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Abstract The electrical properties of wurtzite-type ZnO

low-dimensional structures were analysed using a scanning

tunnelling microscopy (STM) in situ holder for transmis-

sion electron microscopes (TEM). Compared to similar

studies in the literature employing nanowires or nanobelts,

our work illustrates that rather complex structures can be

reliably analysed with this technique. Through controlled

contact manipulations it was possible to alter the systems

I–V characteristics and, in separate experiments, to follow

their electrical response to cycles of induced stress. Anal-

ysis of the I–V curves showed higher than expected

resistances which, according to the detailed TEM charac-

terisation, could be correlated with the considerable density

of defects present. These defects accumulate in specific

areas of the complex structural arrays of ZnO and represent

high resistance points responsible for structural failure,

when the systems are subjected to extreme current flows.

Introduction

Wurtzite ZnO is a semiconductor of the II–VI family

characterized by a direct bandgap of 3.37 eV at room

temperature and a large exciton binding energy of 60 meV.

These properties, together with a thermal energy at room

temperature (RT) of 26 meV, should ensure a highly effi-

cient RT excitonic emission. Consequently, ZnO has been

actively investigated for applications in optoelectronics

[1, 2]. Currently, the generality of commercial semicon-

ductor-based optoelectronic products such as light-emitting

diodes and lasers rely on complex processing of hetero-

epitaxially grown layered structures. This growth method

inherently results in accumulated strain due to lattice

mismatches. Unfortunately, one of the most common strain

relief mechanisms is the generation of dislocations. These

are highly undesirable for optoelectronic applications as

they can act as non-radiative recombination centres [1]. In

contrast to layered materials, a significant number of ZnO

one-dimensional nanostructures have been reported where

dislocations are absent [3] and which have, furthermore,

shown promising optical properties [4]. An additional

property of wurtzite ZnO is the presence of an electric field

along the c-axis due to its non-centrosymmetric structure.

There is, along the alternated layers of Zn and O, a normal

dipole moment, which is responsible for the spontaneous

polarisation effect and subsequently accounts for the

presence of the ZnO (0001) polar surfaces. The presence of

this spontaneous electric field along [0001] could lead to

measurable orientation-dependent variations in the current

transport for quasi-one-dimensional ZnO materials.

Piezo-holders are exciting tools that enable mechanical

and electrical properties measurements inside a TEM [5].

As such, it is possible to perform scanning probe micros-

copy or indentation analyses on very small volumes whilst

continuously imaging the object of study [6, 7]. In recent

reports, astonishing properties of nanostructures were

described such as the superplasticity of carbon nanotubes

[8]. Relevant studies, which explored the electrical prop-

erties of ZnO nanowires, also have been carried out [9].

Nonetheless, most researchers have focussed on simple
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structures such as ZnO nanobelts and nanowires [9–11].

Moreover, the number of orientations probed has been

rather limited, i.e. mainly along [0001], and little mention

has been made to the possible influence of structural

defects. These two factors could potentially have a sig-

nificant effect on the electrical properties measured for

ZnO nanostructures.

In the present report, the structural characterisation of

complex wurtzite-type ZnO structures with low-dimensional

geometries is described followed by the in situ analysis

of their I–V characteristics using a STM/TEM holder.

Different crystal orientations were probed which, added to

the considerations made for the presence of defects, elec-

tron beam effects and current-induced structural failure,

show that the measured electrical properties of these

structures are dominated by defect density and, further-

more, highly dependent on contact characteristics.

Experimental

Two samples were selected in view of their structural

complexities and both included arrays of nanostructured

ZnO low-dimensional objects. For sample A, the structures

were grown using a metal vapour deposition (MVD) pro-

cess. Metallic zinc powder (100 mesh, 99.998%, Aldrich)

was placed in a quartz crucible inside a horizontal tubular

furnace. This was then sublimed at 550 �C redepositing

downstream in a Si substrate as white-powder ZnO. The

reactive gas/carrier was an O2/Ar flow (additional details

on growth and characterisation can be found in [12]).

Sample B was grown as part of a separate set of synthesis

experiments. Details are as described in [13] with the

exception that an O2/Ar flow (O2: 30 sccm, Ar: 350 sccm)

was used instead of pure Ar.

Conversely to previous work carried out on boron

nitride nanotubes by us [14], the structural characterisation

of the ZnO materials was performed separately from the

electrical measurements. This was necessary since it was

not always possible to find structures oriented close to an

appropriate high symmetry zone-axis. In contrast to

nanotubes, which ideal structure is radially symmetric, a

precise orientation of the lattice planes parallel to the

electron beam for inorganic crystals such as ZnO is crucial.

Since the STM/TEM holder is of single-tilt type this

strongly limits TEM structural analysis for anisotropic

inorganic crystals such as ZnO. The structural data was

acquired during operation, at 300 kV, of a JEOL JEM-

3000F, with a point resolution of 2.0 Å. In order to avoid

solvent contaminations, the sample was prepared using a

dry-contact method and a Lacey Carbon Cu grid. As

regards the spectroscopical studies these were performed in

a JEOL JEM-3100FEF, operated at 300 kV and with a

point resolution of 1.7 Å. This microscope is equipped with

an Omega Filter and a 1k slow-scan charge coupled device

(CCD) camera [15]. The side-entry piezoholder used has

STM capabilities and is commercialised by Nanofactory

Instruments AB [16]. In our set-up, a sharp Au wire

(250 lm diameter) acts as the stationary tip-electrode

which has biasing capabilities (Fig. 1). The ZnO sample

was mounted on the opposite electrode, this consisting of a

grounded Au wire (same diameter as the tip) fixed on a

movable part with six springs [14]. In order to improve the

electrical contact and avoid contaminations, the end of the

Au wire was cut flat and covered with an electrically

conductive paste immediately before loading the sample. A

gentle touch of the Au wire flat end on the Si substrate

surface (which contained the ZnO structures) enabled an

efficient sample transfer. The choice of Au electrodes,

which served as contacts for the I–V measurements, is

justified by the Schottky-Mott model which predicts that

metals with high work functions are key candidates for

rectifying contacts on n-type semiconductors. Concerning

ZnO, these metals should additionally possess a low oxy-

gen affinity since the n-type conductivity of this oxide has

traditionally been attributed to native defects such as

oxygen vacancies and zinc interstitials [17]. Hence the

materials of choice are usually limited to gold, platinum

and palladium [18]. From these, Au is possibly the most

convenient to use. For our preparations, we avoided the use

of organic solvents. Although better dispersions are

expected, their use may lead to surface contamination

which can potentially change the materials’ electrical

properties. It should be noted that, in the preparation of

these samples, it is desirable that a low density of repre-

sentative and individually dispersed structures is loaded

onto the Au wire flat surface. This unfortunately is not

always achievable, in particular, if the substrates contain a

Fig. 1 Diagram of the single tilt STM/TEM holder. Both electrodes

are cut from 250 lm thick Au wires. The direction of the imaging

electron beam is normal to the x,y plane of the holder
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very high density of structures or these are highly bundled

together.

In addition to the I–V measurements, experiments to

analyse the electron current density during specimen

imaging were also carried out. This was done using a

retractable Faraday cup mounted on the viewing chamber

of the JEOL JEM-3100FEF. Besides the Faraday cage, the

current density was also controlled with the help of a

previously calibrated focus screen.

Results

Structural analysis

Sample A

Several ZnO arrays and nail-shaped isolated structures

were analysed (Fig. 2a). The arrays are characterised by a

primary and extended basal ZnO square column, which

acts as a template layer for the growth of secondary nail-

shaped structures (a cross-sectional diagram is shown in

Fig. 2a; cf. with Fig. 2f). Only one side of this basal

template-column is growth active. Although numerous

nail-shaped structures were seen to be fused together, ZnO

is a brittle material and fractures are therefore expected,

explaining the widespread presence of isolated structures.

It was observed that the nails consistently showed closed

hexagonal packed structure with a general growth direction

of h0001i (Fig. 2b–e). In addition to this, and after detailed

interpretation of several convergent beam electron dif-

fraction (CBED) patterns taken at the h01-10i zone-axis, it

was concluded that the top of the hexagonal heads are

(0001)-Zn surfaces. From Fig. 2h–j, it is seen that the

experimental 0002 and 000-2 disks, which differ in inten-

sity distribution due to the wurtzite non-centrosymmetrical

structure, are commensurate with the Bloch-wave theoret-

ically calculated patterns. (0001)-Zn surfaces of ZnO have

already been reported recently as being chemically active

and can furthermore account for the self-catalytic growth

of nanostructures [19]. It is interesting to notice from the

plan-view images of the arrays that the hexagonal heads of

the nails would invariably be fused through their vertices,

which correspond to the h-2110i direction (Fig. 2a). This

would further imply that the major axis of the ZnO basal

template column should also correspond to h-2110i.
Notwithstanding, in several cross-sectional views, besides

the predominant h-2110i growth direction for the basal

column, it was also possible to identify some structures

where the major axis of growth was h10-10i. In brief, and

as concerns the arrays of sample A, the microscopical

analysis shows that whilst the basal template column grows

either on the h-2110i or h01-10i directions, the nail-

shaped structures are invariably grown on [0001] and ter-

minated in hexagonal heads with (0001) zinc surface

planes.

Fig. 2 (a) Plan-view image of a sample A array. Besides the

hexagonal heads it is also possible to observe the line contrast due to

the primary basal template column from which the nail-shaped

structures grow. Inset: cross-section schematics of the array; the black

dots represent areas analysed by EDX. (b) Plan-view of an individual

hexagonal head. (c) Diffraction pattern (DP) of (b) showing that the

facets are {01-10}-type planes. (d) Cross-sectional view of an

isolated nail-structure. Inset: defocused DP confirming the [0001]

growth direction. (e) DP of (d). The table confirms the zone-axis and

reflections assignment. (f) Cross-section of a partial array. (g) Weak

beam dark field image, with g(2g) = 000-2, taken from area 1 in (f)
and illustrating the absence of dislocations. The white dot shows the

area probed by CBED. The thickness of the structure at this point is

238 nm, as interpreted through CBED. (h) Defocused DP taken from

the area boxed in (f). The central disk corresponds to the bight field

image (transmitted beam) whereas the 000-2 disk is equivalent to

image (g). (i) Experimental CBED taken on zone axis h01-10i. (j)
Simulated CBED pattern for the experimental image in (i). Param-

eters for the WebEmaps software used were: Bloch-coherent

calculation, disk radius = 1.3, tilt = (0,0,0.8), sampling = 24
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In order to identify whether plastic deformation was

present in both arrays and isolated nails, we carried out

extensive dark field analysis. In this process, two reciprocal

(g) vectors were used, g = -2110 and g = 0002, both

readily available from the h01-10i zone-axis. It is known

that, for wurtzite-type structures, the study of these reci-

procal lattice vectors will provide sufficient information to

determine both the presence and nature of the dislocations

in the material [1]. Weak beam dark field (WBDF) analysis

showed that the nails are clear from dislocations (a partial

view of a representative WBDF image taken at

g(2g) = 000-2 is shown in Fig. 2g). In the case of the

arrays, dislocations are present in the junction of the nails

with the primary basal column, most commonly when the

base of two nails would meet (Fig. 3). This may be an

effect of small misorientations between the facets of

neighbouring nails. The accumulated strain during growth

is relieved through the generation of dislocations. These

dislocations are mainly of mixed (edge plus screw com-

ponents present) and pure-edge nature i.e. visible only

under g = -2110 (cf. Fig. 3a vs. 3b).

As regards the chemical composition of this sample,

several areas were probed using energy dispersive X-ray

spectroscopy (EDX) (spectra not shown). Despite the use

of the 4d transition metal indium in the original synthesis

of the ZnO structures [12], this element could not be

detected. It is known that the minimum mass fraction (or

detection limit) for this spectroscopical technique is around

1 wt.% (when used in routine operation) [20]. This means

that it is not possible to exclude having substitutional sites

of indium in the ZnO structure or even the formation of

very small In clusters dispersed throughout the crystal

surfaces. A growth mechanism based on this assumption

was proposed by Shen et al. [12] which, furthermore,

attempts to explain the formation of the nail-shaped

structures.

In a final note for sample A, no thick amorphous layers

were seen to cover the nails nor the arrays. The presence of

these could have a significant effect in the measured

electrical characteristics.

Sample B

Similar to the products of sample A, this sample presented

numerous arrays of nanowires from where secondary

structures would grow. Again, the secondary growth was

invariably occurring on one side, this time restricted to

particular active areas of the basal nanowires (Fig. 4a). The

morphology of the branches varied from straight wires to

baseball-bat shaped structures, others resembling nails

(Fig. 4b–d). Notwithstanding, they showed unique growth

direction [0001], commensurate with the nails observed in

sample A. Numerous secondary structures were found

isolated with some showing facets with asymmetric surface

roughness (Fig. 4e). This is not believed to be due to sur-

face reconstruction, as reported for other ZnO structures

[3], but rather a consequence of the abrupt detachment of

the branches from the array.

Interestingly, and conversely to most known ZnO

nanostructures, which usually grow along one of the high-

symmetry h0-110i, h0001i or h-2110i axis, the basal

nanowires were seen to have inconsistent growth direction

(cf. defocused diffraction pattern in Fig. 4a, inset). The

growth axis would often change throughout the length of

the nanowires particularly whenever kinks or other major

structural defects were present. Nonetheless, and as it can

be observed from Fig. 4b, it was found that the secondary

structures would generally grow with their axis at ca. 40�
from the basal nanowires and joined at the base through a

few unit cells thick ZnO layers. This area, containing the

interface between primary and secondary structures, was

populated by dislocations and other types of defects such as

thick surface steps. The inset in Fig. 4b shows a repre-

sentative area where Moiré fringes are present. These

interference fringes are usually either a result of the overlap

of lattices with different parameters and/or when domains

with the same structure are rotated by a few degrees. In our

case, the interference pattern may be accounted for by the

rotation of the ZnO g-vectors. Furthermore, the presence of

Fig. 3 (a) WBDF image taken with g(2g) = -2110 conditions from

region 2 in Fig. 2f; (b) Same area as in (a) but with g(3g) = 0002.

The dislocations are now invisible because g.b = 0, where b

represents the Burgers vector of the dislocations
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the half-plane points such as the one marked by the white

arrow, reveals the presence of dislocations in the arrays.

Additional diffraction contrast analysis carried out on

isolated secondary structures, and using g = 0002 and

g = -2110, concurred the absence of dislocations for these.

This disparity in defect density between the basal nanowires

and the secondary structures is also illustrated by the strong

surface contrast variations observed (Fig. 4b). Accordingly,

whereas the first show a spotty appearance, this most prob-

ably due to the presence of high surface roughness and

defects clusters, the latter are seen to have regular surfaces.

As regards the chemical composition of the products of

sample B, EDX analysis was carried out widely on the

sample and no other elements were found besides Zn and

O. Overall, this sample had thinner structures than sample

A. The basal nanowires were grown in non-unique direc-

tions and branched into secondary structures of non-

uniform shape but with regular orientation. Generally, the

products of sample B, besides being less homogenous,

contained more defects when compared to sample A.

I–V measurements

Sample A

The first set of I–V measurements for sample A was made

using a ZnO array similar to those previously described

(Fig. 2a). Before establishing the contact, an I–V curve was

swept and, apart from a baseline offset of ca. -5 nA, the

spectrum did not show any measurable signal (Fig. 5b,

spectrum No contact). It is assumed that the offset is a con-

sequence of charging of the holder electrodes due to their

bombardment with high-energy electrons. In fact, it was seen

that in the absence of the electron beam, the offset always

disappeared. Although not many arrays were properly

aligned, and the contact of these to both electrodes was

highly challenging, it was still possible to acquire several

spectra. A typical example is the structure in Fig. 5a which

was tightly connected on both ends to the Au electrodes (tip

and sample wire). An Ohmic-type linear relation was

obtained from where it was possible to directly extract the

resistance using the known expression, R = dV/dI (see

Array, Table 1). When the electron beam was blanked, the

I–V curve rapidly decayed and no measurable signal was

identified.

Following the analysis of the array, the electrical prop-

erties of a series of nail-shaped structures, which were

highly asymmetrical and grew along [0001], were probed.

The first example corresponds to a simple head-end mea-

surement (Nail Contact 1, see Fig. 6a). The I–V curves

showed a typical Schottky-type behaviour. Interestingly,

these remained unaltered even after biasing the source

electrode with -4 V. As can be observed from Fig. 6b, a

linear relation can be assumed for the I–V plot in the large

bias regime, i.e. |V| [ 5 V. In accordance to a model

recently proposed to explain the electrical characteristics of

semiconductor nanowires [21], it was then possible to

calculate the resistance of this structure resorting to this

large bias region (Nail Contact 1, Table 1).

This experiment was followed by a more complicated

design involving two free-standing nail-shaped structures

Fig. 4 (a) Image of a representative ZnO array of sample B. The

secondary structures in this image are shaped as a baseball bat. The

inset shows the defocused DP of the region signalled highlighting the

undefined growth direction of the basal nanowires. (b) Enlarged view

of an interface region where the secondary structures branch out from

the basal nanowire. A clear difference of surface contrast is seen.

Inset: Moiré interference fringes where the arrow marks the presence

of a dislocation. (c) Baseball–bat-shaped structures with [0001]

growth direction; the lattice image inset shows the (0002) planes. (d)

Bright field image of a secondary structure with nail shape. (e)

Narrow end of the structure in (d); one of the side surfaces is highly

irregular
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(Nail Contact 2, Fig. 6c). The contact established between

the two nail heads was surprisingly stable throughout the

I–V measurements. The initial curves showed pronounced

Schottky-behaviour (Fig. 6d), in agreement to the previous

example. However, after a few forward–reverse sweeping

cycles, the current values changed and the characteristics

went from being almost symmetrical to a more rectifying

profile. No changes in the head–head contact were seen but

it is possible that one of the nail–electrode contacts may

have moved, thereby changing the electrical properties of

the system. Analysis of the large bias regions gave an

average resistance value of 263 MX (Nail Contact 2,

Table 1).

In the next layout, this variable behaviour (i.e. alter-

nating from almost symmetrical to almost rectifying) was

confirmed. However, this time the head–head contact was

not as stable. In fact, by slightly translating the sample wire

electrode it was possible to change the position of the ZnO

heads. Figure 7a–c shows a set of images (with respective

spectra below) where the effect of varying the head contact

can be followed. In the first of these, i.e. Fig. 7a, no contact

has been established with the Au electrode (despite the

appearance, the plane of projection of the nail is not the

same as that of the electrode). When the contact was made,

a symmetrical Schottky-type curve was obtained (Fig. 7b,

e). Further contact modifications resulted in commensurate

variations in the I–V curve, sometimes leading to behav-

iours close to rectifying (Fig. 7c, f).

Sample B

Due to the flexibility, heterogeneity of morphologies and

higher density of defects in sample B structures, a more

balanced distribution of behaviours (linear, symmetrical

and rectifying) was anticipated. Surprisingly, the majority

of the I–V curves followed Schottky-type patterns as shown

in the inset of Fig. 8a. Furthermore, no Ohmic-type curves

were obtained for this sample and (almost)-rectifying

behaviours were seldom measured. A baseline offset was

present although its absolute value was smaller than for

sample A. Likewise, it would disappear the moment the

electron beam was blanked. Additional experiments were

performed in order to find whether the I–V curve would

change with induced stress in the system. The set of images

in Fig. 8a–c illustrates part of a deformation cycle that the

structures were repeatedly submitted to. As can be

observed from the inset plots, the elastic deformation of the

array did not result in measurable changes in the I–V curve

either in shape or absolute current values.

Using the intermediate bias regime (5–10 V) it was

possible to numerically calculate a series of parameters

other than resistance (Table 2). As pointed out in [21],

in this bias regime, the reverse-biased Schottky barrier

dominates the total current I,

ln I ¼ lnðSJÞ ¼ ln Sþ V
q

kT
� 1

E0

� �
þ ln Js

where J is the current density through the Schottky barrier,

S is the contact area associated with this barrier, E0 is a

Fig. 5 (a) Cross-sectional view of a contacted array (sample A). (b)

I–V curves of (a) taken in contact and non-contact modes. An

additional measure was taken for a contact with no electron beam

Table 1 Calculated resistance values for sample A

Sample A Array Nail Contact 1 Nail Contact 2

Average resistance (MX) 185 413 263

Standard deviation (MX) 45 83 103
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parameter that depends on the carriers density, and Js is a

slowly varying function of applied bias.

An interesting observation for this array was that the

absence of the electron beam did not result in the imme-

diate annihilation of the I–V signal. In fact, even for spectra

taken some 5 s after beam blanking a clear I–V signal could

still be read.

Following the electrical characterisation experiments,

the array was subjected to increasing applied voltages

between the two end-contacts. The purpose of this test was

twofold: (a) to analyse its structural resistance and (b) to

verify whether failure would take place at the high dislo-

cation density interfaces between the primary and

secondary structures. Video recording was carried out for a

Fig. 6 (a) Nail Contact 1:

contact of a nail-shaped

secondary structure of sample

A. Inset: detail of the head–

electrode junction. (b) I–V
curves of (a); besides the effect

of the electron beam, the

influence of an applied bias was

studied. (c) Nail Contact 2:

head–head contact of two nail

shaped structures. (d) I–V
curves of (c); the consecutive

curves show a variation of the

I–V characteristics

Fig. 7 (a–c) Sequence of

images showing the

establishment of a head–head

contact and the possibility of

changing it. The arrow in (a)

marks the nail structure that was

used to connect in (b) and (c).

Despite appearance, no contact

is present in (a). (d–f)
Respective I–V curves of the

images above them showing the

evolution of the I–V curve with

contacts variations (from almost

symmetrical in (e) to almost

rectifying in (f))
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period of around 2 min (available as Supplementary

Material and [22]), and clearly demonstrates the failure of

the array as the applied bias voltage is decreased from

-10 V to -130 V. Initially, the contact of the array starts

as a single connection of the primary nanowire to the tip.

At 21 s, which corresponds to a voltage applied across the

array of approximately -20 V, this changes to a configu-

ration where the nearest secondary structure is also

contacted. With further biasing, the array appears to

become wider. This is not a result of sample rotation but

instead of charging of the array. Charging has a notorious

effect on the trajectories of the imaging electrons, severely

altering the final object image obtained. Further into the

experiment, it is visible that the array becomes progres-

sively thinner in the interface regions of the two non-

contacted nail-shaped structures present. Consequently, at

1 min and 58 s of recording time, corresponding to a bias

voltage of -110 V, a fatal structural failure was observed.

Discussion

The ZnO structures used in this study were a degree of

complexity higher than nanowires, the electrical properties

of which have already been reported [10, 21]. It was our

intention to identify whether factors such as the electron

beam, different structural geometries and defect densities

would have a significant effect on the I–V curves measured

with the in situ piezo-holder.

Effect of the electron beam

As demonstrated in the characterisation section, the ZnO

samples were composed of complex arrays. Structural

defects, such as dislocations, were particularly abundant

where the primary nanowires branched out to give secondary

structures with variable geometries. Experiments into the

damage sensitivity of materials to electron irradiation are

necessary in order to understand how local structure and

chemical composition may be altered by the imaging beam.

One method to measure the electron dose received by the

specimen, i.e. the current incident on the specimen per unit

area for a given time, is to use a Faraday cage. In our

experiments, with parallel electron beam, the current den-

sities were calculated to be below 0.5 A cm-2. Using the

calculated current density (j) upper limit together with the

well-know relation, j = eNv, where e represents the charge

of the electron, N the number of electrons and v their velocity,

it was possible to calculate quantitatively the maximum flux

of particles (Nv), that is, the number of electrons traversing

unit area per unit time. This gave a maximum flux density of

electrons of 3E18 electrons/cm2 s. Studies of irradiation

damages mechanisms for ZnO materials have, in the past,

been carried out at 1E19 electrons/cm2 s flux densities [23].

The electron beam dose used in this work can not account for

the defects presence and is considered to be below the

threshold flux needed to appreciably affect the structure. The

dislocations and other defects are therefore assumed as

inherent to the structure synthesised. It is important to point

Fig. 8 Deformation cycles. (a) Starting position for an array of

sample B. Inset: magnified image of secondary structures (bottom left

corner) and a representative I–V curve (upper right corner). (b)

Bending of the array does not change significantly the I–V curve in

shape or current values. Furthermore, the effect of the electron beam

is not noticeable. (c) Final stage of deformation. The significant bend

demonstrates how flexible this array is. The I–V did not suffer any

alterations

Table 2 Calculated electrical

properties for sample B
Sample B Array

Length (lm) 14

Diameter (nm) 95

E0 (meV) 27.2

Electron concentration

(/cm3)

7.9E17

Resistance (MX) 1360

Mobility (cm2/Vs) 0.90
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this out because, under a fairly converged electron beam, the

high energies of the imaging electrons are sufficient to dis-

place oxygen from the ZnO lattice and result in the formation

of metallic zinc [24]. This would naturally have a major

impact on the electrical properties of the samples.

Besides the above, it is expected that the interaction of

the high-energy electrons with a semiconductor material

will induce the formation of electron–hole pairs (e-/h+). In

order to form one electron–hole pair, an energy, Eeh, of

about three times the bandgap is required [25]. For ZnO this

implies that Eeh = 11.11 eV (Eg (ZnO) = 3.37 eV). Con-

sequently, for each 300 keV incident electron (Eo),

approximately 30,000 electron–hole pairs will be created

(Eo/Eeh). In view of these values, together with the electron

flux density, it is possible to estimate the density of e-/h+

per unit time as 2.7E17 (e-/h+)�cm-2 s-1. Despite the

enormous amount of e-/h+ pairs generated these are not

likely to have a dominating effect on the current. In fact,

previous studies on ZnO nanowires using in situ STM/TEM

holders concluded that the current signal (tens of nA are

typical values) was dominated by carrier injection (tunnel-

ling) from the electrodes to the nanowires [9]. This

phenomenon is stimulated by the incident imaging electrons

which drive the excitation of the metal electrode (Au)

electrons to higher energy states, enhancing tunnelling

across the metal–semiconductor (M–S) Schottky barrier.

As regards sample A, the absence of a current signal

when the beam is off may be due to the lower carrier density

available in the structures. In fact, in the absence of the

electron beam neither the injection current (tunnelling) nor

the beam-induced current (e-/h+ pairs) are possible. It is,

therefore, surprising that sample B still showed a clear

signal when the electron beam was off. Spectra with no

electron beam were taken, sometimes in sequences of 3, 4

consecutive spectra, at intervals of approximately 2 s each.

The time span for the spectra acquisition is considerably

larger than any processes of current decay or carriers

recombination which means that the current signal can not

be interpreted as part of a decay process. In fact, the free-

exciton emission lifetime for ZnO is in the order of several

hundreds of picoseconds [26]. Repeated verifications were

made to ensure that no other contacts were present. We can

not at this stage explain the reason for this discrepancy

between the two samples.

I–V characteristics and resistance values

It is assumed that both Fermi surface alignment and the

nature of the interfaces between the Au electrodes and the

ZnO structures differ for the several examples analysed.

Consequently, in the full set of spectra of samples A and B all

types of expected I–V curves were observed. A model to

explain these different characteristics for semiconductor

nanowires, and based on the thermal field emission theory,

was recently suggested [21]. However, due to the complexity

of our structures other factors may also come into play.

Schottky barriers are formed at M–S interfaces (such as

the Au/ZnO employed here). These barriers play a crucial

role in the electrical transport of metal–semiconductor–

metal (M–S–M) systems such as those commonly used for

field effect transistors (FET). However, if the semicon-

ductor is heavily doped, both M–S contacts may be reduced

to Ohmic contacts resulting in linear I–V characteristics.

This behaviour was observed for the array in sample A and

provides circumstantial evidence that these arrays are

slightly doped with In. According to the growth mechanism

proposed [12], In is expected to concentrate in both ends of

the primary basal structure. In spite of the difficulty to get a

clear view of the M–S contact surfaces (due to tilt limita-

tions and the presence of several other structures in the

surrounding areas), we believe that these were established

through the primary basal structure end surfaces. This

implies the use of the non-polar crystal planes {11-20}

and {01-10} which eliminates any possible effects played

by spontaneous polarisation charges. Put together, this

would explain the observed characteristics for the array

since In–n–ZnO contacts have previously been demon-

strated to have Ohmic behaviour at room temperature [2].

The rectifying behaviour is predicted by the thermionic

emission theory if one contact is Ohmic while the other one

remains Schottky-type. In spite of the dominance of the

almost-symmetrical curves and the ZnO–Au contact being

usually Schottky-type, some of the present structures,

particularly for sample A, showed rectifying I–V charac-

teristics. If we consider the nails structures of sample A, the

polar and ionic character of the ZnO (000-1) surface can

limit the probability of forming rectifying contacts because

of surfaces states that are occupied by free electrons which

need not form ionic bonds with O atoms. Conversely, the

likelihood of surface states for the polar ZnO (0001) face is

small as free electrons are unusual for this Zn-terminated

surface. The immediate consequence of this is M–S

contacts with different characteristics for the (0001) and

(000-1) faces [18]. Unfortunately, we exerted no great

control over the extension of the M–S contact surface since

these nails were rigid structures and, unlike nanobelts,

cannot be bent to increase the contact surface with the

electrodes. We expect nonetheless that the nails–electrodes

contacts are made through or very close to the ZnO

{0001}-type planes. The extent to which the planes are

aligned to the electrodes surfaces will control the type of

behaviour observed (Fermi surface alignment). This was

illustrated in our experiments, where the contact areas are

seen to be of extreme importance. By controllably chang-

ing these (Nail Contact 2), it is possible to follow the
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evolution of an almost-symmetrical to a more rectifying

behaviour.

Conversely to the results recently reported by Wang

et al. [10], where piezoelectric field changes are sub-

sequent to deformations of ZnO nanowires, we could not

identify significant effects on the I–V characteristics of our

samples following their mechanical deformation. The

higher amount of defects and more complex layout of the

sample B array probed here, added to its lack of defined

growth direction, could be factors that account for the

contrasting results obtained.

Following the model developed for semiconductor

nanowires [21], the resistance values were generally taken

from the larger bias regions which follow linear I–V rela-

tions. It is interesting to note that our figures are much

higher and variable than for any other ZnO nanostructures

reported [10, 11, 21], which usually fall within the interval

80–120 MX. Notably, resistances for sample A were con-

sistently lower than those for sample B. Dislocations and

other type of lattice defects, such as vacancies, can act as

current scatterers or recombination centres (carrier traps),

ultimately increasing the resistance of the material to cur-

rent flow. Overall, the present results indicate that the lack

of a precise and constant growth direction in tandem with a

considerable amount of defects will lead to high resistance

values in nanostructures.

Structural failure

It is known that increasing an applied voltage will result in

the proportional elevation of the local temperature of con-

ductors through a phenomenon called Joule heating. The

injected thermal energy is a consequence of the momentum

transfer which occurs from the collision of charge carriers

with lattice atoms. During our resistive heating experiments

it is expected that, when increased values of bias were

applied, temperature gradients along the nanostructures

were established. In addition, high-resistance points, or ‘hot

spots’, occurred at the interface region between the primary

and secondary structures where previously a high concen-

tration of defects had been identified. This effect, together

with the concurrent high current densities, enhanced con-

siderably electromigration. As a result, the ionic diffusion

process progressively drove the array of sample B to failure,

which took place precisely at the closest non-contacted

high-resistance points to the tip-electrode.

Conclusions

In this work, it was shown that the electrical properties of

ZnO low-dimensional structures can be successfully

investigated using an in situ STM/TEM holder. These

structures represent a higher degree of complexity from

previous reports in the literature using this type of instru-

mentation. The high density of defects present in the ZnO

arrays accounts for the elevated resistances measured.

Moreover, this property is also seen to be related to the

growth direction of the structures. Finally, it was demon-

strated that areas with high density of dislocations will act

as structural failure points. On the whole, and as concerns

the electrical properties of nanostructures, it is concluded

that the presence of defects is a dominating factor in the

electrical properties of these nanostructured materials. This

further illustrates the importance of a complete diffraction

contrast analysis previous to any properties measurements,

a fact that has sometimes been overlooked in the nano-

scaled materials literature.
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