. ZnO
nanowires + nanoneedles formed at 800°C during oxidation showed a poorer UV and a stronger
green emission than ZnO nanotetrapods did. This was due to a large concentration of defects
formed during oxidation process, and the oxidation temperature was not high enough to get rid of
these defects [53]. Two very weak peaks (382 nm and 492 nm) from Zn nanowires (Pattern C)
were due to surface oxidation. However, different from above PL spectra, ZnO nanowires
exhibited two much stronger visible emissions (Pattern B in Figure 2.9). One was a blue band
around 442 nm (2.81 eV), and the other luminescence band was a green-yellow light emission at
564 nm (2.2 eV). This blue emission is very interesting since it was rarely observed in ZnO
nanowires, although some researchers have reported this blue emission (446 nm) for ZnO films
and whiskers [54]. Previous study on ZnO film proved that the blue emission was related to the

oxygen vacancy in the ZnO film [55], and the oxygen vacancy could be decreased by increasing
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the oxygen partial pressure [56]. Deposition of ZnO nanowires under relative large N, flow rate,
i.e. low oxygen partial pressure condition, might resulted in significant oxygen vacancies in the
ZnO nanowires, as evidenced by lower Ro.z, (0.78). Oxygen vacancies can produce the deep
donor level located at 1.3-1.6 eV below the conductor band [57], and the shallow donor level
below the conductor band at 0.3-0.5 eV . The energy interval from the top of the valence band to
the shallow donor level is about 2.8 eV, which is consistent with the photon energy of the 2.81
eV blue emission observed in the present study. Therefore, we think this blue emission
originated from the electron transition from the shallow donor level of oxygen vacancies to the

valence band.

PL Intensity (a.u.)

350 l 400 450 l 500 l 550 600
Wavelength (nm)

Figure 2.8 Photoluminescence of ZnO nanocrystals synthesized under different conditions. (A: ZnO

nanotetrapods; B: ZnO nanowires; C: Zn nanowires; D: ZnO nanowires + nanoneedles after oxidation of Zn

nanowires)

It can be observed from Figure 2.8 that the ratio of the UV to visible emission was clearly

dependent on the fabrication conditions. It was reported that the ratio of the UV to visible
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emission (such as green emission) is dependent on the nanostructure size [42]. However, no clear
conclusions on the effect of the size on the ratio of UV intensity to visible emission can be made
from our results. Therefore, it is likely that other factors would play an important role in the
obtained PL results. Based on the present results, we have found that the intensity of the UV
band increased with Ro.z,; while for the visible emission, its intensity decreased with increasing

Ro.zn. This is consistent with the PL results by Wu et al. on ZnO films [58].

Table 2.1 Effect of N, flow rate on growth, structure, composition and PL spectra of ZnO nanocrystals

Flew Distance Growth Products Ro:zn Size PL
rate from source temperature (°C ) (nm) (wavelength)
(sccm) (mm) and mechanism (nm)
70 88-106 950-980, VS ZnO tetrapods 0.9 80-200 490
90 120-130 780-850, VLS Zn0O wires 0.78 60-120 442,564
>150 250-275 Room temperature, Zn wires and 200- 492

VS needles 250
Oxidation of Zn 800, VLS ZnO wires and 0.85 8-20 490
nanowires needles (needle)

As can be seen from Table 2.1, present study indicated that N, flow rate, during vapor phase
deposition via carbothermal reduction process, can significantly affect the morphology,
composition and optical properties of synthesized nanocrystals. Different from direct evaporation
of pure Zn to produce Zn vapor [49], the amount of Zn vapor generated by the reaction of 2ZnO
(s) + 2C (s) +Oy (V) — 2Zn (v) + 2CO; (v) can be reduced when increasing the N, flow rate.
Therefore, a high flow rate, which yielded a low oxygen partial pressure and low supersaturation
of Zn vapor, carried Zn vapor to a relative low temperature region, which favors 1-D ZnO
nanowires growth with low Ro.z, [59], probably by ‘self-catalyst’ VLS growth mechanism [60],
since no catalyst was used in the present study. On the contrary, a higher super saturation of Zn

vapor and oxygen lead to the formation of ZnO nanotetrapods with high Ro.z, when N, flow rate
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was reduced. Since the growth temperature of tetrapods (950-980°C) was higher than the boiling
point of Zn, the growth of tetrapods was considered to be via the vapor-solid (VS) mechanism.

In summary, we have shown that N, flow rate can significantly affect the morphology,
composition and PL spectra of ZnO nanostructure synthesized by carbothermal reduction-vapor
transport-condensation process. ZnO nanotetrapods were formed under low N, flows rate (70
sccm). A ‘seed’-twinning mechanism has been proposed to explain the growth of ZnO
nanotetrapod. ZnO nanowires (some of them are nanobelts) were deposited as increasing N;
flows rate to 90-100 sccm. Zn nanowires were eventually formed as N, flow rate was increased
to more than 150 sccm. Further oxidation of as-grown Zn nanowires resulted in the growth of
ultra-fine ZnO nanoneedles out of Zn nanowires. Besides the UV band at 380-386 nm, ZnO
nanotetrapods and ZnO nanowires + nanoneedles (oxidized Zn nanowires) showed a green
emission at 490 nm, whereas ZnO nanowires demonstrated a much stronger blue light emission

at 442 nm and a yellow emission at 564 nm.

2.3 INTRODUCTION TO ATOMIC FORCE MICROSCOPY

The atomic force microscopy (AFM), or scanning force microscopy (SFM) was invented
in 1986 by Binning, Quate and Gerber. Like other scanning probe microscopy[61, 62] (SPM),
the AFM utilizes a sharp probe moving over the surface of a sample in a raster scan. In the case
of the AFM, the probe is a tip on the end of a cantilever, which bends in response to the force
between the tip and the sample. The first AFM used a scanning tunneling microscopy at the end
of the cantilever to detect the bending of the lever, but now most AFMs employ an optical lever

technique. The diagram (Figure 2.9) illustrates how this works; as the cantilever flexes, the light
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from the laser is reflected onto the photosensitive detector (PSD). By measuring the difference
signal at PSD, changes in the bending of the cantilever can be measured. Since the cantilever
obeys Hooker’s Law for small displacements, the interaction force between the tip and the
sample can be found. The movement of the tip or sample is performed by an extremely precise
positioning device made from piezo-electric ceramics, most often in the form of a tube scanner.
The scanner is capable of sub-angstrom resolution in x-, y- and z-directions. The z-axis is
conventionally perpendicular to the sample.
Position

Sensitive
Detector

Laser

Cantilever

With
Probe Tip

Figure 2.9 Schematic of an atomic force microscopy

2.3.1 Feedback operation

The AFM can be operated in two principal ways

e With feedback control

« Without feedback control

If the electronic feedback is switched on, then the positioning piezo that is moving the
sample (or tip) up and down can respond to any changes in force that are detected, and alter the

tip-sample separation to restore the force to a pre-determined value. This mode of operation is
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known as constant force, and usually enables a fairly faithful topographical image to be obtained

(hence the alternative name, height mode).

If the feedback electronics are switched off, then the microscope is said to be operating in
constant height or deflection mode. This is particularly useful for imaging very flat samples at
high resolution. Often it is best to have a small amount of feedback-loop gain, to avoid problems
with thermal drift or the possibility of a rough sample damaging the tip and/or cantilever.

Strictly, this should then be called error signal mode.

The error signal mode may also be displayed whilst feedback is switched on; this image will

remove slow variations in topography but highlight the edges of features.

2.3.2 Operation mode
The way in which image contrast is obtained can be achieved in many ways. The three

main classes of interaction are contact mode, tapping mode and non-contact mode.

F Van der Waals

Distance, D

Electromagnetic

CM NCM Laft mode

-._I
I-' I-_I

Intermittent contact

Figure 2.10 Distance dependence of Van Der Waals and electrostatic forces compared to the typical tip-
surface separations in the contact mode (CM), non-contact mode (NCM), intermittent contact (or tapping)
mode and lift mode. In the last case, the tip cannot acquire the topographic information and additional scan is

necessary to position the tip at required separation from the surface.
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Contact mode is the most common method of operation of the AFM. As the name suggests, the
tip and sample remain in close contact as the scanning proceeds. By "contact" we mean in the
repulsive regime of the inter-molecular force curve (see Figure 2.10). The repulsive region of the
curve lies above the x-axis. One of the drawbacks of remaining in contact with the sample is that
there exist large lateral forces on the sample as the tip is "dragged" over the specimen.
Tapping mode (or Intermittent contact) is the next most common mode used in AFM. When
operated in air or other gases, the cantilever is oscillated at its resonant frequency (often
hundreds of kilohertz) and positioned above the surface so that it only taps the surface for a very
small fraction of its oscillation period. This is still contact with the sample in the sense defined
earlier, but the very short time over which this contact occurs means that lateral forces are
dramatically reduced as the tip scans over the surface. When imaging poorly immobilized or soft
samples, tapping mode may be a far better choice than contact mode for imaging. Other (more
interesting) methods of obtaining image contrast are also possible with tapping mode. In constant
force mode, the feedback loop adjusts so that the amplitude of the cantilever oscillation remains
(nearly) constant. An image can be formed from this amplitude signal, as there will be small
variations in this oscillation amplitude due to the control electronics not responding

instantaneously to changes on the specimen surface.

More recently, there has been much interest in phase imaging. This works by measuring the
phase difference between the oscillations of the cantilever driving piezo and the detected
oscillations. It is thought that image contrast is derived from image properties such as stiffness

and viscoelasticiy. Digital Instruments has an application note on this topic.
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Non-contact operation is another method, which may be employed when imaging by AFM. The
cantilever must be oscillated above the surface of the sample at such a distance that we are no
longer in the repulsive regime of the inter-molecular force curve. This is a very difficult mode to
operate in ambient conditions with the AFM. The thin layer of water contamination, which exists
on the surface on the sample, will invariably form a small capillary bridge between the tip and
the sample and cause the tip to "jump-to-contact". Even under liquids and in vacuum, jump-to-

contact is extremely likely, and imaging is most probably occurring using tapping mode.

Lift mode

Several techniques in AFM rely on removing topographical information from some other signal.
Magnetic force imaging and Electrostatic force imaging work by first determining the
topography along a scan line, and then lifting a pre-determined distance above the surface to re-
trace the line following the contour of the surface. In this way, the tip-sample distance should be
unaffected by topography, and an image can be built up by recording changes which occur due to

longer range force interactions, such as magnetic forces.

Lateral Force Microscopy

The earlier discussion of the way in which the bending of the cantilever is detected considered
the use of a laser and a split photo-diode. Lateral force microscopy (LFM) uses a 4-segment (or
quadrant) photo-diode to enable measurement of the torsion of the cantilever as well. As the
cantilever is scanned over the specimen surface (with the cantilever now scanning with its long
axis perpendicular to the fast scan direction), variations in friction between the tip and sample

will cause the tip to slick / slip during its scan, resulting in twisting of the cantilever.
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Chemical Force Microscopy [63] combines LFM with treatments to the tip to customize its

interaction with the sample.

233 Tip effects

One of the most important factors influencing the resolution, which may be achieved with an
AFM, is the sharpness of the scanning tip. The first tips used by the inventors of the AFM were
made by gluing diamond onto pieces of aluminum foil. Commercially fabricated probes are now
universally used. The best tips may have a radius of curvature of only around 2nm. The need for
sharp tips is normally explained in terms of tip convolution. This term is often used (slightly
incorrectly) to group together any influence that the tip has on the image. The main influences

arc

e Broadening
e Compression
e Interaction forces

e Aspect ratio

-

Figure 2.11 Tip broadening effect

Tip broadening arises when the radius of curvature of the tip is comparable with, or greater
than, the size of the feature trying to be imaged. The diagram (Figure 2.11) illustrates this
problem. As the tip scans over the specimen, the sides of the tip make contact before the apex,

and the microscope begins to respond to the feature. This is what we may call tip convolution.
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Compression occurs when the tip is over the feature trying to be imaged. It is difficult to
determine in many cases how important this effect is, but studies on some soft biological
polymers (such as DNA) have shown the apparent DNA width to be a function of imaging force.
It should be born in mind that although the force between the tip and sample may only be from
nN to puN, the pressure might be MPa to GPa. Interaction forces between the tip and sample are
the reason for image contrast with the AFM. However, some changes that may be perceived as
being topographical may be due to a change in force interaction. Forces due to the chemical
nature of the tip are probably most important here, and selection of a particular tip for its material
can be important. Chemical mapping using specially treated or modified tips is another important

aspect of current research in AFM.

Figure 2.12 Tip aspect ratio effect

The aspect ratio (or cone angle) of a particular tip is crucial when imaging steep sloped
features (Figure 2.12). Electron beam deposited tips have been used to image steep-walled

features far more faithfully than can be achieved with the common pyramidal tips.
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2.34 Force curve measurement
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Figure 2.13 A typical AFM force curve

In addition to these topographic measurements, the AFM can also provide much more
information. The AFM can also record the amount of force felt by the cantilever as the probe tip
is brought close to — and even indented into — a sample surface and then pulled away. This
technique can be used to measure the long range attractive or repulsive forces between the probe
tip and the sample surface, elucidating local chemical and mechanical properties like adhesion
and elasticity, and even thickness of adsorbed molecular layers or bond rupture lengths.

Figure 2.13 is a typical AFM force curve generated by Nanoscope III AFM system Force
measurements are made by recording the deflection of the free end of the cantilever as the fixed
end of the cantilever is extended towards and retracted from the sample [64]. As shown in
Figure 2.13, the cantilever starts (point A) not touching the surface. In this region, if the
cantilever feels a long-range attractive (or repulsive) force it will deflect downwards (or
upwards) before making contact with the surface. In the case shown, there is minimal long-range

force, so this “non-contact” part of the force curve shows no deflection. As the probe tip is
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brought very close to the surface, it may jump into contact (point B) if it feels sufficient
attractive force from the sample. Once the tip is in contact with the surface, cantilever deflection
will increase (point C) as the fixed end of the cantilever is brought closer to the sample. If the
cantilever is sufficiently stiff, the probe tip may indent into the surface at this point. In this case,
the slope or shape of the contact part of the force curve (section C) can provide information
about the elasticity of the sample surface. After loading the cantilever to a desired force value,
the process is reversed. As the cantilever is withdrawn, adhesion or bonds formed during contact
with the surface may cause the cantilever to adhere to the sample (section D) some distance past
the initial contact point on the approach curve (point B). A key measurement of the AFM force
curve is the point (E) at which the adhesion is broken and the cantilever comes free from the
surface. This can be used to measure the rupture force required to break the bond or adhesion as

shown in Figure 2.14.

Cantilervar
Spring Force

Adhesion Force

Total Tracking Force

Scanner I-position

Figure 2.14 Schematic of AFM force measurement

The force sensed by the AFM probe is calculated by multiplying the deflection of the
cantilever by the cantilever’s spring constant. The spring constant of an end-loaded cantilevered

beam of rectangular cross section is given by

Et*w
k= 2.1
47’ @D

24



Where E is the elastic modulus, t is the thickness, w is the width, and I is the length. Because
cantilever spring constants can vary from cantilever to cantilever, several methods have been
developed to measure or calculate the cantilever spring constant. A typical indentation cantilever
is shown in Figure 2.15. The cantilever is made of stainless steel with spring constant normally
ranges from 100-200 N/m. A diamond tip mounted to the end of the cantilever has a tip radius

less than 25nm.
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Figure 2.15 Geometry of a typical cantilever indenter

235 AFM vs. SEM

To conclude this section, it is beneficial to compare between AFM and SEM, which are
powerful tools for surface analysis. As shown in table 2.2, the main advantage of AFM lies in its
versatile operational environment, 3 dimensional image and local mechanical properties
measurement, while lack of the SEM capability for constitutional and structural analysis. So the

two techniques are complementary and it is better to combine them together.
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Table 2.2 Comparison between SEM and AFM

SEM AFM
Sample operating Vacuum Ambient, air, liquid or vacuum
environment
Depth of field Large Medium
Depth of focus Large Small
Resolution: X, Y 1-5 nm 2-10 nm dependent on tip
Resolution: Z N/A 0.05nm
Effective 10-10° 500-10°
magnification
Constitutional EDS N/A
analysis
Structural analysis XRD N/A
Mechanical analysis N/A Local elasticity and plasticity
Characteristics Surface must not build up charge Sample must not have local variations in
required for sample and must be vacuum compatible surface height >5-10 um

24 INTRODUCTION TO HYSITRON TRIBOSCOPE NANOINDENTER

Although cantilever-typed AFM is capable of nanoindentations, there are still several
reasons to employ a fixed probe nanoindenter. First, as there are 12° tilting angle for cantilever
indenter (Figure 2.15), the indentation is not totally perpendicular to the sample surface. While
for the fixed probe nanoindenter, the diamond probe is normal to the sample surface. Second, the
maximum force for AFM cantilever indenter is normally below 100uN, while it is at least 10mN

for a fixed probe nanoindenter.

In this study, we also use the Hysitron TriboScope® nanomechanical test instrument,
which utilizes an in-situ imaging capability to realize the benefits of SPM imaging and
nanoindentation in a single system. /n-situ imaging allows the indenter probe to be positioned
within ten-nanometers of any desired feature or phase of a material. After the test is performed,

an image of the deformation caused by the test can be obtained immediately by using the
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indenter tip to scan the surface. This eliminates the need to reposition an imaging instrument
over the testing site. The force and displacement results that are acquired during the test, in
conjunction with the in-situ image, offer an unparalleled wealth of information concerning the

mechanical properties of the material.

nanoindenter displacement signal
load/ l
displacement
‘rransch'ii.l: er AFM
Indenter tip feedback/
& sample scan
| | controller
piezoelectric
actuator |
control signal

Figure 2.16 Schematic of a fixed probe nanoindenter with in-situ imaging capability

Figure 2.16 is a schematic of the working principle for Hysitron nanoindenter. The design of
the Hysitron transducer allows it to be fitted to any commercially available SPM via a simple
temporary modification. This involves a replacement of the normal detector head with the
Hysitron transducer, in which the transducer then serves the function of sensing the surface and
providing topographic feedback for imaging. However, the TriboScope®/SPM system is also
then capable of quantitative nanomechanical testing. The indenter utilizes a rigid probe that
makes the quantification of the force and displacement measurements more reliable than a

measurement made with a probe on the end of a cantilever, which introduces many uncertainties.
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3.0 NANOMECHANICAL PROPERTIES OF ZNO NANOBELT

3.1 INTRODUCTION

With a well-defined geometry, perfect crystallinity and chemical stability, the ZnO nanobelts
are likely to be a model materials family for understanding mechanical behavior at nano-scale
almost absence of defects [38]. The dimension of the nanobelt as a mechanical cantilever
potentially can be used as a mechanical resonator [65-67]. Due to its nanoscale dimension in

thickness, the natural frequency (resonance) of the nanobelt as a resonator could be very high.
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Figure 3.1 Modeling of a thin rectangular piezoelectric plate as a resonator

Figure 3.1 is a modeling of a thin rectangular piezoelectric plate with partial rectangular
electrodes. The resonator based on a single nanobelt can be modeled like this. The resonant

frequency of the plate is approximated as Eq. (3.1) [65]:
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Where K, is the correction factors, C, is the component of the elastic-stiffness tensor, p is
the density, a is the thickness of the plate. For ZnO nanobelt, taking K, =1, C =44.25 GPa

[68], p=5.665x10"kg/m’, and thickness a=100nm, we get ®,, ~ 7.7 GHz. Hence, resonant

frequency of the resonator based on an 100nm-thick ZnO nanobelt can reach GHz region. The
thinner the belt is, the higher the resonant frequency can be. With the advance of
telecommunication technology, GHz or higher resonator is a bottleneck yet to be solved. In this
respect, ZnO nanobelt is a promising candidate for ultrahigh frequency resonator.

As ZnO nanobelt can potentially be used as a nanomechanical device, it is critical to
study its mechanical properties such as elastic modulus, strength and fracture toughness. In the
meantime, the freeing standing single crystalline ZnO nanobelt provides an ideal object for
investigating the mechanical behavior of stress-free semiconducting oxides at nano-scale [69,
70]. In contrast, there are large residue stress existed in the thin film grown on the substrate
owing to the incompatibility at the interface. So it is desirable to study nanomechanical
properties of ZnO nanobelt. However, very little experimental data is available in this field [15,
38]. This is mainly due to the experimental difficulty in manipulating and testing the mechanical
properties of a single nanobelt, for the nanoscale size of the object prohibits the applications of
the well-established techniques, such as acoustic wave method for Young’s modulus
measurement, tensile test for strength. On the other hand, atomic force microscopy (AFM) and
nanoindenter have been applied successfully in nanoscale mechanical study since 1990s [24-36,
71-73]. Most of these work are related to thin film, nano clusters or one dimensional carbon

nanotubes, while characterization on quasi-one-dimensional nanostructures is much less
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developed [37, 38, 74-76]. In particular, fixed probe nanoindenters with in-situ imaging
capability are tailored for nanomechanical study, which is more suitable for study of
nanomechanical properties of the quasi-one-dimensional nanostructures. The rectangular cross
section of the naonbelt and atomically smooth surface are well suited for nanoindentation tests.
Next part I will briefly explain how to extract nanomechanical properties from depth sensing

nanoindentations using fixed sharp probe indenters.

3.2 DETERMINATION OF MECHANICAL PROPERTIES BY DEPTH
SENSING NANOINDENTATIONS

3.2.1 Elastic modulus and hardness

Depth sensing nanoindentations [77-89], a continuous record of the variation of
indentation depth, P, as a function of the depth of the penetration, h, into the indented specimen,
have been used to extract mechanical properties such as elastic modulus and hardness since the
method proposed by Oliver and Pharr in 1992 [87], which has its origins in an earlier treatment
by Doerner and Nix [88]. Nowadays, both methods are accepted for the analysis of the
indentation data by the ISO/FDIS 14577-1 standard [90].

If during the initial withdraw of the indenter, the material’s recovery follows an elastic
behavior and the contact area between the indenter and the specimen remains constant. Then for
the case of the indentation of an elastic half-space by a cylindrical punch, the Sneddon’s
solutions [91] approach to the elastic behavior, which leads to a simple relation between the load,
P, and the penetration depth, h, in the form of:

p_ 4pua

. (3.2)

31



Where a is the radius of the cylinder; 4 is the shear modulus; and v is Poisson’s ratio. Knowing

that the area of the contact circle projected onto the surface, Ac, is equal to 7a’ and that the
shear modulus is related to the elastic modulus in by:
E=2u(+v) (3.3)

Substituting (3.3) into (3.2) and differentiating the obtained expression with respect to h gives:

dP 2
S~

Where S is the contact stiffness and can be taken directly from the unloading slope at

E
02

- (3.4)

h=h_ (Figure 3.4). As the elastic modulus of the indenter is not infinite, Eq. (3.4) should be

max

written in terms of reduced elastic modulus £, according to Hertz Equation:

- — (3.5)

Where E,E.,u and v, are the elastic moduli and Poison’s ratios of the specimen and indenter,
respectively. For diamond, E, =1141GPa, and v, = 0.07 . For the indentation of a plane surface

of a semi-infinite elastic solid by a rigid punch, Eq. (3.4) can be written as:

1. S
T2 4

Eq. (3.6) shows that, for axisymmetric indenters, the relationship between unloading stiffness,

(3.6)

S, and contact area, 4., does not dependent on indenter geometry. That is to say, Eq. (3.6) is

applicable to any axisymmetric indenters, not constrained to indenters with cylindrical shape.

Using finite elements method, King [92] has introduced to Eq. (3.6) a correction factor ( f) for

non-axisymmetric indenters:
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£

E =pY"_2_ (3.7)

T

Ac is the projected contact area at the maximum applied load. For geometrically perfect cube
corner indenter, 4. =2.598h;. However, the diamond indenter is not perfect and has some
rounding at the apex, which must be taken into consideration if accurate results are to be
obtained at shallow depth. To account for the tip radius effect, contact area is derived from the
empirically determined area function such as Eq. (3.8) [93]. A series of nanoindentations of
various sizes are made in a material with well-known isotropic elastic properties (usually fused
quartz with £ =69.6GPa) by assuming the elastic modulus of the material is independent of
depth.
Ac=Cyh} +Ch. +C,h* + Ch)* + C,h.* + Coh!" (3.8)

Where hc is the contact depth of indenter at the maximum applied load and Cy~Cs are constants.
Figures 3.2 to 3.4 show the main parameters used in analyzing indentation data [81]. The contact

depth 4. (Figure 3.3) is determined by:
P
he=h,, —hy=h, —&—= (3.9)
S
Where ¢ = 0.75 for pyramids indenters [94]. Hence hardness is given by:
H=-—"% (3.10)

With good experimental technique and careful analysis, the hardness and elastic modulus of
many materials can be measured using these methods with accuracies of better than 10%. There
are, however, some materials in which the methodology significantly overestimates H and E,

specifically, materials in which a large amount of pile-up forms around the hardness impression.
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The reason for the overestimation is that Eq. (3.7) and Eq. (3.9) are derived from a purely elastic
contact solution that accounts for sink-in only. When pile-up is prevalent, the above methods for
analyzing nanoindentation load-displacement data underestimate the true contact area. The

parameter 4, /h,,. , which can be measured experimentally, is a useful indicator of when pile-up

max ?

may be an important factor [83]. When 4, /h,, is less than 0.7 and materials are strongly work-

harden, the above analysis procedures can give accurate results.

An important variation on the procedures just described is offered by a special
measurement technique, continuous stiffness measurement (CSM), in which the contact stiffness,
S, is measured continuously during the loading portion of the test. CSM [84] is accomplished by
imposing a small, sinusoidally varying signal on the output which drives the motion of the
indenter and analyzing the resulting response of the system by means of a frequency specific
amplifier. This technique offers a direct measure of dynamic contact stiffness during the loading
portion of an indentation test. Furthermore, it is somewhat insensitive to thermal drift, allowing

more accurate observation of small volume deformation.

Figure 3.2 Profile of the surface before and after indentation
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Figure 3.3 Main parameters used in analyzing unloading vs. indenter depth curve
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Figure 3.4 Schematic representation of load-displacement data for a depth sensing indentation experiment
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3.2.2 Fracture toughness

Fracture toughness at small scales (micron or sub micron) can be measured by ultra-low
load indentation using techniques similar to those developed for microindentation testing [95].
As shown schematically in Figure 3.5, these techniques make use of the radial cracking that
occurs when brittle materials are indented by a sharp indenter. Lawn, Evans and Marshall [96]
have shown that a simple relationship exists between the fracture toughness, 7', and the lengths
of the radial cracks, ¢, of the form:

T =a()" () (3.11)

Here, P is the peak indentation load and « is an empirical constant which depends on the
geometry of the indenter. For cube-corner indenter, the value of the geometric constant is
a =0.040 [95]. E and H are elastic modulus and hardness, which can be determined directly
from analyses of the nanoindentation load-displacement data. ¢ is the post-indentation crack
length from the center of the hardness impression. Hence, once crack length ¢ is measured after

the indentation, the derivation of the fracture toughness using this method is straightforward.

Vickers
indentation

Figure 3.5 Schematic illustration of radial cracking at a Vickers indentation [95]
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3.3 EXPERIMENTAL DESCRIPTION

The synthesis of nanobelts was based on thermal evaporation of oxide powders under
controlled conditions without presence of catalyst [1]. After the preparing of the nanobelts, the
procedures to get the single nanobelt for study are as follows. First immerse the wool like
nanobelts in acetone. The mixture was dispersed by ultrasonic devices. Then dropped the mixed
solution onto polished (100) p-type silicon wafer. After drying, single nanobelt is lying on silicon

substrate.

3.3.1 Nanoindentations using Hysitron Triboscope Nanoindenter

Triboscope

Side view CCD camera ' \ q

Figure 3.6 Experimental setup of nanoindentations using Hysitron Triboscope

The prepared nanobelt sample was investigated by Hysitron TriboScope® nanoindenter in
conjunction with Digital Instruments’ Nanoscope IIla Multimode® AFM. The photo of the
experimental setup was shown in Figure 3.6. A homemade side view CCD camera was added to
optically locate the nanobelt lying on Si substrate (Figure 3.7). The magnification of which
(450x) was much higher than the commercially available add-on CCD camera (~70%) for

Triboscope. This is critical for the study of 1D nanostructures, for optical locating could save
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huge amount of time in locating 1D nanostructures compared to scanning the surface with
indenter tip. Cube corner diamond indenter (three-sided pyramid with 90° included angle) was

used to image a ZnO nanobelt and then in situ indent the nanobelt with the same tip.

Diamond indenter

e  Nanobelt

Figure 3.7 Side view of diamond indenter and nanobelt

The loading and unloading rate was kept constant at 10uN/s. After nanoindentations, the
indentation impression was imaged with the same tip, which verifies that the test was performed
in the anticipated location as shown in Figure 3.8a. The thickness of the investigated ZnO
nanobelt derived from Figure 3.8b was 252nm, which restrained the nanoindentation depth
below 80nm, as it was generally accepted that the depth of indentation should never exceed 30%
of the wire diameter or film thickness [97]. Nanoscale mechanical properties, such as elastic
modulus, hardness and fracture toughness of individual zinc oxide nanobelts were characterized
by Nanoscope Illa AFM and Hysitron TriboScope nanoindenter with homemade side view CCD

camera.
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Figure 3.8 AFM image of nanoindentations on the nanobelt (a) 3D images: the large indent was produced by
150 uN load and the smaller one was produced by 100uN load. (b) Section analysis showing the geometry of

the nanobelt. Note only the thickness value is correct. The width shown here is larger than the actual value

due to the tip broadening effect.
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3.3.2Nanoindentations using AFM cantilever indenter

Nanoindentations on ZnO nanobelt was also performed with Nanoscope Illa Multimode
AFM by using stainless steel cantilever with a diamond tip. The spring constant of the cantilever
was calibrated by Veeco Instruments to be 170.2 N/m. The diamond tip, a three sided pyramid
with an apex angle of 60 degrees and a nominal tip radius of 25nm, was mounted to the end of
the cantilever in a way that the vertical axis of the pyramid was approximately normal to the
sample surface. Before nanoindentation, the nanobelt was located by the diamond tip under
tapping mode. Then the tip was positioned still to the center of the nanobelt. Indentation mode
was used during nanoindentations on ZnO nanobelt. The peaking loading was set from 1uN to
34uN to get elastic, plastic and fractural deformation on the ZnO nanobelt. The loading and
unloading rate was kept constant at 1Hz. Deflection versus z piezo movement curves were
recorded and converted to force versus displacement curve using the procedure outlined in
Appendix 1. The principle of the conversion is as follows. Multiplying the deflection signal (in
unit of nm) by the spring constant of the cantilever (in unit of N/m) gives the force (in unit of
nN). The sample displacement is the difference between Z piezo movement and cantilever
deflection (in unit of nm). Calibration on the sapphire sample was done before and after the
nanoindentations on the ZnO nanobelt.

Once force versus displacement curves were derived, similar analysis procedure as fixed
probe indentations were done on the elastic modulus, hardness and fracture toughness of the ZnO

nanobelt. Comparisons were made in the results by two methods.
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3.4 ELASTIC BEHAVIORS

3.4.1 Elastic modulus by Triboscope nanoindenter
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Figure 3.9 Comparison of Young’s modulus between ZnO nanobelt and bulk by Triboscope indenter

Figure 3.9 compares Young’s modulus derived by the Hystrion Triboscope nanoindenter
using the aforementioned procedure. The measured reduced modulus is converted to Young’s
modulus using Eq. (3.5). Poison’s ratio of ZnO is taken as 0.36 [98]. The most striking feature of
Figure 3.9 is that Young’s modulus of ZnO bulk is significantly larger than that of the nanobelt.
A possible reason may be that in our experiments the surface properties dominate the elastic
behavior. Surface effects such as dangling bonds, surface relaxation or reconstuction can alter
the bonding behavior of the atoms in the surface region. In the case of nanobelt, there are much
higher percent of surface atoms than the bulk taking consideration of the high surface to volume

ratio in ZnO nanobelt (surface to volume ratio of nanobelt versus bulk is ~2500 to 1 with the
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dimension of 250nm x 500nm x 50um for nanobelt and 0.5mm x Smm x Smm for bulk). So it is

reasonable to assume the measured Young’s modulus by nanoindentation is lower than that of
the bulk. The result is in good agreement with that derived from TEM resonance method, which
ranges from 40-60GPa. Furthermore, nanoindentations on SnO; nanobelts give similar results.
As shown in Figure 3.10, the elastic modulus of SnO, nanobelt is significantly smaller than the
average elastic modulus in bulk form, which shows significant elastic anisotropy within the (100)
crystal plane varying from 174.5 GPa to 340.1GPa [99]. Moreover, similar findings are reported
in SnO; ultathin thin film [99], nanometer size supported gold clusters [100, 101], ultathin single

crystalline silicon cantilevers [102] and atomic simulation of copper nanowire [103].
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Figure 3.10 Comparison of Young’s modulus between SnO; nanobelt and bulk by Triboscope indenter
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3.4.2 Elastic modulus from AFM cantilever indenter

Figures 3.10 and 3.11 are typical deflection versus z piezo movement curves of ZnO
nanobelt and ZnO bulk by AFM cantilever indenter. As the slope of both curves is almost linear,
it is suggested that linear elastic model may apply to the analysis. The effective contact

sensitivity of the indenter-sample system (in unit of nm/V); S ., can be derived from the initial

eff
unloading slope of the curve, which is 115.4nm/V and 109.0nm/V for nanobelt and bulk

respectively. Then the effective contact stiffness of the indenter-sample system (%,, ) can be

eff

determined by £, =k /S Taking £k =1702N/m, S, ... =102 nm/V

indenter ™ indenter indenter

off *
(provided by Veeco Inc.), the effective contact stiffness of the samples are

oy ey ®1504N /mand k., ~159.3N/m. Modeling the sample and the cantilever indenter

as two series connected springs (Figure 3.12) gives,

L S (3.12)

eff sample indenter

k

We can estimate k,,, ~1296N/m and k,, =~2480N/m. As the contact stiffness is

proportional to the elastic modulus indicated by Eq. (3.7), the ratio of the elastic modulus
between belt and bulk is equal to that of the contact stiffness. That is,

E . /E . =k, !k, =1296/2480~ 0.523, which is consistent with the results illustrated in

Figure 3.9.
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Figure 3.11 A typical deflection versus Z piezo movement curve of ZnO nanobelt by AFM cantilever
indenter
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Figure 3.12 A typical deflection versus Z piezo movement curve of ZnO bulk by AFM cantilever indenter
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Figure 3.13 Modeling the AFM indenter-sample system as two series connected springs
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3.5 PLASTIC BEHAVIORS

3.5.1 Pop in event near initial yield point
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Figure 3.14 Typical force-displacement curves of ZnO nanobelt and bulk by Triboscope nanoindentations.

Displacement excursions are distinct features in the loading portion of the curves.

The distinctive feature revealed in Figure 3.14 is the characteristic “pop in” event or
displacement excursion during the loading part. The critical load for the first “pop in” event is
about 65+10uN for (0001) ZnO bulk and 35+15uN for ZnO nanobelt. As proposed by previous
studies [104-108], this critical load can be related to theoretical shear stress, which is regarded as
the critical stress for the onset of the dislocation nucleation. It is interesting to estimate the
magnitude of the critical stress,o ., for the onset of the pop in events. When the indentation
depth, %, is within one third of the indenter radius, R, the contact area should be determined by

spherical area function [109]. In this case, the indenter radius was determined to be 380nm
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according to procedures outlined in Appendix A.2. Hence, the critical stress for the onset of pop

in events was determined by Equations (3.13) and (3.14) using spherical area function.

F
O_C i c,belt _ 35/uN ~ IOO(GPa) (313)
’ 7, oy QR =1,y ) 7 x15nmx (2 x380nm —15nm)
F
O ok = e 65N ~ 3.44(GPa) (3.14)

7,y QR = h, ) - 7T x 8nm x (2 x 380nm — 8nm)

As the theoretical shear stress is within 1/10~1/27 of the Young’s modulus [110], the estimated
critical stress for the onset of the pop-in events is much lower than the theoretical shear stress.
Hence the first “pop in” event is not corresponding to the onset of the dislocation nucleation. A
proper explanation might be the dislocation nucleation occurs at a stress level much lower than
the theoretical shear stress. As the scale of a burger’s vector is only a fraction of nanometer, a
single or couples of dislocation activities are not detectable on the loading curve. The first “pop

in” is observed when an avalanche of dislocations is produced.

3.5.2 Inverse pop-in and reverse thrust events

Besides the pop-in events near the initial yield point, we also observed inverse pop-in and
reverse thrust events in some nanoindentation curves by AFM cantilever indenter. Although such
events are not obvious in the original deflection versus z piezo movement curve (Figure 3.15),
they are very clear in the converted load-displacement curve (Figure 3.16). The inverse pop-in
event starts at the indentation depth of 11.85nm under 4.47 uN load and ends at the depth of
8.11nm under 5.73 pN load in the loading portion, while the reverse thrust event starts at the
indentation depth of 8.11nm under 1.56uN load and ends at depth of 11.85nm under 0.25uN

load. It is remarkable to notice that the displacement excursion for the two events is exactly the
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same, which indicates that these two events must be related. This phenomenon can be accounted
for in terms of phase transition in ZnO.

ZnO possesses a hexagonal wurtzite structure (B4) at normal condition of temperature
and pressure. This phase transforms to the cubic rocksalt structure (B1) at a pressure in the
vicinity of 9 GPa, resulting in an increase of coordination number, from 4 to 6, and a large
volume decrease of about 18% [111-121]. The reverse transition (B1 —B4) also exists but
normally at lower pressure with hystersis of ~4GPa. Table 3.1 gives calculated and experimental

lattice and internal parameters for ZnO.

Table 3.1 Calculated and experimental lattice and internal parameters for ZnO [111]

Calculation Experiment
Structure Wurtzite
Volume (A*/f.u.) 23.62 23.796 12!
c/a 1.59 1.602!""
u 0.38 0.38212!1
Bulk modulus (GPa) 160 1831121 170 U122
Structure High pressure phase (NaCl)
Volume (A*/f.u.) 19.08 19.484121]
Bulk modulus (GPa) 219 228121
Lattice constant (A) at 10GPa 4.19 4211 121
Transition pressure (GPa) 8.0 2.0-8.7t1211 100112
Volume change, AV/V (%) 18.8 18131121 18122

During nanoindentations on ZnO nanobelt by AFM indenter, ultrahigh pressure can build
up under the indenter due to the sharp radius of the AFM tip. The critical stress at the onset of
inverse pop-in and reverse thrust can be estimated using spherical area function. Tip radius, R,

is estimated to be 18nm in the Appendix A.2.

i R, 447N
Cuinverse pop-~in 7he (2R —he;) 7 x11.85nm(2x18nm —11.85nm)

~ 4.97(GPa) (3.15)
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F,
O-C reverse thrust - = 1 56/JN ~ 220(GPa) (3 . 1 6)
’ 7the,(2R—he,) 7 x8.11nm(2x18nm —8.11nm)

The above estimated critical stress is mean stress below a spherical indenter. In the case of the
pyramid indenter we used, the maximum stress under indenter may reach the critical pressure for
the phase transition of B4 — B1. Moreover, the observed inverse pop-in event during loading is
consistent with the volume reduction associated with the transition B4 — B1, while the reverse
thrust event during unloading is in agreement with the volume increase associated with the
transition B1 — B4. The reverse transition happens at a lower pressure is also consistent with
other observations. Hence, it is very likely that the phase transition B4 — B1 is the origin of the
inverse pop-in event in the loading part, while the reverse phase transition B1 — B4 can account
for the reverse thrust event in the unloading part. Further experiment such as Raman
spectroscopy is needed to confirm this hypothesis.

In addition, it is interesting to mention that reverse thrust event is also observed in the
nanoindentation of SnO, nanobelt by Triboscope indenter. A typical “reverse thrust” event is
shown in Figure 3.17 during unloading, which means SnO; nanobelt exhibited unusually large
amounts of depth recovery in this stage. Similar phenomenon was observed in (001) silicon [82].
The reverse thrust is caused by the relaxation of densified material during unloading. In this
experiment, load-displacement curve on (001) Si substrate was also shown on Figure 3.17 to rule
out the possible transformation in the Si substrate. Previous study [123] on bulk SnO; indicated
the pressures in excess of 150 kbar were required to form the orthorhombic phase from rutile
phase. If a phase transformation between rutile and orthorhombic crystal structures happens

during the unloading of indentation on SnO; nanobelt, such “reverse thrust” might happen.
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Figure 3.15 Deflection versus Z piezo movement curve of ZnO nanobelt with inverse pop-in and reverse
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Figure 3.16 Force-displacement curve of ZnO nanobelt with inverse pop-in and reverse thrust events by

AFM cantilever indenter
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Figure 3.17 Force-displacement curve of SnO, nanobelt with reverse thrust event by Triboscope indenter.
Nanoindentation curve on the Si substrate is also shown to confirm the observed phenomenon is not caused

by the substrate or the instrument artifact.
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3.5.3 Indentation size effect
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Figure 3.18 Comparison of hardness between ZnO nanobelt and bulk by Triboscope indenter

Comparison of ZnO nanobelt with ZnO bulk single crystal [124, 125] was carried out on
(0001) plane by nanoindentations. As shown in Figure 3.18, the lower the penetration of the
nanoindentation, the higher the hardness of the sample, which is attributed to indentation size
effect (ISE) [126-130] due to the strain gradient for most materials. However, it is generally
recognized that such strain gradient plasticity theories should not be used at very shallow depth
in the vicinity of 100nm or less [128]. Recently, an alternative model [128] for indentation
depths up to several hundred nanometers is proposed in terms of the surface to volume ratio
(S/V)g , where S is the projected contact area and Vg is the plastic volume under the contact. To
understand how important the surface to volume ratio is, estimates of surface work and the

volume work associated with plastic deformation under a contact are necessary.
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Considering first the surface work. Using Maugis’ terminology, the total work associated with

creating either new area, dA, or new surface energy, dy, can be written as
gdA=ydA+Ady (3.17)

For a surface of N atoms with an area of A=Na, that the surface work is due to both elastically

stretched bonds, da,, and new numbers of atoms exposed, dN, giving
GdA=ya,dN+c Nda, (3.18)

Where v is surface energy and oy is the surface stress. With the definition of strain dA/A being

both plastic, €,, and elastic, &g , it follows that

gzj/g—P+c7Sg—E (3.19)
& &

Where ¢ is the total strain, Thus, the total surface work, Ws, is made up of new area associated
with irreversible plastic work as well as elastically stretched bonds associated with reversible
work. To first order, the total surface work can be given as the product of the contact area and

surface energy.
sttotal ~ 2}/S (3 20)

Next, consider the volume deformation associated with the plastic work, Wp From a
continuum standpoint Wp can be defined in terms of the plastic volume, V, and the tensile yield

stress Gys, for an elastic-perfectly plastic material giving

W= j:” o, de, (3.21)
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Defining an incremental strain as de,=do/c, where d is the indentation depth and c is the plastic

zone size described well by Johnson’s cavity model,

3P

1?2 (3.22)
2710'f

c=[

Where P is the applied indentation load and or is an appropriate flow stress. Noting that the

hemispherical plastic volume would be (2/3)nc’ and 7, ~(2/3)o, one sees that

o

5O 2
w,= V_L = ds :§7r020'ys5 = m’t 6 (3.23)

c

Using Egs. (3.17) and (3.19), the surface to volume ratio is given by

Ws o7 &y (3.24)
W, 1,0 c

Given that the a/c ratio is nearly constant at shallow penetration, this illustrates that the portion
of surface work resisting penetration rapidly decreases with increasing depth of penetration as vy

and Ty are constant.

If the contact area, z’, is coupled to a hemispherical volume of deforming materials,

(2/3)zc’, then a surface-to-volume ratio can be defined as
—=— (3.25)

For plastic contacts of a spherical tip Johnson takes a’~28R and combining this with the mean

pressure defines hardness as

P P

~a® " 270R

~

(3.26)
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Using Eq. (3.22) to eliminate P, (3.26) becomes

__ 9y 1
- S5 (BSR)"
(V)

(3.27)

For shallow depth of indentation the (S/V) is nearly independent of the depth. Hence the
normalized hardness (H/cr) will decrease with larger indentation depth 6 or indenter radius R,
which not only address the ISE, but also the effect of tip radius. Figure 3.19 is the 17.5 uN
indentation on ZnO nanobelt by AFM cantilever indenter. The force versus displacement curve
(Figure 3.20b) is converted from the Figure 3.20a (Appendix A.1). The hardness is determined as
11.2 GPa at the indentation depth ~11nm using AFM indenter, while the hardness derived from
Triboscope indenter is only 5-7 GPa at similar indentation depth. Taking consideration of the
much sharper radius of the AFM indenter, the above results are reasonable according to Eq.
(3.27). It 1s worth mention that Eq. (3.27) is applicable to more than the spherical tip indentation.
For instance, pyramid tip should be treated as a spherical one when the indentation depth is

below one third of the tip radius [109].
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Figure 3.19 2D image of the nanoindentation on ZnO nanobelt by AFM cantilever indenter. (Peaking load:
17.5 pN)
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Another remarkable feature of Figure 3.18 is that ZnO nanobelt is softer than that of bulk
single crystal, contrary to the conventional believing of “smaller is stronger” based on continuum
considerations. One possible reason is due to difference in the mobility of the dislocation.
Bradby [131] et al found the slip bands along the basal planes which result in pinning of
dislocations in XTEM image of a spherical indent in (0001) ZnO bulk. The same might be true
for our bulk sample. However, there might be no or little pinning of the dislocation in the
nanobelt since the interval of slip bands along the basal planes which result in pinning is in the
order of 1um [131], while the dimension of the nanobelt is below lum. Hence, stronger
dislocation mobility results in more plasticity in the nanobelt than the bulk.

Although measurements on plastic yielding of three different types of micrometer-sized
single crystals [132], Ni, NizAl-Ta and Ni superalloy, indicates the smaller the sample size, the
higher the yield stress, our result is consistent with the nanoindentation of patterned metal lines
on a Si substrate[133, 134]. The smaller the line width (from 5um to 1.5um), the more compliant
the indentation response. The mechanism for the observed phenomena can be analyzed in terms

of discrete dislocations.

Considering that those dislocations are generated near the indenter tip and that they glide
along the slip plane to the side surfaces, the effect of dislocation glide on the indenter tip
penetration depth in the nanobelt can be rationalized in the following manner. For simplicity,
consider a nanobelt with dislocations parallel to the z direction. Assuming that the dislocations
move in the cross-sectional plane of the belt, (which has height of h and width w, as shown in the
schematic in Figure 3.21), the additional plastic shear strain of the cross-section becomes

vy =(2xb_/ wh), where by is the projected magnitude of the Burgers vector along x direction and
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x is the dislocation glide distance parallel to the belt surface. When there are N dislocations that
move over the average glide distance A, the plastic strain around the indenter tip is given by
2ANby/wh. This additional strain due to dislocation movement along the belt width direction is
negligible in the case of bulk samples for which w—oo. For the case of the belt, however, the
material displacement around the indenter tip accompanying this strain becomes 2ANb,/w for a
fixed belt thickness of h. As a first order approximation, the total indentation depth in the belt is
assumed to be a linear sum of the displacement due to dislocation generation along the
indentation direction (hyux ~ Nby, where by is the projected magnitude of the Burgers vector
along the indentation direction), and the additional displacement of the tip due solely to the
geometrical effect of the dislocation movement parallel to the belt surface. Thus the total

indentation depth in the belt becomes:

2AND,

w

Mooty = Py + hgeo =Ny +@ (3.28)

Where « is a geometrical constant that includes the relative direction of dislocation motion with
respect to the indentation axis. Due to the finite width of the nanobelt, the nanobelt will be more
compliant than the bulk according to Eq. (3.28). This finding has significant effect on the

application of quasi-one-dimensional nanostructures in MEMS and NEMS.

J

Figure 3.21 Schematic of nanoindentation on ZnO nanobelt
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In addition, it is interesting to mention the Finite element modeling (FEM) [133]of a
sharp conical indentation of the continuous Al-1.5wt%Si film, as well as on 2 and 3 um wide
lines of the same 1pum thickness on a Si substrate. The corresponding P-h curves in Figure 3.22
show that the response of these cases are essentially indistinguishable up to a load of 400uN,
which is contradictory to the experimental finding. Therefore, the continuum-based approach

such as FEM could not rationalize the experimental trend.

Load (1N)

B &5 E 8

"o ‘6 100 10 200
Indantation depth (nm)

Figure 3.22 Load-displacement response of Al line predicted by FEM analysis [133]

In summary, plastic behavior of ZnO nanobelt is very different from its bulk counterpart.
The hardness of the ZnO nanobelt is much smaller than that of the ZnO bulk. This trend cannot
be explained by the existing theory based on continuum mechanics, while it is accountable using
discrete dislocation concept. Furthermore, indentation size effect is analyzed in terms of surface

to volume ratio. Hardness at the nanoscale is both depth and indenter dependent.
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3.6 FRACTURE OF NANOBELT UNDER AFM NANOINDENTATION

Nanoindentations were also done using cantilever typed diamond indenter with a sharp
tip radius of 18nm (determined by procedures in Appendix A.2). In this case, we frequently
observed indentation-induced fracture in ZnO nanobelt, while it was not true for ZnO bulk up to
an indentation force of 43uN. Figures 3.23 and 3.24 are 3 dimensional images of a typical ZnO
nanobelt before and after nanoindentation. Before indentation, the surface of the nanobelt is
perfect and smooth (with roughness Ra = 0.2nm in a 200x200nm region). After indentation, the
surface of the nanobelt becomes very rough. There are strip-like pile-ups along the axis of the
nanobelt, indicating very severe plastic deformation involved in the nanobelt during indentation.
This is remarkable since ZnO is normally regarded as a brittle material in bulk form.
Furthermore, radial cracks along the apex of the pyramid indenter are clearly shown. It is of great
interest if we can deduce the fracture toughness of the nanobelt from this test. Figure 3.25a is the
cantilever deflection versus z piezo movement recorded during the indentation. A deflection drop
is clearly shown in the graph, demonstrating the point that the crack is produced under the
indenter. Figure 3.25b is the force versus displacement curve converted from Figure 3.25a by a
standard procedure (Appendix A.1). The force dropping point is around 33 uN at the indentation

depth of 58nm. The cracking thresholds can be estimated as [135] :

_1—21)( 6F;

o e 1/3P1/3 329 ,
c=73 Cog?) G-29)

where v is Poisson’s ratio (0.36 for ZnO), E is reduced modulus (61GPa for ZnO nanobelt),
R is indenter radius (18nm), and P is the critical load (33 xN ). Using the above parameters, the

cracking thresholds was estimated to be 3.9GPa, which is comparable to the value
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(0. =3.4 GPa) reported on the SnO; nanobelt [74]. The average crack length, ¢, determined

from Figure 3.24 is ~500nm. Taking E=70GPa and H =2GPa, the fracture toughness of the

ZnO nanobelt is estimated to be 0.022 MPa-m'*using Eq. (3.11). This value is close to the

average fracture toughness of SnO, nanobelt (0.044 MPa-m""

) determined by nanoindentation
[74]. But it is one order of magnitude less than the other bulk brittle materials [83]. That may be
why we did not observe indentation induced crack in ZnO bulk.

It is worth mentioning that there may be large errors associated with the fracture
toughness determined by Eq. (3.11), which is based on the brittle bulk materials. In this case, it is
an one dimensional nanostructure. So the boundary condition here is very different from that of
the bulk, which plays an important role in the cracking process. Furthermore, as ZnO nanobelt
has much higher surface to volume ratio than that of the bulk, surface effects such as surface
stress may affect the nucleation and development of the crack in the ZnO nanobelt. Hence, a new
model for indentation induced cracking in one dimensional nanostructures is highly desirable.
The preliminary results here show that the fracture toughness of one dimensional nanostructures

may be one order lower than their bulk counterparts, which is of great importance for the MEMS

and NEMS design and application.
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Figure 3.23 AFM 3D image of the nanobelt before indentation
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Figure 3.24 AFM 3D image the nanobelt after indentation (peak load 34 puN)
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Figure 3.25 Mechanical response of the nanobelt during indentation (a) cantilever deflection versus Z piezo

movement curve (b) force versus displacement curve converted from (a)
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3.7 NANOMACHINING

As mentioned earlier, ZnO nanobelt is targeted for the fabrication of MEMS and NEMS.
Nanomachining is necessary for the building blocks of nano devices. However, the nanoscale
size prohibited the well-developed machining methods. AFM can serve as a powerful tool in this
respect [136]. As shown in Figure 3.26, bending and cutting on ZnO nanobelt using AFM tip is
possible. It is also remarkable to notice that ZnO nanobelt can be bent to a large angle while ZnO
is a brittle material in the bulk form. This structural flexibility derives from the nanometer
thickness of the ribbons, as the bending energy depends proportionally on the belt thickness

cubed-the thinner the belt, the more flexible it will be.

(a)

ZnOmnanobelt

Figure 3.26 Nanomaching on ZnO nanobelt by AFM tip (a) bending (b) cutting
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4.0 OPTOMECHANICAL PROPERTIES OF ZNO NANOBELT

Photoplastic effect is well known in bulk ZnO [137-139]. That is, the flow strength of the
material increases after illumination. In addition, the optical properties (refractive index) of ZnO
can be modified by elastic stress or elastic strain (photoelastic effect), suggesting a potential
strong mechanical and optical coupling in ZnO. In the following, optomechanical properties of

ZnO nanobelt will be studied in the two realms: elastic and plastic.

4.1 PHOTOINDUCED ELASTIC EFFECT

ZnO nanobelt, a quasi-one-dimensional nanostructure with rectangular cross section first
reported by Dr. Wang’s group in 2001, has unique mechanical [38] and piezoelectric properties
[37], which are quite different from its bulk. Due to its perfect single crystallinity and excellent
piezoelectric properties, ZnO nanobelt is becoming an attractive candidate for surface acoustic
wave (SAW) devices[140] with the miniaturizing trend of SAW devices. As the velocity of
surface acoustic wave is proportional to the square root of Young’s modulus, the influence of the
light on the elastic properties of a ZnO nanobelt is important for its application as a SAW device.
Although the optical properties (refractive index) of ZnO can be modified by elastic stress or
strain (photoelastic effect [141-143]), there has been no report in the influence of the light on the
elastic properties of ZnO yet. Here we report the newly observed photoinduced reversible
hardening of effective Young’s modulus in a single ZnO nanobelt by AFM, while the effect is
not observed in ZnO bulk. This is the first observed photoinduced strong elastic effect in an 1D

semiconducting nanostructure. The physical mechanism for the observed phenomena is analyzed
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in terms of surface effect and the electronic strain induced by the photogeneration of free carriers
in ZnO.

Since traditional techniques on elastic modulus measurement, such as tensile test or acoustic
measurement, are inapplicable to the nanoscale samples, nanoindentation is currently the first
choice for the study of nanoelasticity [144]. Nanoindentations on ZnO nanobelt and (0001) bulk
(5x5x0.5mm, supplied by M.T.I. Corp.) were first done by a Hysitron Triboscope nanoindenter
in conjunction with a Veeco Nanoscope Illa Multimode AFM. After nanoindentations, the
indentation impression was imaged with the same tip, which verifies that the test was performed
in the anticipated location. Reduced Young’s modulus of ZnO nanobelt can be derived from

unloading part of load-displacement curve using Oliver and Pharr method [87] .

Comparison of nanoindentations on the ZnO nanobelt with and without illumination
reveals a marked difference in the load-displacement curve (Figure 4.1). Although the plastic
deformation is similar in the two cases, the total deformation (elastic plus plastic deformation)
with illumination is much smaller than that without illumination, which gives that the elastic
deformation in darkness is much larger than that in light. As the load in two cases is similar,
larger elastic deformation means lower elastic modulus. This is consistent with the results
derived from unloading part of the load-displacement curve (Fig. 4.3) using Oliver-Pharr
method. Fig. 4.3 provides comparison of illumination induced Young’s modulus hardening
between ZnO nanobelt and (0001) bulk. While there is little change of Young’s modulus in ZnO
bulk with and without illumination, the hardening of Young’s modulus by illumination is at least
200% in the indentation depth from 10nm to 80nm. In the meantime, the effect was reversible.

The hardening effect would disappear when the light was turned off.
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Figure 4.1 Comparison of force-displacement curve of ZnO nanobelt in light and darkness
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Figure 4.2 Comparison of measured Young’s modulus between ZnO nanobelt and bulk with and without

illumination
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On the other hand, the Young’s modulus estimated from the unloading stiffness is
impossible to exclude the effect of inelastic processes, as unloading is not a purely elastic
process [145]. Furthermore, there is an increase in the effect of inelastic processes on the
unloading curve with increasing maximum load, which ranges from 20uN to 200uN currently.
Further decreasing the maximum load on a ZnO sample by Triboscope will result in the
unacceptable scattering of the data. That is why an alternative method was used to study this

phenomenon and to check the consistency.

The other nanoindentation method was performed with Nanoscope Illa Multimode AFM by
using stainless steel cantilever with a diamond tip. In this case, an in-line filter box (FHS-UV
from Ocean Optics Inc.) was applied between the light source and fiber illuminator. Two kinds
of filter were used during illumination. One is a 360nm band-pass filter (passing 340-380nm
light with peak at 360nm), which provides illumination with photon energy higher than the band
gap of ZnO (3.34eV or ~380nm). The other kind of filter is a 550nm high pass filter (cutting
light below 550nm), which provides illumination with photon energy lower than the band gap of
ZnO. The spring constant of the cantilever was calibrated by Veeco Instruments to be 286.2 N/m.
A diamond tip with a tetrahedral geometry (a three sided pyramid with an apex angle of 90
degrees and a nominal tip radius of 25nm) was mounted to the end of the cantilever in a way that
the vertical axis of the pyramid was approximately normal to the sample surface. Before
nanoindentation, the nanobelt was located by the diamond tip under tapping mode. Then the tip
was positioned still to the center of the nanobelt. During nanoindentation, the contact between
the tip and the sample at the ultra-low load (below 1uN) is mainly spherical and can be described
as Eq. (4.1) using Hertzian model [146]. No indent is found after nanoindentation, which

confirms the contact is elastic.
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Where F is the indentation load, E~ is the effective elastic modulus of the tip-sample system
defined similar to Eq. (3.3). E, >> E = E ~ E". R is the tip radius and # is the penetration depth

in the sample. F and % can be experimentally derived from Egs. (4.2) and (4.3).
F=k.xd, =k, xAxU, 4.2)
h=z-d, =z-AxU, (4.3)

Where £, is the spring constant of the cantilever and d, is the cantilever deflection, z represents

the piezo-scanner movement along vertical direction and U, is the cantilever deflection signal.

As z and U, are directly available from the experiment (Figure 4.3a) and k,=286.2 N/m, the

key step to determine F —h curve using Egs. (4.2) and (4.3) is to find out the cantilever
sensitivity A. This sensitivity is the ratio of the Z motion of the piezo, measured in nm, to the
cantilever deflection, measured in volts. Its units are nm/volt and are determined from the slope
of the force-plot curve by indenting on hard surface such as sapphire with a Young’s modulus of
470GPa [145] . Under such circumstance, the penetration depth in the sample is negligible,

which means 7= 0 and z~d_ .Hence A=z/U,.

Once the F —h curve is derived, we can find out £° and R by parameter fitting using Eq.
(4.1). However, there are two parameters involved in the fitting and R should be a fixed
constant as long as the tip is not blunted during indentation. So we first find out R by
nanoindenting on the fused quartz in the elastic region, of which the reduced Young’s modulus is

well known to be 69.6GPa. The average results of fitting to ten F'— A curves give R = 18nm.
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Figure 4.3 Nanoindentations on the ZnO nanobelt under various illuminated condition by cantilever typed
diamond tip. (a) Comparison of the original Deflection-Z piezo movement curve of the ZnO nanobelt under
360nm UV, 550nm high pass illumination and in darkness by a cantilever-typed diamond indenter (only part
of the approaching curves are shown here); (b) Comparison of a typical force-penetration curve of the ZnO

nanobelt under 360nm UV, 550nm high pass illumination and in darkness by a cantilever-typed diamond

indenter (radius R=18nm).
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Once R is known, one parameter fitting to Eq. (4.4) gives E . Figure 4.3a is several original
deflection-z piezo movement curves of ZnO nanobelt under 360nm UV, 550nm high pass
illumination and in darkness by a cantilever-typed diamond indenter (only part of the
approaching curves are shown here). Figure 4.3b is derived from Figure 4.3a using Eqgs. (4.2)
and (4.3), a comparison of a typical force-penetration curve of ZnO nanobelt under 360nm UV,
550nm high pass illumination and in darkness and fitted using Hertzian model of Eq. (4.1). By
examining the features revealed in Figure 4.3, we can get the following information. First, the
one-parameter fitting (indenter radius R=18nm) using Hertzian model matches perfectly to the
experiment, which indicates that the contact between the indenter and ZnO nanobelt can be
described as Hertzian elastic. Second, we can see that Young’s modulus of the ZnO nanobelt in
darkness (only 670nm laser is illuminated on the mirror of the cantilever) and 550nm high pass
illumination is 15GPa and 22GPa respectively, while it is 70GPa under 360nm UV illumination
and almost independent of the intensity of the illumination( ~1-100mW/cm®). Again we find the
photoinduced hardening of Young’s modulus in the ZnO nanobelt is reversible. The results
provide us with the following information. i) Young’s modulus of the ZnO nanobelt is very
sensitive to the UV illumination (above the band gap of ZnO 380nm) and not sensitive to the
below band gap illumination and light intensity. ii) Young’s modulus of the ZnO nanobelt
derived from the loading part of the force-penetration depth curve below 5Snm using Hertzian
model is comparable to that determined by the unloading part of the nanoindentation curve
below 80nm using Oliver and Pharr method. Both results are in agreement with the derived

values from the TEM resonance method, which ranges from 40-60GPa [15] . In contrast, there is
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little difference in Young’s modulus of the ZnO bulk with and without illumination, which varies

from 100-120GPa.

Here comes the key question. What is the mechanism for the photoinduced reversible
Young’s modulus hardening in a ZnO nanobelt? In general, the physical mechanism for the
observed phenomena may be related to the electronic strain induced by the photogeneration of
free charge carriers in ZnO. It is well known that the injection of free carriers results in the local
mechanical straining of a semiconductor [147-149]. By illumination with photons of energies
above the ZnO band gap, electron-hole pairs are generated. The electronic strain in the
illuminated diamond-type semiconductor is in the form of [148] ,

_1de,

S =—
3 dpP

An (4.4)

Where de, /dP is the pressure dependence of the band gap energy, An is the density of

photogenerated excess charge carriers expressed in cm™.
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illumination
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N e

Figure 4.4 Surface response of ZnO by nanoindentations with and without illumination.

Without illumination, surface response of ZnO (dotted line) by nanoindentation is S, and there
are oxygen ions adsorbed on the surface. With illumination, the surface expanded (solid line) and

the corresponding deformation due to the electronic strain is S., which gives the net surface
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response Spm-Se . In the meantime, holes produced by the illumination discharge the negatively

charged oxygen ions on the ZnO surface, which results in extra free electrons in the ZnO.

As the expression of electronic strain for ZnO was not available, we treat the
photoinduced electronic strain similar to the case of silicon. As shown in Figure 4.4, surface
response of ZnO (segmented line) by nanoindentation is S,, without illumination. According to
Eq. (4.4), the electronic strain in ZnO under illumination will be positive since the pressure
dependence of band gap energy is positive for ZnO (~24.5 meV/GPa=3.92x10%* cm® for ZnO
[150] ). This results in the expansion of the ZnO with illumination. The surface expands (Figure
4.4, solid line) and the corresponding deformation due to the electronic strain is S.. It is worth
mentioning that the electronic strain as a result of photogenerated free charge carriers resists the
mechanical strain caused by the indenter. Hence, the net surface response S; under illuminated

indentation is given by,

de de
s =5 -5 =0 1%, 1 _1% An (4.5)
E 3 4P E 3dP o

Where S, is mechanical strain caused by the indentation, o is the mechanical stress, E is
Young’s modulus. In addition, we define the effective Young’s modulus measured by

illuminated nanoindentation as,

lde, An _ E _ 1de, EeAn
3dP o

34dP ¢ E

11 (4.6)
Eeff E eff

To determine the effect of the illumination on Young’s modulus, it is critical to estimate the

magnitude of the second term in Eq. (4.6). For Zn0,

de,/dP ~24.5meV /GPa~3.92x10™ ¢m™,  The mean compressive stress caused by
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nanoindentation can be estimated to be o =F/2zR6 [151] , where F is the load of the
nanoindentation, R is the radius of the indenter and ¢ is the penetration depth. If taking F=1uN,
R=18nm and &=2nm, we get o~5GPa. Hence the key step to determine the effect of

illumination is to estimate the magnitude of the photoinduced density of charge carriers An.

In the dark, oxygen molecules adsorb on the ZnO surface as negatively charged ions by
capturing free electrons from the n-type ZnO and create an electron depletion layer near surface
[152]. Upon exposure to over band gap light, electron-hole pairs were generated in ZnO. Photo-
generated holes then migrate to the surface and discharge the negatively charged oxygen ions on
the ZnO surface (Figure 4.4). Hence, the photo-generated electrons can increase the density of
free charge carriers An near the surface as ZnO is normally a n-type semiconductor [153]. To
better understand the different case in ZnO belt and bulk; we will distinguish the increase of the

free charge density by the following two contributions.

An=An,+An, 4.7)

Where An, is the contribution from the photoinduced electron hole pairs (hy — 7" +e”), and
Any is the contribution from the desorption of the oxygen gas on the surface (O, +h" — O, or

O +h* — 0, +e7). It is important to note that the penetration depth for photons with energies

higher than the band-gap energy of ZnO is only approximately 100nm [138]. Since the thickness
of ZnO nanobelt is comparable to the penetration depth of UV light, the whole cross section of
the nanobelt may be photo-activated and become an electron rich layer, while only the surface of
ZnO bulk is photoactivated. Due to the diffusion of free carriers, we can conclude Angppei; >>
Anp ik during illumination. Furthermore, as the nanobelt has much higher surface to volume

ratio than the bulk, there will be more chance for the photo-generated holes to be discharged on
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the surface of the nanobelt than that of the bulk. Hence, Ang peit is also larger than Ang, puk during
illumination. In fact, the high density of electron carriers in the ZnO nanobelt was manifested by
the several orders of increase of the current upon UV illumination [152, 154], compared to the
several times of increase in ZnO bulk [138] . Therefore, we can qualitatively understand the
photoinduced electronic strain would be much larger in the ZnO nanobelt than that in the ZnO
bulk due to the surface effect. This may be the reason why photoinduced elastic hardening was
not observed in the ZnO bulk. If we further make an estimation of the An required to have a
marked elastic effect using Eq. (4.6), An is in the order of 10% cm™, which is too high to reach.
So the electronic strain in ZnO may be proportional to the (An)™ instead of An in Si, where m is a
constant greater than 1. For instance, if m=1.3 and An=1017cm'3, E/Eetr would be equal to 0.5
using revised Eq. (6). Such density of photo-generated charge is reasonable for the ZnO
nanobelt during UV illumination. When light is turned off, the recombination of electron-hole
and reabsorbed oxygen on the ZnO surface reduced the density of free charge carriers, which
results in less contribution from electronic strain. Hence photoinduced strong elastic effect in the

ZnO nanobelt is reversible.

In conclusion, photoinduced reversible hardening of Young’s modulus was observed in a
single ZnO nanobelt. This is the first observed photoinduced strong elastic effect in an 1D
semiconducting nanostructure, which is of theoretical and practical significance. Theoretically,
electronic strain may play an important role in the mechanical deformation of 1D
semiconducting nanostructure under over band gap illumination. Practically, our experimental
results indicate that elastic properties of 1D ZnO nanostructure may be tuned by the optical
illumination, which sheds light on realizing nanoscale optical tunable SAW devices based on 1D

ZnO nanostructure.
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4.2 PHOTOINDUCED PLASTIC EFFECT

Photoplastic effect (PPE) in ZnO, the reversible increase in flow strength upon illumination,
was first discovered by Carson and Svensson in 1968 [137, 138]. Zinc oxide is an n-type excess
semiconductor that means that there is excess zinc in the crystal. These excess atoms exist in
interstitial positions and are singly ionized at room temperature. This ionization caused the n-
doping. By illumination with photons with energies higher than the bandgap, electron-hole pairs
are generated. The holes will then be captured by traps in the material. It has been proposed that
these traps are the excess zinc atoms which, by capturing a hole, becoming doubly ionized. The
process is therefore an indirect ionization of Zn" to Zn*". It is likely that direct photoionization of
Zn" to Zn*" also occurs. In addition, it is reasonable to assume that the dislocations are
negatively charged in n-type zinc oxide through trapping of majority carriers by traps in the
dislocations. The negatively charged dislocations interact more strongly with the doubly charged
zinc ions than the singly charged zinc ions thus raising the flow stress by dislocation locking.
Recently, nanoindentations on ZnO bulk revealed PPE under 100nm indentation depth [139].
The current study finds similar effect in ZnO nanobelt as observed in ZnO bulk.

As shown in Figure 4.5, the hardness in the light is a bit higher than that in the darkness for
the indentation depth below 50nm. The observation of a positive PPE effect at length scales
significantly smaller than that required for dislocation charge was attributed to the much shorter
dislocation travel distances required due to the high density of surface states which have energy
levels within the bandgap. The lack of an observed PPE for indentations with a contact depth
greater than 50nm is attributed to a reduced effect of the surface states to dislocation charging in

this region and insufficient bulk charging resultant from short travel distances.
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Figure 4.5 PPE effect of ZnO nanobelt and ZnO bulk by nanoindentations
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5.0 ELECTROMECHANICAL PROPERTIES OF ZNO NANOBELT

ZnO is a traditional piezoelectric material with good electromechanical coupling.
Piezoelectric ZnO is mainly employed in the form of polycrystalline thin film[16-23]. The grain
boundary and other defects may weaken the piezoelectric coefficients because they pin the
domain walls and inhibit poling of the materials. As ZnO nanobelt is perfect single crystalline
and almost defect free, it is interesting to find out if it has much higher piezoelectric coefficient
than that of polycrystalline thin film. The piezoelectric coefficients of the ZnO nanobelt are also
critical parameters in the design of nanosensors or nanoactuators using its piezoelectric

properties.

In addition, ferroelectricity was discovered in the Li-substituted piezoelectric ZnO [155-164].
It is also interesting to find out if ferroelectricity existed in Li-doped ZnO nanobelt. If Li-doped
ZnO nanobelt is ferroelectric, it will be a promising material for nanoscale integrated

ferroelectric devices and optoelectronic devices.

The following sections start from piezoelectric coefficient measurement of the ZnO
nanobelt without and with Li doping. Then ferroelectric measurement on Li-doped ZnO nanobelt

1s carried out.

5.1 PIEZOELECTRIC MEASUREMENT

The most common growth direction of the ZnO nanobelt is along the c-axis [0001] or [01 1 0],

with the top surface being (2i iO) and side surface being (OliO) or (0001), respectively

(Figures. 5.1a and b). This is because surface energy of (0110) and (21 10) are lower than that
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of (0001). Growth of (0001) surface dominated nanobelt has to overcome an energy barrier due
to surface polarization. Recently, freestanding piezoelectric ZnO nanobelts with large top and

bottom surfaces being the polar (0001) facets were reported [165].

@) (2110)
| (0110) @Q\\
(b) -
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| (0001) Q@
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N

Figure 5.1 Surface facets of ZnO nanobelts: (a) growing along [0001] (c axis), top surfaces (2 11 0) and side

surfaces (0110), showing no piezoelectric property across thickness; (b) growing along [011 0] (c axis), top

surfaces 2 1 1 0) and side surfaces (0001), showing no piezoelectric property across thickness; (c) growing
along [2 11 0] (a axis), top surfaces (0001) and side surfaces (01 i 0), showing piezoelectric effect across
thickness.

Investigating the piezoelectric properties of ZnO nanobelt using atomic force microscopy
remains, however, a challenge because the sample’s displacement due to the inverse
piezoelectric effect by applying an electric field is in the order of pico-meter (pm). Several
techniques [166], including scanning probe microscopy (SPM) [167-171], have been employed
to measure these small piezoelectric displacements. In particular, piezoresponse force
microscope (PFM) is becoming a standard method for the study of ferroelectric and piezoelectric
phenomena. The PFM technique is based on the detection of local vibrations of a sample induced

by an AC signal applied between the conductive tip of SFM and the bottom electrode of the

81



sample. The local oscillations of the sample surface are transmitted to the tip and detected using
a lock-in technique. The out-of-plane piezoresponse signal is extracted from the z-deflection
signal given by the PSD (position sensitive detector), and represents the local oscillations
perpendicular to the plane of the sample surface. Though ferroelectric properties of individual
Barium Titanate nanowires investigated by noncontact mode of SPM were reported by H. Park’s
group [170], there is no publication on piezoelectric measurement on one dimensional
nanostructures using contact mode of SPM .

This study reports our measurement on the piezoelectric properties of individual ZnO nanobelt
using PFM technique. The result is compared with that of the (0001) bulk ZnO and x-cut quartz.
Our results show that the piezoelectric coefficient ds3 for ZnO nanobelt is significantly larger
than that of bulk ZnO, establishing the base of using ZnO nanobelts for nano-scale sensors and

actuators.

5.1.1 Experimental description

The first step of the experiment was sample preparing. ZnO nanobelts without Li doping were
prepared according to procedure mentioned in section 2.2.1. ZnO nanobelts with Li doping were
prepared by thermal evaporation of ZnO and Li,CO; powder (10%) under 1300°C and 1200°C
respectively. SEM and TEM pictures of Li doped ZnO nanobelt are shown in Figures 5.2 and
5.3. After coating (100) Si wafer with a 100nm Pd by DC sputtering, the prepared ZnO nanobelts
were dispersed on the conductive surface similar to the way described previously. Then the
whole surface was coated with another 5 nm Pd coating, which served as an electrode on ZnO
nanobelt to get uniform electric field and avoid electrostatic effect. Extra care was taken to

ensure that top and bottom surface of the nanobelt was not short circuited after Pd deposition.
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Figure 5.2 SEM picture of Li doped ZnO nanobelt synthesized by thermal evaporation

Figure 5.3 TEM picture of Li doped ZnO nanobelt
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The single ZnO nanobelt was located by a commercially available AFM (Nanoscope Illa,
Multimode) under tapping mode. If contact mode was used, the nanobelt might be displaced by
the tip during scanning, which caused a distorted image. Fig. 5.4 is a three dimensional image of
an individual ZnO nanobelt lying on the surface by tapping mode, which clearly shows a

rectangular cross section with thickness of 123nm. After locating the nanobelt, the tip was

positioned still to the center of the nanobelt.

nm

300.00

Figure 5.4 3D image of ZnO nanobelt for piezoelectric measurement
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It is worth mentioning that not every nanobelt lying on the surface is piezoelectric. The
nanobelt showing piezoelectric grows along [2 1 1 0] with (0001) top surface as presented in
Figure 5.1c. The polar axis of hexagonal wurtzite structured ZnO crystal is along [0001].
Piezoelectric measurements on ZnO nanobelt were performed in contact mode at a single point
with the addition of a function generator, a lock-in amplifier (SR844) and a signal access module

(SBOB) as shown in Figure 5.5.

Lock-in 4— Signal Access 6 PSD Laser
amplifier Module

Function
generator _

ZnO nanobelt

Figure 5.5 Schematic diagram of piezoelectric measurement setup.

In this configuration, the conductive tip supplies current to the electrode and also measures the
piezoelectric motion. The conductive tip is made by coating 20 nm thick Pd on the commercial
Olympus etched silicon probe with nominal spring constant of 42 N/m and tip radius of about
10nm. High stiffness cantilever is chosen to reduce the influence of electrostatic interaction with
piezoelectric measurement [168]. The contact force between AFM tip and nanobelt is ~ 1800nN,
which ensures the measurement is in the so-called strong-indentation regime proposed by S.V.
Kalinin and D.A. Bonnell [172], as the piezoresponse in the strong-indentation regime is

dominated by the dj; of the material. The typical resonance of the conductive tip is about 300
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kHz. The frequency of signal applied on the sample is from 1kHz to 20 kHz, which is much
higher than the low-pass cutoff frequency of AFM topography feedback loop and lower than the
cantilever resonance frequency. The chosen frequency range is almost within the previously
reported values on bulk or thin film samples, ranging from 1KHz to 16.7KHz [167-169, 171].
Input signal was in the range of 1-5 V (RMS). The corresponding vertical deflection signal of the
cantilever is recorded by lock-in amplifier through SBOB. By multiplying the deflection signal
with the calibration constant of the photo-detector sensitivity, the amplitude of the tip vibration is
derived. The calibration constant is determined from the slope of force-distance plot after the
scanner is calibrated using a standard grating. Since the scanner has been independently
calibrated with a known step height, the vertical deflection signal is calibrated to the known

vertical displacement. As illustrated in Equation (1), the slope of the amplitude Ay versus the

input signal Us gives the effective piezoelectric coefficient d </

A, =V,e6= dif oU, (5.1)

Where Ay is vibration amplitude (in units of nm), V¢ is vertical deflection signal of the cantilever
(mV), 8 is the calibration constant of the photo-detector sensitivity (nm/V), U is amplitude of
the testing ac voltage (V).

To ensure the reliability and accuracy of the measurement, effective piezoelectric coefficient
of (0001) bulk ZnO and x-cut quartz (serving as a piezoelectric standard) were measured using
the same PFM technique. As to (0001) bulk ZnO (5x5x0.5mm, supplied by M.T.I. Corp.), both
sides were coated with 100nm Pd and the bottom side was attached to the conductive surface
using conductive epoxy. Similar process was applied to x-cut quartz (¢p10x0.7mm, gold coating

of 150nm on each side, courtesy of Bliley Technologies Inc).
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5.1.2 ZnO nanobelt without Li doping

The best experimental results of piezoelectric measurement on the ZnO nanobelt without Li

doping, (0001) ZnO bulk and x-cut quartz are presented in Figure 5.6.
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Figure 5.6 Piezoelectric measurements on ZnO nanobelt, bulk (0001) ZnO and x-cut quartz. Linear
relationship between amplitude and applied voltage is shown in every case, the slope of which gives the

piezoelectric coefficient.

From the slopes of the curve, the effective piezoelectric coefficient are d;; =2.17 pm/V for x-
cut quartz, d33 = 9.93 pm/V for (0001) bulk ZnO, which are almost independent of frequency.
Compared to the accepted values, d;;=2.3 pm/V for quartz and ds33 = 12.4pm/V for ZnO [168],
the measured results for ZnO bulk and x-cut quartz are reasonable, confirming the reliability and
accuracy of the measuring technique. The effective piezoelectric coefficient of ZnO nanobelt is
frequency dependent and varies from 13.1 pm/V to 25.5 pm/V, which is much larger than that of
the bulk ZnO. One possible reason for the observed enhanced electromechanical response for
ZnO nanobelt might be due to its perfect single crystallinity and free of dislocation, as inherent

reduction in the piezoelectric coefficient due to internal defects was revealed in ultra thin PZT
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films [173]. As to commercially available single crystal bulk sample, certain degree of defects
was inevitable. Next, increase of piezoelectric response with decreasing feature size in epitaxial
PZT thin film was reported by S. Buhlmann et al [174]. The observed increase of piezoresponse
amplitude was 300% with the decreasing of the film thickness from 200nm to 100nm, which was
proposed to be mostly due to a change of domain configuration. Although this mechanism was
not applicable to ZnO nanobelt with tens of nanometer in thickness, the possible size effect of its
piezoelectricity needs further investigation. Furthermore, the different elastic boundary condition
in piezoelectric measurement on ZnO nanobelt and bulk sample may contribute to the enhanced
piezoelectric response. As to ZnO nanobelt, there is no constraint at interface between bottom
side and conductive layer, while conductive epoxy is applied in the case of bulk sample. Hence,
effective piezoelectric coefficient of ZnO nanobelt and bulk is given by Equation (5.2) and (5.3)

using lateral free [175] and lateral full constrain [176] boundary condition respectively.
d;gbelt =dy, (5.2)

28,

A, =dy ———8 4
33 S” +S12 31

33, bulk

(5.3)

Assuming ds; is the same in Equation (5.2) and (5.3), it is interesting to estimate the magnitude
of the second term in Equation (5.3), which provides the effect of boundary condition. However,
the components (S;) of compliance matrix (S) of ZnO is not directly available, which are

derived from stiffness matrix C [177] using the relationship S=C™.

[ 6401 -1932 -2539 0 0 0
~1.932 6401 -2539 0 0 0
~2.539 -2539 8351 0 0 0 U
S = x1072(m* / N) (5.4)
0 0 0 14 0 0
0 0 0 0 14 0
0 0 0 0 0 17
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Using the S;j value from Equation (4) and d3;= -5.1 pm/V, we can estimate the second term in
Equation (3) to be 5.795 pm/V. Taking ds;;=12.4 pm/V (accepted piezoelectric coefficient of
single crystal ZnO), we derive the conclusion that the boundary condition can change the

effective piezoelectric coefficient up to 47%.

The frequency dependence of the piezoelectric coefficient is shown in Figure 5.7. Both ZnO
bulk and x-cut quartz are almost frequency independent. As to ZnO nanobelt, the higher the
frequency, the lower the piezoelectric coefficient ds;, which almost depends linearly on the
logarithm of the applied field frequency. However, the result of 1 kHz measurement is abnormal
to the general trend, which may be caused by noise at low frequency. Previous PFM
measurement indicated the lower the measurement frequency, the higher the noise level. Such
logarithmic frequency dependence was reported in ferroelectric materials such as PZT [178].
Even though ZnO is not ferroelectric, the logarithmic frequency dependence is generally valid in
random systems that have properties controlled by interface pinning [179], such as pinning of
spontaneous polarization in ZnO, which might be caused by surface charge due to the high
surface to volume ratio of ZnO nanobelt. Another possible reason of the unexpected frequency
dependence might originate from the imperfect electrical contact between the bottom of nanobelt
and the conductive layer. With the increase of the input frequency, the quality of electrical

contact decreases, which induces the lower electromechanical response of ZnO nanobelt.
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Figure 5.7 Frequency dependence of piezoelectric coefficient of ZnO nanobelt, bulk (0001) ZnO and x-cut

quartz. Only piezoelectric coefficient of ZnO nanobelt is frequency dependent.

In summary, effective piezoelectric coefficient of the (0001) surface dominated ZnO nanobelt
without Li doping has been measured by PFM and it is significantly larger than that of bulk
(0001) ZnO. The effective piezoelectric coefficient of ZnO nanobelt is also frequency
dependent, which may be due to the surface charge effect or imperfect electrical contact at the
interface. However, it is worth mention that the above results are the best one selected from the
measurement of 20 nanobelts. The majority of the nanobelts show little piezoelectric response
(defined as ds3 <3pm/V). The distribution of the experimental data will be provided at the next

section.
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5.1.3 ZnO nanobelt with Li doping

Figure 5.8 is a SIMS (Secondary Ions Mass Spectroscopy) graph of Li doping ZnO
nanobelt, which shows Li peak. As no standard sample is available, we cannot quantatively
determine the concentration of Li. However, as Li was not detected by XPS (X-ray Photoelectron

Spectroscopy) analysis, its concentration must be lower than 8 mol%.
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Figure 5.8 SIMS analysis of Li doped ZnO nanobelts.

Figure 5.9 shows the best results of effective d;; measurement derived from pure ZnO nanobelt,
Li doping 1300 °C and Li doping 1200 °C. The striking feature is that the best results on the
piezoelectric coefficient of the three cases are of little difference. Furthermore, the piezoelectric
coefficient is frequency dependent and the highest piezoelectric response was captured at
frequency of 2KHz. However, if we analyze 20 sets of the piezoelectric measurement data in
each case, marked difference is shown in Figure 5.10. 18 out of 20 nanobelts without Li doping
show little piezoelectric response, while only 2 out of 20 nanobelts are in the same category with

Li doping. This may be attributed to the huge resistance increase by Li doping [155], which is
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beneficial to the piezoelectric properties. In addition, the difference between 1300 °C and

1200°C Li doping was minor.
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Figure 5.9 The best results of piezoelectric response of ZnO nanobelt with and without Li doping
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Figure 5.10 Distribution of 20 sets of data on the piezoelectric coefficient measurement of ZnO nanobelt with

and without Li doping. The measurement frequency was set at 2 KHz.
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5.2 FERROELECTRIC MEASUREMENT

As ferroelectric properties were reported in Li-doped ZnO thin film, it was interesting to
find out if Li-doped ZnO nanobelt is ferroelectric. Li —doped ZnO nanobelts were prepared by
thermal evaporation of zinc oxide and lithium carbonate (10 : 1 mol%) at 1300°C. After coating
(100) Si wafer with a 100nm Pd, Li doped ZnO nanobelts were dispersed on the conductive
surface similar to the way described previously . Next, the ZnO nanobelt was located by a
commercially available AFM (Nanoscope Illa, Multimode) under tapping mode. After locating
the nanobelt, the tip (SSS-NCH by Nanoworld® ~0.01 Q-cm) was positioned still to the center
of the nanobelt. Ferroelectric measurements on PZT thin film (prepared by sol-gel on Pt-coated
Si, 1um thick, serving as a reference sample for ferroelectric measurement) and Li-doped ZnO
nanobelt were performed in contact mode at a single point with the addition of a signal access
module (SBOB), a lock-in amplifier (SR850, Stanford Research Systems) and a DC voltage
source. The contact force between AFM tip and nanobelt is ~1200nN, which ensures the
measurement is in the so-called strong-indentation regime proposed by S.V. Kalinin and D.A.
Bonnell [172], as the piezoresponse in the strong-indentation regime is dominated by the ds; of
the material. A direct voltage pulse with duration of 12 seconds supplied by the DC source was
applied to the tip with the Pd bottom electrode grounded to polarize the region underneath the
tip. After the polarization, the tip was grounded and an AC voltage with a root-mean-square
(rms) amplitude of 1V and a frequency of 2 kHz was applied to the bottom electrode.

Figure 5.11 is a phase sensitive piezoelectric amplitude image on a bare and polarized PZT
thin film. The phase sensitive piezoresponse image (X output) clearly shows inverse contrast

after 20V and —20 V polarizations.
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Figure 5.11 Phase sensitive piezoelectric amplitude image on a bare and polarized PZT thin film. The scan

size for polarization is lumx1um. (a) After 20V polarization. (b) After —20V polarization.

The tip vibration amplitude was equal to the product of the lock-in signal and the AFM
detector sensitivity. The detector sensitivity was derived from the slope of several force-distance
plots on hard surface such as sapphire. The piezoresponse d;; was equal to the tip vibration
amplitude divided by the modulation voltage of 1V. By varying the DC polarization voltage, the
piezoresponse di3 versus polarizing voltage hystersis curve (Figure 5.12) was obtained. These

results confirmed the validity of our AFM-based ferroelectric measurement.
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Figure 5.12 Piezoresponse d;; versus polarizing voltage hystersis curve on PZT thin film

However, we have not got the convinced results yet showing ferroelectric properties in
Li-doped ZnO nanobelt. This may be due to the insufficient Li content in the ZnO sample. As
shown in Figure 5.13, a new ferroelectric phase transition in Zn; xLiyO was possible at 330k only
when x>0.06. The Curie temperature also increases with increasing Li molar ratio. Although
10% Li was mixed in the raw material, the actual Li concentration in ZnO nanobelt might still
below 6%. This might due to the melting temperature of Li,CO3 (618°C) is much lower than that
of ZnO (1975°C). A large amount of Li was lost before the decomposition of ZnO, which results
in insufficient amount of Li doping in ZnO.

Therefore, higher melting temperature Li

compound, such as LiF, should be used in doping instead of Li,COs.
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Figure 5.13 Dielectric properties of ZnO; (a) dielectric constant, (b) spontaneous polarization, (c) specific

heat, (d) Curie temperature, T, versus Li molar ratio, x. [155]
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6.0 UV PHOTODETECTOR BASED ON SINGLE ZNO NANOBELT

6.1 INTRODUCTION

A photodetector is an optoelectronic device that absorbs optical energy and converts it to
electric energy, which usually manifest as a photocurrent. There are generally three steps
involves in the photodetection process: (1) absorption of optical energy and generation of
carriers; (2) transportation of the photogenerated carriers across the absorption and/or transit
region, and (3) carriers collection and generation of a photocurrent, which flows through external
circuitry.

Photodetectors are classified into intrinsic and extrinsic types. An intrinsic photodetector
usually detects light of wavelength close to the bandgap of the semiconductor. Photo excitation
creates electron-hole pairs, which contribute to the photocurrent. An extrinsic photodetector
detects light of energy smaller than the bandgap energy. In these devices the transition
corresponding to the adsorption of photos involves deep impurity and defect levels within the
bandgap.

Zn0 is a wide band-gap (3.37e¢V) compound semiconductor that is suitable for ultraviolet
(UV) photo detection. Its high radiation hardness enables it to be used in harsh environment.
ZnO UV detector is expected to be found in many applications, such as solar UV radiation
monitoring, ultra-high temperature flame detection, and airborne missile warning systems, etc.
For instance, ZnO thin film was reported to be a UV photodetector [180].

It is known that oxygen chemisorption and photodesorption plays a critical role on

regulating the photosensitivity of bulk or thin film ZnO, where a UV sensitivity of similar
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magnitude has been observed [181]. However, chemisorption and photodesorption are slow
processes, which were dominant in polycrystalline ZnO due to multiple grain boundaries and
surfaces. So the response speed of a polycrystalline ZnO UV detector is usually slow (Figure
6.1). As ZnO nanobelt is perfect single crystalline and almost free of defect, it is expected to

have a fast response speed.
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Figure 6.1 Temporal response of a thin film ZnO UV photodetector [182]
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6.2 EXPERIMENTAL DESCRIPTION

In this study, we constructed a UV photodetector based on a single ZnO nanobelt. First,
ZnO nanobelts prepared by thermal evaporation without addition were dispersed on the pre-
patterned Pt electrodes similar to the aforementioned procedures. The Pt electrodes were
connected to the external circuits by micro bonding. Data acquisition and control of the current
and voltage were done simultaneously with Gamry electrochemical measurement system. Figure
6.2 shows the UV photodetector composed of a single ZnO nanobelt between the two Pt
electrodes. Next, under constant 2.5V DC voltage, the current versus time (I-t) curves were
recorded with the periodic light on and off. Two kinds of the light source are used. One is 8
watts UV source (254nm); the other is 7.5 watts soft —white light bulb. The illumination intensity

is approximately 50 mW/cm®.
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Figure 6.2 UV photodetector based on a single ZnO nanobelt between two Pt electrodes
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6.3 RESULTS AND DISCUSSION

Figure 6.3 shows the response of the photodetector under UV and white light
illumination. Fast response and recovery speed, high sensitivity and selectivity to UV light are
demonstrated. The response and recovery time is only several seconds in comparison to the thin
film UV photodetector (Figure 6.1). The increase of the photo current as high as 5 orders by UV
illumination demonstrates its high sensitivity to UV, while 2 orders increase of the photo current
by the same power white light illumination indicates its high selectivity to the UV spectrum, as
the white light contains less than 0.1% UV spectrum. This behavior shows it is an intrinsic UV
photodetector.

It is generally accepted that oxygen chemisorption play an important role in enhancing
photosensitivity of bulk or thin film ZnO. Considering the high surface to volume ratio in ZnO
nanobelt, further enhancement to the sensitivity of photo response of ZnO nanobelt is expected.

It was generally believed that the photo response of ZnO consists of two parts: a solid-state

process by which an electron and a hole are created (hvo —> h" +e”) and a two-step process
involving oxygen species adsorbed on the surface. In the dark, oxygen molecules adsorb on the

oxide surface as a negatively charged ion by capturing free electrons of the n-type oxide
semiconductor (0,(g)+e~ — O, (ad)) thereby creating a depletion layer with low conductivity
near the nanowire surface. Upon exposure to UV light, photo-generated holes migrate to the
surface and discharge the adsorbed oxygen ions (4" + O, (ad) — O,(g)) through surface

electron-hole recombination. Meantime, photo-generated electrons destruct the depletion layer,

which results in the significant increase of the conductivity of the ZnO nanobelt.
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In conclusion, the UV photodetector based on a single ZnO nanobelt is highly sensitive
and selective to UV light with fast response speed. It is very promising to serve as ultra sensitive
UV photodetector in many applications such as microanalysis and missile plume detection, as
well as fast switching devices for nanoscale optoelectronic applications where on and off states

can be addressed optically.
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Figure 6.3 Temporal response of the single ZnO nanobelt UV photodetector under UV and white light

illumination. Fast response and recovery speed, high sensitivity and selectivity to UV light are demonstrated.
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7.0 CONCLUSIONS AND OUTLOOK

7.1 CONCLUSIONS

In this study, we revealed the following unique nanomechanical and electromechanical

properties of a single ZnO nanobelt using Atomic Force Microscopy.

(1) The elastic modulus, hardness and fracture toughness of the ZnO nanobelt are

much smaller than its bulk counterpart.

(i1) Strong photoinduced elastic effect is observed in ZnO nanobelt, while there is no

effect in its bulk counterpart.

(ii1) The effective piezoelectric coefficient, di;, of ZnO nanobelt is frequency

dependent and much higher than that of its bulk counterpart.

With thickness of tens to hundreds of nanometers, ZnO nanobelt is too small for the macro
scale theory such as continuum mechanics, while it is too large for atomic scale theory such as
quantum mechanics. Surface effects may play an important role in the unique properties of ZnO
nanobelt thanks to its high surface to volume ratio. One of the consequences of our findings is
that these properties are fundamental to the real applications. For instance, the strong
photoinduced elastic effect in ZnO nanobelt sheds light on the realization of optical tunable
surface acoustic wave devices. The excellent piezoelectric properties of ZnO nanobelts support

their applications as nanosensors and nanoactuators.
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7.2 OUTLOOK

ZnO nanostructures are attracting more research efforts worldwide. Using a solid —vapor
phase thermal sublimation technique, nanocombs, nanorings, nanohelixes/nanosprings,
nanobelts, nanowires and nanocages of ZnO have been synthesized under specific growth
conditions. These unique nanostructures clearly demonstrate that ZnO probably has the richest
family of nanostructures among all materials, both in structures and properties. Future work on
the synthesis of 1D ZnO nanostructures is mainly focus on the following two aspects. One is the
controlled growth of 1D ZnO nanostructure. The other is functionalizing the 1D ZnO
nanostructure by doping and surface modification. As to the nanomechanical and
electromechanical characterization on 1D ZnO nanostructures using AFM, the optical resolution
of the CCD camera is a bottleneck in the investigation. The nanobelt which can be located
optically is mainly in the thickness of several hundred nanometers. This makes the study of size
effects on the properties of ZnO nanobelt extremely difficult. In addition, nano devices based on

a single ZnO nanobelt seem promising in the near future.
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APPENDIX A

A.1 PROCEDURES FOR CONVERTING FORCE CURVES OF
NANOSCOPE AFM

In many cases, it is desirable to replace the “tip deflection versus z scanner position”

curve to “force versus sample displacement” curve. The latter one is often more useful for

comparing the measurements with theory because they show directly the dependence of the force

on distance between the tip and sample. However, no procedures for the converting are disclosed

in the Nanoscope AFM manual. The procedures are outlined as follows.

(1)

2)

Export the “tip deflection versus z scanner position curve” in ASCII format. Go to
“utilities” choose “ASCII export”. Remember to include the head of the file.

Open the ASCII file using delimited width format by spreadsheet software, such as excel.
The opened file consists of two parts. The first part (normally row 1 to row 291) is the
head of the file, which contains information of the original file name and the
experimental parameters. The second part is an one column data, showing the LSB value
of the tip deflection voltage. Normally there will be 1024 (for 512 data points setting) or
512 (for 256 data points setting) sets of data. The first half is for extending cycle and the
second half is for retracting cycle. Multiplying this value by the Sens. Deflection
(included in the first part of the file, in unit of V/LSB) and deflection sensitivity
(determined by the slope of the force curve on the hard surface such as sapphire, in units
of nm/V) and the spring constant of the cantilever (in units of N/m) gives the deflection

of the tip in units of nN. List these results as column 2.
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3)

4

List the z scanner position in column 3. Starting with the zero for the first row. The value
of the second row was the sum of the first row and the step value. The step value is
derived as follows. First multiply the Sens. Zscan (in units of nm/V) by the ramp size (in
units of voltage) and then divide the product by the number of the steps in the
measurement (“511” for 512 data points and “255” for 256 data points). Repeat the step
until the contact point of the extending cycle. It is critical to determine the contact point
to the sample in this column, as the deflection value at the extending contact point is not
necessary zero due to other types of force existed in the system. A good tactic for
determining the contact point is to carefully examine the data in the column 1 from the
first row. In the contact range, the data should be decreasing sharply all the time. The
first data point where the data almost keep constant is defined as the contact point. The
corresponding z scanner movement is defined as contact displacement.

Column 4 is listed as the sample displacement. The value from the first row until the
extending contact point is determined by the contact displacement minus the z scanner
movement (value in column 3) and minus the cantilever deflection (column2 divided by
the cantilever spring constant). As to the retracting cycle, the first row is the one with the
largest value after a number of continuous zero. The value of column 4 in the first row is
equal to that of the first row in the extending cycle. Repeat this to the following row in
the retracting cycle until the deflection force in column 2 becomes zero or almost zero.

The corresponding value in column 4 is regarded as the final displacement of the sample.
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A2 DETERMINATION OF TIP RADIUS USING AFM

Determination of tip radius is very critical to nanoindenter and AFM application.
Normally, the sharper tips will provide more plastic deformation while keeping the elastic zone
to a minimum. Hertzian elastic analysis is applicable as long as the contact region is elastic

regardless of the geometry of the tip. The principle of the analysis is given by Equation (A.1).

F =§E*R”2h3/2 (A.1)
E = (EL+EL)-1 (A.2)

Where F is the indentation load, E~ is the effective modulus of the indenter sample system,

given by Equation (A.2), E, and E, are the elastic modulus for the sample and indenter

respectively. R is the tip radius and 74 is the indentation depth.

The analysis starts from the indentation on the sample with well-known elastic modulus.
Usually it is fused quartz with elastic modulus of 69.6 GPa. Extra care should be taken to make
sure the contact is elastic. That is, no residual indent is observable after indentation. Once F —h
curve is derived, the tip radius is deduced by one parameter fitting to the F —#4 curve. Figure
A.1 and Figure A.2 are F —h nanoindentation curves on fused quartz by cube corner indenter
and AFM cantilever indenter respectively. The fitting results give the radius of the cube corner

tip is 380nm and AFM cantilever tip is 18nm.
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Figure 7.2 Force —displacement curve of nanoindentation on fused quartz by AFM cantilever indenter
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A.3 ELASTIC CONSTANTS OF ZNO

Table 7.1 Calculated and experimental elastic constants of ZnO (Mbar) [111]

Calculation
LDA GGA Experiment
Cu 2.09 2.30 2.096% 2.070°
Cn 0.85 0.82 1.211%1.177°
Ci3 0.95 0.64 1.051%, 1.061°
Cs3 2.70 2.47 2.109% 2.095°
Css 0.46 0.75 0.425%,0.448°
Bulk modulus® 1.38 1.25 1.436%, 1.426"

* T.B. Bateman, J. Appl. Phys. 33, 3309 (1962).
®1.B. Kaobiakov, Solid State Commun. 35, 305 (1980).

¢ The bulk modulus is calculated from the elastic constants using the following relation:

B :g(Cll +C), +2C; +C,, /2).
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