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1Institute of Physics, Montanuniversitaet Leoben, Franz-Josef Str. 18, A-8700 Leoben, Franz-Josef Str. 18,
A-8700 Leoben, Austria
2Erich Schmid Institute of Materials Science, Austrian Academy of Sciences, Jahnstrasse 12, A-8700 Leoben,
Austria
3Institut für Strahlenphysik, Helmholtz-Zentrum Dresden-Rossendorf, Postfach 510119, D-01314 Dresden,
Germany
4Department of Physics, University of Hong Kong, Pokfulam Road, Hong Kong, People’s Republic of China

(Received 15 January 2011; accepted 2 May 2011; published online 2 September 2011)

ZnO nanostructures are promising candidates for the development of novel electronic devices due

to their unique electrical and optical properties. Here, we present a complementary electrical

characterization of individual upright standing and lying ZnO nanorods using conductive atomic

force microscopy (C-AFM). Initially, the electrical properties of the arrays of upright standing ZnO

NRs were characterized using two-dimensional current maps. The current maps were recorded

simultaneously with the topography acquired by contact mode AFM. Further, C-AFM was utilized

to determine the local current-voltage (I-V) characteristics of the top and side facets of individual

upright standing NRs. Current-voltage characterization revealed a characteristic similar to that of a

Schottky diode. Detailed discussion of the electrical properties is based on local I-V curves, as well

as on the 2D current maps recorded from specific areas. VC 2011 American Institute of Physics.

[doi:10.1063/1.3623764]

I. INTRODUCTION

ZnO nanorod (NR) arrays have been of interest for appli-

cations in a variety of optoelectronic devices,1 including solar

cells. For example, ZnO nanowire arrays have been utilized

in dye-sensitized solar cells.2–4 It has been demonstrated that

the electron transport in a nanowire array electrode is more

efficient compared to a conventional nanoparticle porous film

electrode.2 Thus, the study of electronic properties and charge

transport in ZnO nanorod=nanowire arrays is of considerable

interest for their practical applications. Consequently, ZnO

NRs have been the subject of active studies by means of con-

ductive atomic force microscopy (C-AFM) including experi-

ments with applied mechanical stress.5–10 This technique is

promising for the characterization of as-grown nanostructures

and provides the access to electrical properties on the

nanoscale.

Although, scanning electron microscopy (SEM) is the

method of choice to study arrays of upright standing NRs,

also tapping mode AFM has been successfully employed, for

instance, to determine height fluctuations in arrays of upright

standing NRs and intermediate side facets of the rods.11

Here, we present a complementary study of the electrical

transport in individual upright standing ZnO NRs utilizing

C-AFM. This technique is promising for the characterization

of as-grown nanostructures and provides the access to electri-

cal properties on the nanoscale. Applying C-AFM to study

the electrical properties of the rods is an additional challenge,

since the method operates in contact mode.12,13 In this tech-

nique, a conductive AFM probe is utilized as probing elec-

trode and force sensor at the same time.

The electrical contact area formed between the AFM

probe and sample depends on the mechanical properties of

the tip’s and sample’s materials and the tip loading force.14

Usually, the contact area is ranging from a few square nano-

meters up to some several hundreds of nanometers, reaching

in some cases micrometer size. The size of the contact area

determines to a high extent the electrical transport regime.

The electrical transport via the tip-to-sample interface

involves usually several mechanisms, such as tunneling,

field, and thermal emissions,15 making an analysis in the ma-

jority of cases difficult. Nevertheless, the dual functionality

of the conductive probe enables one to influence the electri-

cal transport regime by the application of proper tip loading

force thus favoring a certain mechanism of transport.

A poor electric contact stability and ill-defined tip con-

ditions are usually the limiting factors in C-AFM applica-

tions. As a solution, a high tip loading force is applied in

order to improve the contact stability. The formation and

rupture of nanocontacts formed by the conductive AFM tip

to ZnO NRs have been a subject of a recent study where it

has been shown that a stable electrical contact may be

formed with tip loading force as low as �12 nN.16 Meas-

uring with forces above this value one can expect reproduci-

ble behavior of the two-dimensional (2D) current maps and

current-voltage (I-V) curves. The I-V characterization of

ZnO NRs using C-AFM reveals usually rectifying behavior

that can be analyzed in terms of Schottky barrier formation

between the C-AFM tip and the NR.16
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Here, we applied C-AFM to study electrical properties

of as-grown ZnO NRs, which were structurally precharacter-

ized by means of SEM and XRD. C-AFM was used to record

2D current maps simultaneously with topography. These

measurements have been complemented by local I-V charac-

terization of the top and side planes of individual NRs. The

I-V curves were analyzed using the Shockley diode equation.

The electrical and morphological data were correlated.

II. EXPERIMENT

A. Sample preparation

The measurements have been performed on ZnO NRs

grown by thermal evaporation of Zn in dry argon flow on fluo-

rine-doped tin oxide (FTO)=quartz substrates. The substrate

was placed 1.5 cm above the Zn source (0.2 g, Aldrich,

99:995%). The reaction was performed in a horizontal tube

furnace with a base pressure (no gas flow) of �10�2 Torr.

Prior to growth, the furnace was flushed with 0:1 L=min of ar-

gon. When the furnace reached 500 �C, a flow of 0:01 L=min

oxygen gas was added. The pressure during growth was 1.1

Torr, the reaction time was 70 min.4

B. Structural characterization

The morphology of the arrays of upright standing ZnO

NRs was studied by means of SEM and intermittent contact

mode AFM using PPP-NCHR probes from NanosensorsTM

with a cantilever resonance frequency of �330 kHz.

For additional characterization of the ZnO NRs’ crystal-

lographic properties as well as their orientation, x-ray dif-

fraction (XRD) measurements were performed. We recorded

the XRD-spectra of the ZnO NRs by performing x-2h-scans

perpendicular to the sample surface using a standard lab dif-

fractometer with an analyzing crystal in front of the detector

at 1.54 Å x-ray wavelength.

C. Local electrical characterization

The local electric properties of the NRs have been inves-

tigated using an MFP3DTM AFM from Asylum Research

equipped with the standard ORCATM module that allows one

to carry out C-AFM experiments and measure currents in the

range from 1 pA to 20 nA. Further, a NanoscopeTM IIIa

AFM from Digital Instruments equipped with a home built

C-AFM module was used, which allows one to measure

currents in the range from 50 (fA) to 200 pA.17

The investigation of the electrical properties of ZnO

NRs has been carried out solely in contact mode AFM. It has

been found that the stability of the feedback loop and imag-

ing process in general are strongly dependent on the force

constant of the cantilever and the scan rate. The best results

for the topography in contact mode were obtained using

PPP-EFM (k ¼ 0:5� 9:5 N=m) conductive probes, where

the feedback loop stability and the image quality are close to

those obtained in intermittent contact mode AFM. We also

performed C-AFM measurements using DCP11 diamond

coated conductive probes from NT-MDTTM. Both the topog-

raphy and current maps recorded with these probes exhibit

less stability compared to those obtained using PPP-EFM

probes, however, good stability could be achieved when car-

rying out measurements with deactivated slow scan axis.

Since the roughness of the surface covered with ZnO

NRs is very high, several requirements should be fulfilled to

make the measurement possible. Relatively stable measure-

ment conditions could be achieved on the NRs with an aver-

age diameter of �600 nm or larger and lengths up to

2:5�3 lm (measured by SEM). Although, the measurements

were also performed on smaller ZnO NRs (down to 30 nm in

diameter), we did not achieve any reproducible results since

the measurements had to be performed in hit-or-miss fashion

in order to avoid breaking of the NRs and consequently dam-

aging the tip. This resulted in a large contribution of tunne-

ling=field emission to the observed currents.

It has also been found that instabilities during C-AFM

mapping may lead to a wear of the probe’s conductive coat-

ing. Therefore, the scan velocity during C-AFM mapping

was 0:5 lm=s or lower in order to achieve most stable condi-

tions avoiding damages of the tip coating and to minimize

the influence of parasitic capacitance effects at the tip-to-

sample interface.

The I-V characteristics were recorded between 610 V

applied to the sample at 0:1 Hz of voltage ramping rate and

activated feedback loop.

The 2D mapping in C-AFM as well as the tip positioning

for I-V characterization have been performed with the scan-

ner driven in a closed-loop mode. We did not observe any

significant difference in the stability of the electrical contact

for both types of probes at a loading force of �50 nN.

III. RESULTS

A. Structural peculiarities

Figure 1 summarizes the structural properties of the

ZnO NR array. The sample’s morphology is presented in the

intermittent contact mode AFM image (Fig. 1(a)). We

observe NRs with hexagonal cross-section and diameters in

the range from 150 to 1200 nm. Along with exactly upright

standing NRs, one can find rods that are significantly tilted

with respect to the substrate.

The crystallographic orientation of the vertically aligned

planes is difficult to define solely from the AFM measure-

ments. However, the tilted side planes are sometimes com-

posed of step bunches separated by (0001) facets that can

easily be distinguished from the rest. The height of the steps

on the side plane ranges from 22 to 30 nm. The protruding

part of the (0001) facet at the steps of the side planes has a

width of about 1� 2 nm.

The difference in the electrical properties between the

top and side planes of the ZnO NRs was one of the key

issues examined in the present investigation. In order to have

an easier access to both the top and side planes, we dealt

preferentially with NRs where the side plane is represented

by a number of step bunches instead of one crystallographic

facet. Such a structure may be also of interest for some prac-

tical applications.

In Fig. 1(b) the section of the XRD-spectrum between

the ð1010Þ and the ð2022Þ Bragg peak of ZnO is shown as a

function of the reciprocal lattice vector qz along to the
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[0001] direction. The peak positions of bulk wurtzite ZnO

with a¼ 3.250 Å and c¼ 5.207 Å hexagonal lattice constants

are marked by dashed lines and the theoretical peak inten-

sities by crosses. These positions show excellent correspon-

dence to the measured ones proving unstrained crystalline

ZnO NRs. (The peaks that have not been indexed can be

related to the substrate material.)

Furthermore, we compared the measured integrated

peak intensities with the theoretical values for a powder like

distribution of ZnO. We found that, e.g., the hexagonal

(0002) ZnO peak depicted a 180 times higher intensity as

expected for random oriented NRs, related to a majority of

ZnO NRs with the c-planes parallel to the sample surface.

We could detect only one other preferred lattice plane along

the surface normal, i.e., the ð1013Þ plane with �4 times

higher intensity. Assuming a constant volume for all ZnO

NRs, we can estimate from all intensity values that 93% of

the NRs are aligned with the c-axis along the surface normal.

However, 4% are aligned parallel to the ð1013Þ planes of the

ZnO NRs, i.e., tilted by 28:1� to the sample surface.

In fact, in our previous AFM study11 of ZnO NR arrays,

we already observed the existence of–in such a way ori-

ented–f1013g intermediate facets between the steep f1010g
side facets and the ð0001Þ top. All other orientation direc-

tions are found to contribute below �1%.

B. 2D current maps

The results of the C-AFM measurements are presented

in Fig. 2. Topography images are given in 2D (a) and 3D (b)

presentation, respectively, in order to provide a better insight

into the structural peculiarities of the investigated system.

The current maps were recorded in forward (from left

to right, (a)) and backward (from right to left, (b)) scan direc-

tions at sample bias of þ0:1 V. The small value of the

applied bias is conditioned by the fact that ZnO NRs exhibit

a high conductivity, most likely due to their high surface

conductivity.18

It is seen that the current maps recorded in forward and

backward scan direction differ from each other. The current

map in the forward direction exhibits more localized and

intense current bursts, whereas in the opposite scan the bursts

are distributed more homogeneously and have a lower magni-

tude. The difference is artificial and comes most likely from

the non-symmetrical tip geometry with respect to the sample.

The appearance of the current bursts, however, is an interesting

phenomenon. The current map recorded in the forward scan

direction has been post-processed, and the line profiles taken

from the post-processed image are subject of further analysis.

The first derivative of the current map is shown in

Fig. 3(a). This representation helps to locate the current

FIG. 1. (Color online) (a) Intermittent contact mode AFM image of ZnO

NRs grown on FTO. The diameter of the NRs varied in a wide range from

150 to 1200 nm, the length of the NRs was � 2:5 lm as it was determined

from the comparison of SEM and AFM data. (b) XRD spectrum of the ZnO

NRs perpendicular to the sample surface. XRD intensity over the reciprocal

lattice vector qz along the [0001] direction. ZnO bulk Bragg peak positions

and intensities are marked as dashed lines and crosses, respectively.

FIG. 2. (Color online) C-AFM images of ZnO NRs grown on FTO. 2D (a)

and 3D (b) topography images of ZnO NRs reveal the presence of step

bunch-like structures at the side plane instead of a singular facet. The current

maps recorded atþ 0.1 V of sample bias in forward (c) and backward (d)

scan directions demonstrate the presence of current spikes that appear seem-

ingly at the edges within the side plane.
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extrema and has been applied in order to perform a simple

analysis of the current behavior at the step edges of the side

plane of the ZnO NR.

The 2D current map derivative presented in Fig. 3(a)

reveals a number of clear bursts coming from the step-like

side planes of the ZnO NRs. The points where the current de-

rivative reaches its extrema correspond to the situations

when the current changes its behavior from rise to decay or

vice versa. The points where the current derivative is equal

to zero correspond to either current minimum or maximum.

C. Current line profiles

A comparison of the profiles taken from the current

(Fig. 2(c)) and current derivative (Fig. 3(a)) maps with the

corresponding topography profile taken from Fig. 2(a), is

presented in Fig. 3(b). It provides a clear view into the

behavior of the current at the step-like side plane for one of

the ZnO NRs. The scan direction is denoted by the arrow in

Fig. 3(b). The correlation between zero points on the current

derivative profile and corresponding points on the topogra-

phy is depicted with the help of dashed lines. This kind of

behavior is valid for the other NRs inspected, i.e., a general

trend is that the current reaches its maximum at the points

with a large height gradient, whereas the current minima can

be associated with the smaller height gradient.

D. I-V characteristics

The I-V characterization on individual upright standing

ZnO NRs has been the subject of our study in order to deter-

mine their carrier transport properties. It has been found that

for PtIr coated probes, the I-V characteristics are non-repro-

ducible when measuring with tip loading forces of �50nN or

larger. Therefore, the I-V characterization of the ZnO NRs

has been performed entirely using diamond coated conduc-

tive probes (DCP11 from NT-MDTTM). The low-speed scan

direction was turned off at the moment when the NR’s posi-

tion and geometry were defined.

The I-V characteristics presented in Fig. 4 have been

recorded at the top and side planes of the ZnO NR with a tip

loading force of about 50 nN. Such a loading force is at least

twice as large as the one needed to obtain a stable Schottky

contact between the PtIr coated tip and ZnO NR.16 The char-

acteristics reveal that the side plane has a much smaller turn-

on voltage that cannot be simply explained via the difference

in electrical contact area (see Sec. IV for a detailed

discussion).

In fact, the effective electrical contact area has been esti-

mated as 10 nm2 by a method described by Sarid,14 and the

current densities J used for the presentation in Fig. 4(b) were

calculated with this value. The backward diode current (not

shown) demonstrated in some cases rather significant devia-

tion from zero level at the sample bias higher than þ5:5 V.

We also examined the same structure with diamond

coated conductive probes (the data are not presented) and

found the same type of electrical behavior, however the elec-

trical contact stability was lower at comparable tip loading

forces. Nevertheless, the I-V curves in both cases are asym-

metrical, demonstrating rectifying behavior and linearize

when presented in an ln J vs: V plot (Fig. 4(b)).

IV. DISCUSSION

As mentioned above, C-AFM measurements rely on the

fulfillment of several requirements, such as proper tip load-

ing force, scanning rate, applied bias, etc. The 2D current

maps measured in contact mode C-AFM revealed a number

of current bursts originating from the side planes of the ZnO

NRs. The appearance of the current bursts is an interesting

phenomena indeed that will be discussed in the following.

At present we assign the difference between backward

and forward scan directions of 2D current maps to the non-

symmetric tip-to-sample geometry. The current maps in for-

ward and backward directions are recorded with two

FIG. 3. (Color online) (a) First derivative of the forward current map pre-

sented in Fig. 2(c). (b) Correlation between the topography, current, and cur-

rent derivative profiles taken from the locations marked by correspondently

colored lines in Figs. 2(a), 2(c) and Fig. 3(a).
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essentially different electrical contacts (back and front sides

of the tip), thus showing some discrepancy.

Several possible mechanisms can be responsible for the

appearance of the current bursts. The current bursts appear

already at very low sample bias, indicating high conductivity

of ZnO NRs and low barrier height between the PtIr coated

tip and the ZnO NRs. ZnO is a wide bandgap semiconductor

(3:37 eV) (see Ref. 19) and the intrinsic bulk conductivity is

very low even if one takes into account that ZnO exhibits n-

type conductivity in absence of intentional doping. Studies

of the surface conductivity20–23 reveal that the presence of

various adsorbates on the ZnO surface may enhance the con-

ductivity by some orders of magnitude. Also, ZnO exhibits

persistent photoconductivity, and its conductive state may

persist for very long time like hours or even days.24,25 There-

fore, the pre-exposure to ambient light could also lead to

enhanced conductivity.

The analysis of the current derivative profile presented

in Fig. 3(b) reveals that the current bursts appear at the points

with a large gradient of height. On the first glance, this may

serve as an indication for instabilities in the feedback loop of

the AFM that cause a rapid increase in the loading force with

the consequent decrease of the contact resistance. At the

same time, the appearance of the current bursts at the side

planes of the NRs may be associated with a larger contact

area of the tip-to-sample contact. However, one has to admit

that the dependence of the current on the contact area is lin-

ear and does not explain the essentially different behavior of

the I-V characteristics recorded from the top and side planes

(Fig. 4) of the NRs.

We also performed analysis of the I-V characteristics

(Fig. 4(b)) in terms of Schottky barrier formation between

the tip and the ZnO NR. The values of the Schottky barrier

heights have been determined using the diode equation26:

J ¼ J0ðexpð�qVbias=gkBTÞ � 1Þ; (1)

where q and kB are the electron charge and Boltzmann con-

stant, respectively, Vbias is the sample bias, T is the tempera-

ture, g is the ideality factor, and J0 is the saturation current

density. The I-V characteristics measured from the top and

side planes have been linearized in ln(J) versus V coordi-

nates. The intersection with y-axis gives the value for the sat-

uration current density, which is defined as

J0 ¼ A��T2 expð�qUSB=kBTÞ; (2)

where A�� ¼ 72 Am�2 is the Richardson constant for ZnO

and USB is the Schottky barrier height (SBH). The saturation

current densities determined from the intersection with the

y-axis (Fig. 4(b)) equaled to 83:260:1 Am�2 and

107760:1 Am�2 for the top and side planes, respectively.

The reproducibility of the SBH and corresponding ideal-

ity factors for the ð0001Þ top plane for single ZnO NRs was

in the range of 620% for a series of 10 measurements,

whereas for the side plane there is no statistics available due

to the lack of experimental data caused by technical issues

mentioned above. Nevertheless, the estimated value of the

SBH for the side plane of ZnO NRs is based on the averaging

of reproducible I-V characteristics measured at several loca-

tions from different spots on the sample surface. The corre-

sponding SBHs have been estimated as �0:54 eV and

�0:48 eV for the top and side planes, respectively.

The ideality factors have been determined from the

slope of the ln(J) versus V curves as

g � q

kBT

� �
@V

@ðln JÞ

� �
: (3)

The ideality factor equaled to �6:7 for the top and �1:2 for

the side plane, respectively.

We believe that it is worthwhile to collate the ideality

factors measured at different voltages for this case, even

though they should not be directly compared. A comprehen-

sive overview on SBH for various ZnO crystallographic

planes and electrode metals (macroscopic contacts) can be

found in the book by Brillson (Ref. 27, p. 486). The SBH for

the top facet found in our experiments is smaller than those

values found in the literature for the ZnO ð0001Þ top plane,

FIG. 4. (Color online) (a) Forward I-V characteristics recorded from the top

facet (circles, black) and side plane (triangles, red) of a tilted ZnO NR. The

characteristics revealing a significant difference between turn-on voltages.

(b) Forward I-V characteristics recorded from the top facet (half-filled

circles, black) and side plane (filled circles, red) of a tilted ZnO NR linear-

ized in logarithmic scale. The linear fits (straight lines) were used to deter-

mine the Schottky barrier heights and ideality factors.
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which already range for this particular plane from 0.61 eV to

0.96 eV (for Pt electrodes). The corresponding ideality fac-

tors vary from 1.1 to 3.1.

It is also known that electrical properties of nanocon-

tacts may significantly differ from their microscopic counter-

parts.28 In particular, for ZnO Schottky nanocontacts, the

values available in the literature are mainly restricted to the

ideality factors that range from 3.1 (see Ref. 29) to 9.30 Since

our measurements were carried out under ambient condi-

tions, an influence of hydrogen diffusion originating from

electrochemical water decomposition in the contact region

can also not be excluded.31

According to Allen and Durbin32 there is not yet a final

conclusion concerning the correct model to describe the

SBH to ZnO. Furthermore, in contrast to the ð0001Þ plane

there are few data available on ð1010Þ side planes.33 How-

ever, from the variation in photoluminescence results of dif-

ferent crystal facets,34,35 it is reasonable to expect that

electrical properties also differ. In addition, secondary ion

mass spectroscopy investigation has demonstrated higher

incorporation of impurities in O-terminated compared to Zn-

terminated ZnO epitaxial films.36 Moreover, different facets

may exhibit differences in surface adsorption (for example,

it was proposed that the (0001) surface has affinity to OH

groups while the ð0001Þ surface exhibits affinity to H atoms),

which would affect their optical and electronic properties.37

Since the ideality factor of the Schottky contact formed

between the side plane of the ZnO NR and conductive PtIr

probe is close to unity in our case, thermionic emission can

be considered as the main mechanism of transport. The elec-

trical transport is driven by the drift of charge carriers due to

the electric field applied, rather than due to the non-thermal

generation-recombination processes that can take place at

the tip-to-sample interface or in the depletion region. For the

contact between the top plane and the probe, the deviation of

the ideality factor from unity could be caused by several rea-

sons. A high rate of non-equilibrium generation-recombina-

tion processes is considered commonly as a main mechanism

causing deviation of the ideality factor from unity. Other im-

portant influences are the shunt, series resistances, image-

force lowering effects, and tunneling.

The analysis of 2D current maps and I-V characteristics

recorded with different types of conductive probes (using the

same tip loading force) reveal a difference in the magnitudes

of the current recorded. Comparison of the current maps

recorded with PtIr (PPP-EFM from NanosensorsTM) and

conductive diamond coated probes (DCP11 from NT-

MDTTM) reveals that the utilization of the latter leads

usually to smaller current magnitudes. This is most likely

due to the increased barrier height between the tip and ZnO

NRs. The second important parameter defining the magni-

tude of the current flowing via the tip-to-sample interface is

the contact resistance that can be regulated to some extent by

the force applied to the tip.

V. CONCLUSIONS AND OUTLOOK

In this work we investigated the electrical properties of

as-grown ZnO NRs by means of C-AFM. The 2D current

maps have been recorded solely in contact mode using PtIr

coated probes. The current maps revealed current bursts at

the side planes of the NRs and a discrepancy between the

scans recorded in backward and forward directions. We

assign this discrepancy to be most probably due to the asym-

metrical tip geometry, whereas the observed current bursts

originate from the difference in the electrical properties

between the side and top planes of the ZnO NRs. However,

we cannot rule out completely that they appear as a result of

instabilities in the feedback loop as reported recently.8

In order to gain more clarity about the correlation between

the structural peculiarities and electrical properties, we per-

formed preliminary C-AFM experiments on lying ZnO NRs,

which are presented in Fig. 5. For this experiment, the ZnO

NRs prepared by the method described above were mechani-

cally removed from the substrate, dispersed by an organic

solvent on an insulating substrate and contacted with tungsten

by the help of focused ion beam lithography. We expect that

the C-AFM experiments performed in this configuration will

help to rule out the artifacts. With C-AFM measurements we

faced so far problems resulting from contamination of the NRs

with residuals of the organic solvent used. However, we expect

that experiments performed in this configuration will help to

rule out the possible artifacts mentioned.

For I-V characterization of upright standing NRs, we

used diamond coated, conductive probes. These measure-

ments revealed Schottky barrier heights equal to �0:54 eV

and �0:48 eV for the top and side planes, respectively.

Thus, the lower Schottky barrier height for the contact to the

side plane of the ZnO NR also contributes to higher currents.

Therefore, this difference of the Schottky barrier heights for

the side and top planes of the ZnO NRs should be taken into

account when analyzing the appearance of the 2D current

bursts. The other influences like parasitic capacitance effects,

leakage currents, etc., cannot be completely excluded from

the consideration.

In this study, we were limited to ZnO NRs with diame-

ters of 600 nm and larger since C-AFM is performed in

FIG. 5. (Color online) Topography of a ZnO NR lying on an insulating sub-

strate (native oxide covered silicon wafer) and contacted with tungsten by

focused ion beam. This setup is planned to be use for C-AFM inspection of

the NR side facets.
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contact mode. Smaller NRs were found to not withstand the

high lateral forces required. In principle, embedding of NRs

in a polymer matrix9 could solve this problem. However, the

resulting functionalization is expected to alter their electrical

properties. Finally, we would like to mention that stability

problems during C-AFM measurements in air, which are

most probably due to the presence of adsorbates, are

expected to be circumvent by future measurements using our

C-AFM set-up operating under UHV conditions,38 which has

already been successfully applied to study high-k dielectric

thin films39 and lying semiconductor nanowires.40
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Palacios-Lidón, Nano Lett. 7, 1505 (2007).
17S. Kremmer, S. Peissi, C. Teichert, and F. Kuchar, in ISTFA 2002. Pro-

ceedings of the 28th International Symposium for Testing and Failure
Analysis (ASM International, Materials Park, 2002), pp. 473–82.

18H. J. Krusemeyer, Phys. Rev. 114, 655 (1959).
19C. Klingshirn, Phys. Status Solidi B 244, 3027 (2007).
20J. Aranovich, J. Vac. Sci. Technol. 16, 994 (1979).
21G. Sberveglieri, Sens. Actuators B 23, 103 (1995).
22S. J. Pearton, D. P. Norton, K. Ip, Y. W. Heo, and T. Steiner, J. Vac. Sci.

Technol. B 22, 932 (2004).
23O. Schmidt, A. Geis, P. Kiesel, C. G. V. de Walle, N. M. Johnson, A.
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