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Abstract

Bandgap engineering is a common practice for tuning semiconductors for desired physical properties. Although possible strain effects in
semiconductors have been investigated for over a half-century, a profound understanding of their influence on energy bands, especially
for large elastic strain remains unclear. In this study, a systematic investigation of transport property of n-type [0001] ZnO nanowires
was performed at room temperature using in-situ scanning tunnelling microscope-transmission electron microscope technique that show
the transport property varies with applied external uniaxial strain. It has been found that the resistance of ZnO nanowire decreases
continuously with increasing the compressive strain, but increases under the increased tensile strain, suggesting the piezo-resistive
characteristic. A series of near-band-edge emissions were measured and the corresponding varieties of bandgaps were obtained during
the tensile process of individual ZnO nanowires via cathodoluminescence spectroscopy. From which, a relationship between the changes
of energy bandgap and the transport property, both induced by uniaxial strain, is built.

Raman spectroscopy,” in order to reveal the strain effect on their
so band structures. However, most previous studies were based on
bent NWs that contain a mixture of tensile and compressive strain
states, making it difficult to establish the quantitative relationship
between the physical property change and the applied strain.
Despite that theoretical calculations on the bandgap shifts of
strained NWs, including uniaxial compressive and tensile states,
have been widely investigated,**’ there were a limited reports on
the alternation of bandgap changes and transport properties under
both uniaxial tensile and compressive strains for [0001] ZnO
NWs.

The bandgap energy (E;) of a semiconductor determines its
physiochemical properties, and because of this, a great deal of
interest has been devoted to the bandgap engineering as a
powerful technique for developing new semiconductor materials,
particularly at the nanoscale. Bandgap engineering refers to a
process of controlling £, of a semiconductor, usually adjusted by
its chemical composition. However, recent strain-induced
bandgap engineering of semiconducting nanostructures has
attracted much attention,'™ since nanostructured materials
provide a novel approach for bandgap modulation through their
tuneable sizes and shapes due to the quantum confinement
effects.”” Moreover, the high elastic limit of semiconducting e In this study, the relationship between bandgap variation and the
nanostructures induces a larger tuneable E, range in comparison change of transport properties, both induced by the strain, was
to what is possible with their bulk counterparts.®’ established via two correlated experiments. In the first
experiment, the transport properties of typical ZnO NWs were
measured through the in-situ deformation process in a
transmission electron microscope that provide a relationship
between strain and electric conductance. In the second
experiment, the change of near-band-edge (NBE) emission of
typical ZnO NWs caused by strain were measured in a scanning
electron microscope (SEM) that give the variation of E, with
different uniaxial tensile strains. By correlating these two
experiments, the variations of transport properties as a function of
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Although ZnO nanostructures have been used in many
applications where strain engineering plays a role, such as
nanogenerators,' ™' nanowire (NW) field effect transistors,'
piezo-electric diodes' and chemical sensors.'* However, it is still
not clear that how the band structure variation induced by strain
relates to electrical response due to the difficult to separate the
contribution of piezo-resistive and piezo-electric effects.'>'® To
understand the strain effect on the band structure and
corresponding transport properties of ZnO NWs, the influence of
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. . .. . E,, under tensile strain, is established, from which, high
the piezo-electric effect should be eliminated. Several studies e . .
have been carried out for this purpose. Yang e al'™® sensitivity of transport properties as a function of E, can be
; ) obtained.

synthesized Sb-doped ZnO NWs, and obtained the resistance

variation with increasing the applied strain. By making Ohmic 75 [0001] ZnO NWs used in this study were grown by the chemical-

S

contacts between NWs and electrodes, Han ez al.' observed a vapor-deposition (CVD) method,®®* without intentionally
large increase in electrical conductance of ZnO NWs induced by doping. Nevertheless, due to the common presence of H
bending strain. In addition, strain-luminescence measurement impurities,*® O vacancies,’' and Zn interstitials** in CVD grown

techniques for NWs have been developed, such as NWs, we anticipate that our ZnO NWs exhibit a n-type
cathodoluminescence (CL),”>** photoluminescence,”**** and s characteristic.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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The in-situ electrical measurement were performed using a
commercial scanning tunnelling microscope-transmission
electron microscope probing system (STM-TEM, Nanofactory
Instruments)™ inserted into a JEOL-2010 TEM (operated at
200kV). Before the in-situ experiment, two fresh and sharp W
tips were respectively fixed on the movable end of a piezo-motor
and on a fixed Ag electrode. The former can be moved precisely
in three dimensions. Figure 1(a) is a schematic drawing of the
experimental setup, in which a NW is bonded to the two W
electrode tips by the electron beam induced deposition (EBID).
Detailed process can also be found in Refs. 34 and 35. By
accurately controlling the piezo-motor, the individual NWs can
be either stretched or compressed. Figure 1(b) is a low magnified
TEM image showing two W electrode tips and a bonded ZnO
NW.

In this study, W tips were chosen to fabricate electrodes since its
work function (4.55eV) is very close to the electron affinity of
Zn0O (4.2~4.5¢V).**® In order to achieve good electrical contacts
between the ZnO NWs and the W electrodes, the W tips were
freshly prepared and a large current was firstly introduced to
eliminate the oxide layers on the surfaces of W tips. After this
fast melt-quench process, the sharp points of the W tips became
hemispherical shape, as shown in the inset of Figure 1(b). EBID
was used then to weld the NW and two W electrodes.

(a)

Ag

b
stretch

>)

100 pm

Figure 1. (a) Experimental setup showing a NW connected with W
electrode tips placed inside a STM-TEM probing system; (b) W electrode
tips (movable electrode and fixed electrode) and a bonded ZnO NW.

Figure 2(a) shows a typical strain-free ZnO NW with a length of
822 nm and a width of 136 nm, respectively. By controlling the
piezo-motor movement (by careful calibration, each fine step
corresponding a movement of 0.6 nm), the ZnO NW can be

35 either stretched or compressed, and the corresponding I-V

measurements can be carried out simultaneously by applying an
external voltage under a given strain to explore the intrinsic
piezo-resistance of strained n-type [0001] ZnO NWs.

Since the piezo-motor can be accurately controlled forwards and

40 backwards and its repeatability was carefully examined and
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confirmed, we designed the in-situ experiment as follows. After
taken the TEM image of Figure 2(a), the electron beam was
turned off, the deformations (compressed or stretched) were
achieved by changing 8 fine steps of the piezo-motor for each
deformation. For each deformation, its corresponding -V
characteristic was measured by sweeping the voltage from -2 to 2
V. This procedure eliminates the electron beam effect on the
measured /-V characteristics. After that, the entire experiment
was repeated (with identical deformation-controlled by repeating
the steps of the piezo-motor) with the electron beam being
switched on (weak, but sufficient for taking TEM images), in
which the -V characteristics were measured again and the
corresponding TEM images of strained ZnO NW were recorded
simultaneously. It has been found that the /-J characteristics were
identical for each deformation, suggesting that the electron-beam
effect is minimal in our experiments. Besides, to eliminate the
influence of the piezo-electric effect'> completely, the I-V
measurements were performed by waiting for several min after
each deformation, since the piezo-electric contribution is time-
dependent and the polar charges produced by the piezo-electric
effect can be neutralized by external free charges from the
grounded electrode.'®!!
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Figure 2. TEM images showing the ZnO NW with (a) unstrained state;
(b-d) tensile deformed; (e-g) compressively deformed.

Figures 2(b)~(d) show 3 sequential TEM images of the ZnO
NW under the tensile strain, each with 4.8 nm elongation when
compared with the previous one. Therefore, the lengths of the
ZnO NW are respectively 826.8 nm for (b), 831.6 nm for (c), and

70 836.4 nm for (d), which correspond to tensile strains of 0.58% for

(b), 1.18% for (c), and 1.75% for (d), respectively. On the other
hand, Figures 2(e)~(g) show 3 sequential TEM images of the
ZnO NW under different compressive strains with an interval
step of 4.8 nm, which correspond to compressive strains of -
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0.58% for (e), -1.18% for (f), and -1.75% for (g), respectively. In
order to avoid to potential buckling or plastic deformation, a
small uniaxial strain (< 2%) is applied. In our case, the strain is
uniform due to the small aspect ratio of length-diameter (about 5)
of the ZnO NW. Under these conditions, the strain distribution
was simulated by using finite element method (See
Supplementary Information).

For each deformation state (including the strain-free case —
Figure 2(a)), I-V characteristic was measured by sweeping the
voltage from -2 to 2 V. Figure 3 summaries these I-V
characteristics. Since black solid line shows the initial transport
property of the strain-free ZnO NW, which can be used as a
benchmark to evaluate the change of conductance of the ZnO
NW under strain. As can be seen from Figure 3, with increasing
the tensile strain, the conductance is enhanced, as illustrated by
dashed curves (indicated by blue arrow); while, on the other hand,
with increasing the compressive strain, conductance is decreased
as shown by the solid curves (indicated by red arrow).
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Figure 3. Corresponding /-V characteristics of Figure 2; the insert is
enlarge region of the dashed frame region.

To clarify the fundamental reason that is responsible for the
strain-induced conductance variation, we need to consider both
piezo-resistive and piezo-electric effects of ZnO respectively due
to its polar and semiconducting dual characteristics.'*'? For polar
crystals, such as ZnO, the potential piezo-electric effect caused
by strain cannot be simply ignored. When such a polar crystal is
mechanically deformed, the positive- and negative-charged
centers are displaced with respect to each other, so that, although
the overall crystal remains electrically neutral, the difference in
charge-center displacements result in an electric polarization
within the crystal.'” Hu ez al.'® found that the conductance of ZnO
NWs, dominated by the piezo-electric effect, decreased with
increasing the strain regardless of whether the ZnO NWs were
under compressive or tensile strains. This is quite different from
our results, suggesting that the transport properties found in our
ZnO NWs should not be caused by the piezo-electric effect. On
the other hand, the strain induced variation of a bandgap, i.e. the
piezo-resistive effect, does exists in all semiconductors, so that
the piezo-resistive effect should dominate the variation of
transport properties found in our ZnO NWs.

To understand the piezo-resistive effect caused /-V characteristics
as a function of the applied strains (compressive and tensile), the
relationship between the resistivity and the applied strain is
established (the detailed establishment can be found in

ss Supplementary Information) and shown in Figure 4, from which
(1) a linear relationship can be seen and (2) the resistivity
decreases with increasing the tensile strain and increases with
increasing the compressive strain. Since the gauge factor (GF) of
piezo-resistance can be expressed as

AR _ A
50 - = GF T €))
where R is the resistance and / is the original length, GF of the
NW can be determined to be -14, which can be used to calculate

the piezo-resistance coefficient () (and vice versa) from:

GF =7y, )

ss where Y is the Young’s modulus of the [0001] ZnO NW. Using
Y = 160 GPa,* m=-8.75X 107! Pa’! can be obtained for the ZnO
NW, which shows no significant difference compared with the
reported piezo-resistance coefficient of single ZnO NW.'"" It is of
interest to note that the obtained 7w (-8.75X 10!! Pa? is about 8

o times higher than that of the SiC NWs,* suggesting that ZnO
NWs should be more strain sensitivity than SiC NWs.
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Figure 4. The relationship of the resistivity as a function of the applied

strain.

To determine the observed transport properties variation of our

s ZnO NWs as a function of strain, we note that, for a
semiconductor, strain can change the band structure,? carrier
concentrations and motilities,'> which may significantly affect the
transport properties. Mathematically, the resistivity (p) of a ZnO
NW can be expressed as*

1

new’

3)

where 7 is the carrier concentration, e is the electrical charge, and
u is the electron mobility. Based on a well-established model,*'**
n and p can be retrieved from the experimental /-V curve (details
see Supplementary Information). The results are shown in Figure
75 5. Our calculation indicates that the electron mobility u increases
with increasing the tensile strain and decreases with increasing
the compressive strain, however, the electron concentration n
varied slightly with both tensile and compressive strains. This
indicates that the change of resistivity is mainly resulted from the

70 p =
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variation of electron mobility which is similar to the Si
NWs.>*% Han et al." observed a large increase in electrical
conductance of ZnO NWs induced by bending strain, and
proposed that the tensile strain could narrow the bandgap,

s increase the concentration of electrons with low effective mass in
the axial direction which finally enhance the electron mobility
and in turn result in the observed conductance enhancement.
Their result also suggests that E, increases with increasing the
compressive strain, but decreases with increasing the tensile

10 strain. In fact, this strain-£, relationship has been predicted by
theoretical modelling.?**” Nevertheless, the detailed relationship
between conductance and E, under the uniaxial strain should be
clarified.
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Figure 5. (a) The variation of the electron concentration 7, and (b) the
15 variation of the carrier mobility u, both as a function of the applied strain.

To confirm the impact of the uniaxial strain on the energy
band of ZnO NWs, we measured the change of the CL’s NBE

emission of ZnO NWs in a SEM (operated at 15kV) under

20 uniaxial tensile strain, in which, for a given ZnO NW, CL spectra
under different tensile strains were collected at room temperature
with a beam current of 107® to 10 °A and a spectral shift of less
than 0.5 nm with a UV-NIR blazed grating of 0.1 to 0.4 nm. The
detailed experimental setup can be found in Ref. 47. Figure 6(a)

25

30

s
=

shows the variations in the NBE peak of a stretched NW with a
tensile strain up to 2.6%. Clearly, the NBE peak moves towards
the lower energies as a result of tensile strain, corresponding to a
variation of E, from 3.270 eV (strain-free) to 3.248 eV (2.6%
tensile strain), resulted in an overall E, variation of 22 meV.
Figure 6(b) shows the variation of E, as a function of the tensile
strain.
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Figure 6. (a) Normalized CL spectra of one single suspended ZnO NW
subject to increasing strain. For increasing tensile strain, the spectrum
shifts toward higher wavelength, up to 383 nm™, corresponding to 2.6%
tensile strain. (b) The energy shifts and strain values for each of the

spectra.

From Figures 4 and 6(b), the variations of the conductance as a
function of E, under uniaxial tensile strain can be determined, as
plotted in Figure 7. As can be seen, with decreasing E, (induced
by tensile strain), the conductance increases monotonically. From
Figure 7, a small E, variation (such as 22 meV, compared with its
original E, of 3.27eV) can lead to an over 40% increase in its
conductance, suggesting that our ZnO NWs are indeed very
sensitive to strain induced variation of £, and thus conductivities.
This unique feature suggests that our ZnO NWs should be an
ideal candidate in strain-sensitive applications.
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Figure 7. The variations of the conductance as a function of E, under

uniaxial tensile strain

In summary, we performed in-situ manipulation and electrical
and optical measurements on individual n-type [0001] ZnO NWs.

s Variations of the conductance and the NBE emission of ZnO
NWs are witnessed under uniaxial strain. It has been found that
(1) the conductance change of the ZnO NWs decreases with
increasing the applied strain (compressive strain refers to
negative strain) up to 2%, and (2) E, also decreases with

10 increasing the applied tensile strain. The correlation between the
variations of conductance and E, as a function of tensile strain
leads to the clarification of the relationship between conductance
as a function of E,, from which the conductance is found to be
very sensitive to strain induced E,. This study provides a new

15 approach to tune the electrical and optical properties in ZnO
NWs.
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