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Size and grain-boundary effects of a gold nanowire measured
by conducting atomic force microscopy
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The resistivities of thin metal films and wires are highly sensitive to their polycrystalline structure
and surface morphology because grain boundaries and surfaces provide additional scattering sites
compared to bulk materials. Here, we investigated polycrystalline gold wires of nanometer-scale
diameter that were—at some locations—connected through single grain boundaries. A detailed
topography of the wires was recorded by atomic force microscopy. A Pt-coated tip in a conducting
atomic force microscopy setup served as a mobile electrode to probe the resistance of a wire.
Analyzing the topographical cross section and the resistance data allowed us to evaluate the
effective specific resistivity of the wire as well as reflection coefficients of single grain boundaries.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1473868#

With the increasing spatial density, complexity, and
clock frequency of microelectronic devices, the demands on
interconnects to provide high conductivity will conflict with
their further reduced geometries. The resistance of thin wires
increases more than linearly with the reduction of cross-
section area when film thickness, lateral dimensions, or grain
diameters become comparable with the electron mean free
path: the scattering of electrons at grain boundaries and sur-
faces enlarges the effective resistivity.

The theoretical description of size effects1–4 is contro-
versial, because in experiments the parameters of surface and
grain-boundary scattering are difficult to decompose as grain
sizes typically scale with film thickness. Another general
problem is that different origins of electron scattering cannot
be described self-consistently by an effective mean free path
using Matthiessen’s rule.5,6 Furthermore, current grain-
boundary scattering models3,4 are quasi one dimensional and,
therefore, neglect lateral percolation of conducting electrons
through neighboring grains.

Polycrystalline gold has been a widely used model sys-
tem to study size effects, because of its chemical stability
and well-defined deposition processes. Recent experimental
studies of thin films indicated, for example, average thin-film
values of grain-boundary reflection coefficientsR50.35,7

0.1–0.45,8 or 0.3.4 These parameters are not universal be-
cause they strongly depend on the details of film structure
and morphology which is highly sensitive to the way of film
deposition. A study of single grain boundaries~SGBs! in a
gold film by scanning tunneling potentiometry revealed a
few values as high asR50.7– 0.9.9 These numbers do not
necessarily contradict the macroscopic studies because, in a
two-dimensional film, electrons may easily find more trans-
missive paths, so that high reflection coefficients do not
show up in thin-film statistics. In confined wires, however,
the data indicated reflection coefficients as high asR50.9.10

Experimentally, the net resistances of SGBs are not acces-
sible by fully wired four-terminal measurements. Scanning

tunneling potentiometry is difficult to apply to nanowires
because the control of the probe tip fails on insulating re-
gions adjacent to the wire. In this letter we present the inves-
tigation of granular gold nanowires by conducting atomic
force microscopy~AFM!. Our technique provides data of
both local resistivities and three-dimensional shape of the
wire and SGBs.

The experimental setup~see Fig. 1! was a conducting
probe AFM developed for reliable electrical testing in ambi-
ent conditions.11 Key features of the instrument are the Pt-
coated conducting AFM tip and a protocol to accurately re-
produce contacts in a nondestructive regime. Cantilevers
with a tip radius of 70 nm achieved a contact resistance to a
gold surface as low as 15V. It varied by about 2V mostly
due to irregular shapes of the gold grains, which cause varia-
tions of the diameter of tip-sample contact~;20 nm!.11 Ac-
curate~61 nm! scanning and positioning of the tip on the
sample was carried out by an hysteresis-free piezoelectric
scan table~P731.20, Physik Instrumente, Germany!.

The sample was a Si substrate with a 15 nm, thermally
grown oxide layer coated with a 1 nm Tilayer followed by
an 18 nm Au layer evaporated by an electron-beam evapora-
tion source at a rate of;0.4 nm/s and a base pressure of 2
31027 mbar. The grain diameters in the gold film were 42
611 nm. The sheet resistance was 1.5V/h, corresponding
to an effective resistivityrfilm53.3mV cm51.5rbulk, where
rbulk52.2 mV cm is the bulk resistivity of Au. Nanowires

a!Author to whom correspondence should be addressed; electronic mail:
alb@zurich.ibm.com

FIG. 1. Setup of the conducting AFM. Voltage is applied to the conducting
tip, which acts as a mobile electrode with a low-ohmic contact to the
sample. The current measured by a current–voltage (I –V) converter con-
nected to the nanowire sample is proportional to the lateral conductivity
G(x,y) between tip and sample electrode. From Ref. 11.
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were fabricated by high-resolution microcontact printing12–15

of a self-assembled monolayer~SAM! of eicosanethiol as a
resist, followed by a selective etch to remove the unprotected
gold. Defect-free SAMs were found efficient to conserve the
conductive properties of the underlying gold film in an etch
bath. A series of gold nanowires were open ended owing to a
printing defect, but were of interest because of their SGBs.

The granular morphology of the wires@Fig. 2~a!# was
resolved by tapping-mode AFM using a sharp tip~Super-
SharpSilicon, Nanosensors, Germany! with a radius of<5
nm ~specified by the manufacturer! in a standard AFM setup
~Dimension 3000, Digital Instruments, CA!. The same region
of wires was identified with the conducting AFM and imaged
in tapping mode before and after electrical probing@Fig.
2~b!# using a conducting Pt-coated tip. The differences in
resolutions of Figs. 2~a! and 2~b! are related to the different
radii of the tips. The wire marked by a box in Fig. 2~a! was
electrically probed with the conducting tip along its full
length. A probing sequence with a step size of 8 nm started at
the end of the wire and moved toward the pad. This way, we
effectively probed the untouched fraction of the wire, thus
excluding eventual effects of tip-sample interaction. At every
position, a voltage ramp of650 mV was applied to the tip.
The linear response of the current allowed an accurate cal-
culation of the resistance.

The resistance data as a function of position along the

wire are shown in Fig. 2~c! and can be exactly matched with
the topographic structure~inset!. The left most values~;100
V! belong to the pad connecting the wire, and represent a
constant offset including the overall lead and contact resis-
tances. The resistance probed on the wire increased with the
distance from the pad. Only at a few locations did the con-
ducting tip fail to achieve a good electrical contact, probably
because of local contamination of the sample. Therefore,
some data points scattered to higher values.

Although the wire consisted of discrete grains—only
two or three grains spanning its width—the resistance data
consisted of rather continuous sections. At a few positions
@labeled~1!, ~3!, ~4!, and~5! in Fig. 2~c!# we observed steps
of 4–10V in the resistance, which were attributed to SGBs
in the topographical inset. At the step locations~1!, ~3!, and
~4!, the wire was, in fact, connected by SGBs, whereas at
location ~5! three grains were connected. Other SGBs iden-
tified on the topography,~2!, ~6!, and ~7!, did not produce
steps in the wire resistance.

The continuous parts encouraged us to assume a con-
tinuum effective resistivityr to reproduce the resistance
data. The local cross sectionsA @dashed line in Fig. 2~c!#
were extracted from the topographical data after subtracting
the thickness of the SAM~;2 nm!. The increase of resis-
tanceDR on an incrementDx was calculated by

DR~x!5rDx/A~x!, ~1!

wherex is the coordinate parallel to the wire axis. With an
effective resistivityr513.3mV cm in Eq.~1!, we were able
to follow the continuous sections of the experimental data
@see Fig. 2~c!#, only discrete resistance steps had to be in-
serted in addition. The resistivity is six times the bulk value
of Au, which is not unusual for wires of these
dimensions.10,11,16But the increase of resistivity by a factor
of 4 between film and nanowire was more pronounced than
expected. We do not think that the lithographic etch process
significantly affected the grain boundaries because we found
no topographical indications in this direction. However, a
theoretical model that considers the detailed wire geometry
as well as both surface and grain-boundary scattering effects
is not yet available.

The explanation of the resistance steps of SGBs, how-
ever, requires additional concepts. We considered the Shar-
vin resistance17 as a first-order approximate to describe the
reduced chance of electrons to ballistically pass the constric-
tion in between two grains—more accurate calculation
would require solving the Boltzmann equation for the de-
tailed geometry of the grains. The Sharvin expression quan-
tifies the resistanceRSharvin of a contact cross-section areaA
in a homogeneous conductor

RSharvin54rbulkl/~3A!, ~2!

where l is the electron mean free path. In addition to the
constriction effect described by this equation, the grain
boundaries represent tunnel barriers, which can be quantified
by reflection coefficients. We evaluated reflection coeffi-
cients from the ratio of Sharvin resistance to the experimen-
tal resistance stepsRexp

R512RSharvin/Rexp. ~3!

FIG. 2. AFM topography and conductance analysis of gold nanowires on an
SiO2 substrate. Wires were imaged~a! with a sharp tip~radius<5 nm! and
~b! with a Pt-coated tip~radius ;70 nm!. ~c! The resistance~dots! of a
single nanowire@marked in~a! by a box# has been probed by the conducting
tip as a function of position on the wire. Some SGBs evident in the resis-
tance data or in the topographical inset are labeled~1!–~7!. A fit curve ~solid
gray line! has been derived from the topographical cross section~dashed
line, right-hand scale!. It follows the slope of the data points and thus al-
lowed accurate insertion of the resistance steps of 4–10V.
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The cross-section areas of the SGBs were extracted from
the AFM data as shown exemplarily in Fig. 3. The uncertain-
ties of tip convolution resulted in a large error range for the
effective cross sections. This was the main source of error in
the calculation of reflection coefficients.

Analyzing SGB ~1!, we found a cross section of 500
6100 nm2 corresponding to a Sharvin resistance@Eq. ~2!# of
2.460.5V. The observed resistance step was 561 V. The
reflection coefficient resulting from Eq.~3! was R50.45
60.2. SGBs~2!, ~6!, and~7! were evident on the topographi-
cal image, but no resistance steps were observed in the prob-
ing experiment. The cross sections indicated Sharvin resis-
tances of 1.5–2V. The fact that these expected steps were
lost in the noise level of;2 V indicates that here the reflec-
tion coefficients were smaller than 0.2. The largest value of
R50.860.1 was found for SGB~3!, and SGB~4! had R
50.360.3. The resistance step of position~5! was not ana-
lyzed as a SGB because three grains were connected here.
The range of reflection coefficients betweenR,0.2 andR
50.8 is quite large. An explanation may be either a matching
or a mismatching of crystal lattices of two neighboring

grains. The largest values are consistent with the above men-
tioned experimental results~0.7–0.9!9 and theoretical esti-
mates ~0.85!.10 However, theaverage reflection expected
from the sheet resistances~0.1–0.4! is much lower. This is
not so surprising because thin-film resistances are composed
of the statistical distribution of grain sizes and reflection co-
efficients, and may be dominated by current paths that cross
fewer or less reflective grain boundaries.

In conclusion, we have analyzed local electrical resistiv-
ities of a polycrystalline gold nanowire based on topographic
and electrical data provided by conducting AFM metrology.
Conducting AFM is a powerful tool to gain more insight into
nanoscale electronic transport phenomena, which is neces-
sary to face the technological challenges of the near future.
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FIG. 3. Topographical analysis of a grain boundary.~a! AFM topography of
the end of the nanowire with the sections~b! and ~c! of SGB ~4!. A geo-
metrical deconvolution assuming a tip radius of 5 nm~half circles! was
carried out for section~b! with the data points~crosses! lifted by the tip
radius and corrected for the thickness of the SAM. The ‘‘net’’ topography
~shaded! indicates that the cleft between the grains~arrow! may be 3 nm
deeper than given by the raw data.~c! Cross section of the SGB: The
subtraction of the SAM thickness leads to an area of 500650 nm2 ~vertical
grid lines!. The area reduces to 300630 nm2 ~horizontal grid lines! when
the height is further reduced by 3 nm consistently with the minimum result-
ing from ~b!. Within these limits the SGB cross section is considered to be
4106140 nm2.
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