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ABSTRACT

We demonstrate Magnetic Force Microscopy (MFM) imaging, at room temperature in
air, of a0.25mA DC current path in a 140nm-wide gold nanowire. The nanowire was created by
focused ion beam milling of a 12um wide Cr/Au line of 20nm/110nm Cr/Au thickness. Iterative
fitting of the MFM data to an idealized model of the structure yielded a nanowire resistivity a
factor of 3.5 higher than that of a control Cr/Au region which was unaffected by the ion beam
processing. MFM imaging of an ion-implant patterned line shows current deflection around the
implant region.

INTRODUCTION

We have previously demonstrated the ability of Magnetic Force Microscopy (MFM) to
perform relative quantification [1,2] and observe current behaviorsin conducting lines[3].
Additionally, afully rigorous analysis involving both image deconvolution and inversion has
been achieved and will be presented in future work [4,5]. Although our analysis has previously
been limited to micron-scale current line widths, extension of these techniques to nanoscale
devices and structures with spatial variationsin resistivity ishighly desirable. The key issuesin
making this extension are the conflicting demands of the sensitivity and spatial resolution needed
to resolve nanoscale current paths.

Nanoscale resolution of MFM has been demonstrated for magnetic films[6-9]. However,
the fields around nanoscale conducting lines containing nondestructive DC current densities are
weak (typically <<mT) and thus require arelatively large magnetic tip volume to achieve
sufficient signal to noise. Furthermore, the MFM response for standard vertical tip
magneti zation consists of sharp peaks of opposite polarity at the edges of the line, which result in
mutual attenuation when the line width is less than the instrumental broadening due to thetip
size. For example, with typical commercial MFM tips, such asthe Digital Instruments MESP-
HM tip, the magnetic film coats the entire tip pyramid (of about 8um height and 8um base)
resulting in a large magnetic volume but limited spatial resolution. Given the long-range nature
of the weak magnetic interaction between the MFM tip and current-carrying line, it will clearly
push the limits of the present instrumental capability to resolve current paths at the nanoscale.
We will here demonstrate measurements at the scale of 100 nm width wires, usng acommercial
MFM operated in air. The limits determined here may be improved with higher resolution tips,
with more selectively placed magnetic coatings [6-9], although gainsin spatial resolution are
likely to be offset by smaller signal sensitivity. The loss of sensitivity could be compensated, at
least in part, by performing the measurement in vacuum and/or at low temperature to increase the
sensitivity to the magnetic interaction [10]. However, such instruments have not yet been
demonstrated for current-carrying devices, which are subject to the difficulties discussed above,
aswell as generating heat due to power dissipation.
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EXPERIMENTAL DETAILS

Experiments were performed using aDigital Instruments Multimode, operated in tapping
(intermittent non-contact) mode with standard MFM phase detection. The signal detected is
proportional to the curvature of the magnetic field component perpendicular to the sample plane,
integrated over the magnetic tip volume. The magnetic tips used are commercially available
Co/Cr coated Digital Instruments MESP-HM tips, magnetized along the tip axis, perpendicular
to the sample surface. All magnetic phase dataisinterpreted relative to a known reference
standard, thereby avoiding the need for exact knowledge of the tip magnetization.

The nanowire sample, shown in Fig. 1, was fabricated using a combination of standard
photolithography, liftoff, and focused-ion beam (FIB) milling techniques. The Cr/Au metal line,
chosen for chemical and physical stability, was 12um wide, as defined by lift-off. The thickness
of the Cr was 20nm, and the Au was 110nm. Additional structures, such as the (2x6) um?
rectangular defects were fabricated by FIB milling [11]. The lower rectangular defect was
milled to leave a 140nm conducting line width on the |eft edge of the line. 1on milling was
performed with 50 kV Ga' ions using a Micrion 2500 FIB machine with a5 nm beam column. A
serpentine beam scanning procedure and relatively low (~30 pA) ion current were chosen to
provide a better defect shape.

MFM measurements were made with typical currentsin the individual lines of 30mA,
corresponding to current densities on the order of 2-5x10°A/cm?. To exclude topographical
artifacts, the MFM phase measurements were performed in Digital Instruments Interleave Linear
Lift Mode, using a lift height of 200nm (which corresponds to a separation of 110nm between
the tip and the top surface of the Cr/Au line). To exclude phase response due to electrostatic
forces, the potential between the tip and sample was nulled by an external voltage divider, as
discussed in previous work [1,2].

DISCUSSION

The nanowire can be seen in the lower |eft of the topographic image of Figure 1a. The
effect of the nanowire is not immediately apparent in the MFM image to the left of Fig. 1b,
which shows the expected MFM contrast at the line edges where the magnetic field must curve
into or out of the sample plane. Thereis significantly higher contrast a the inner edge of the
rectangular defects than at the line edge on the side opposite the defect, due to a nonuniform,
localized increase in current density, discussed in previous work [3]. Figure 1b presents a close-
up of the 140nm line. Halfway through the image scan, the current in the line was reversed and
the expected reversal in MFM signal polarity was observed. A separate image of the
topography, taken with a non-magnetic, topography-specific OTESP tip, has yielded a nanowire
width of 140nm and aremainder (region not milled away) line width of 6um. Given the known
total current of 40mA flowing through the structure and the relative line widths of the nanowire
and the wire, we may estimate that 2.3% of thetotal current, or 0.9mA is flowing through the
line. Thisvalueislikely to be an upper estimate, since the nanowire suffered damage during the
ion milling and is probably more resistive than the rest of theline. At acurrent of ImA and a
tip-sample separation of about 100nm, this nanowire would produce afield of 0.5mT, afield
gradient of 4900 T/m, and afield curvature of 7x10%° T/m?. Although the nanowire line width is
140nm, the peak centers of the MFM signal shown are separated by approximately 180nm,
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Figure 1. 140nm nanowir e created by focused ion beam milling

a) The 12um wide, 130nm thick Cr/Au line contains (2x6) pm? notches where the corners
have varying radii of curvature. In the bottom notch, the milling left a 140nm conducting
linewidth. Thetotal current in the 12um lineis 40 mA.

b) The polarity in the MFM signal of the close-up of the nanowire changes as the current is
reversed, confirming that the signal is due to current flowing through the nanowire. The
apparent physical line width is larger than the actual 140nm width due to tip convolution
effects.

demonstrating limitsin magnetic spatial resolution resulting from the large tip size and tip-
sample separation.

The relative MFM signal strength at the 140 nm line and in the defect-free part of the
12um line can be used to determine the relative current levelsin thetwo lines. Thisin turn may
be used to deduce the relative resistivity change due to processing techniques such as the focused
ion beam milling performed on this sample. Given a simple sample configuration and barring
the need to extract afull two-dimensional map of the current distribution, the unprocessed MFM
data may be interpreted by iterative fitting to a smple model.

The mode consists of a 140nm wide line parallel to a 6um wide line and separated by
6um, assumed to be infinitely long with uniform current density and thus analytically calculable.
The nanowire is sufficiently far from the 6um linethat it is negligibly affected by the
inhomogeneous current density in the larger line. To deduce the current running in the wire, the
calculation was convolved with an estimated two-dimensional instrumental response function.
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Using an average of 15 line scans, corresponding to a 1.2 um line segment length, yields the
signal shown asthethick gray linein Fig. 2a. The nanowire signal appears as asmall feature
near 15um and the signal from the 6um wide remainder segment of the lineis located between
20 wm and 30 um. A portion of the line sufficiently far from the nanowireregion isused as a
reference for signal normalization. The experimental ratio of MFM peak heightsis

MFM pane=0.062MFM .  To evaluate the amount of current flowing through the nanowire, the
current density in the nanowire is adjusted until the shape and relative amplitude of the forward
convolution is as consstent as possible with the actual data. Using aresistivity 3 times that of
the remaining line (e.g. assuming a current density three times smaller than the value of 0.9 mA
deduced from geometrical consideration), we obtain the forward convolution of Fig. 2a, where
the dataisthe thick gray line and the forward convolution is the thin black line; the theoretical
ratio for this scenario is MFM pane=0.072MFM . Using aresistivity of 4 yields curves of similar
shape and magnitude, with aratio of MFM 4,0=0.053MFM . A simpleinterpolation then
suggests that the resistivity is ~3.5 times higher than the undamaged line, which suggests a
nanowire current of MFM pane=0.072MFM . A zoom-in near the nanowire is shown in Fig. 2b,
with the data plotted in bold gray and the resistivity 3 and resistivity 4 calculationsin solid black
and dotted black, respectively.

(b) 0.5
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Figure2: lterativefittingtothe MFM signal profile from the 140nm wire and the 6um
remainder wire

Experimental datais plotted in gray and model calculations are plotted in black. The signal from
the 6 wm segment peaks at 22 and 28 um, and the signal from the nanowire is between 15 and 16
um.

a) Comparison of experimental data with the a calculated curvature obtained using a
nanowire resistivity 4 times that of the remaining line, and a convolution with an
estimated 2-D instrumental response function. The units of the calculation were
normalized to the units and amplitude of the experimental data (degrees).

b) Close-up, where the datais plotted in bold gray and the model calculations for afactor of
3 and a factor of 4 increase in resistivity are shown with dotted black and solid black
lines, respectively.
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Figure 3: Topography and MFM phase images of areas intentionally damaged by focused-
ion beam dosing: 12um wide line composed of 80nm/20nm Ti/Au with afiducial rectangular
vacancy created by ion milling. In the leftmost image, the three red arrows indicate the location
of three (2x6)um?’ regions implanted with varying ion beam doses to induce material damage
with minimal material removal. The MFM peaks around the boundaries of the implanted regions
indicate deflectionsin current flow which result from increased resistivity of the ion beam
damaged regions. The line scan on theright isthe average of 20 MFM line scans taken from the
center of the middle implantation region, asindicated by the gray arrow.

It seems reasonable to conclude that the increase in resistivity is caused by ion implantation
damage during theion milling process. To confirm this possibility, a Ti/Au wire was fabricated
and patterned with an implant under conditions which minimized ion milling. Theresultis
shown in Fig. 3. Inthe upper half of the sample, three (2x6)um? regions were implanted with
varying ion beam doses to induce material damage with minimal material removal (highlighted
in the leftmost image by the arrows). Theimplant structures are nearly invisible in topography,
displaying a height change of less than 10nm. However, the location of the implantsis clearly
visible in the MFM phase image, in which intensity highlights the boundaries of the implanted
regions. Theintensity highlights indicate deflection of current into the regions on either side of
the implant regions, consistent with increased resistivity of the ion beam damaged regions. An
average of 20 MFM line scans, corresponding to a 1.6um length, taken from the center of the
middle implanted region is shown on theright of Fig. 3. Although there may be a small
attenuation effect due to tip convolution, the lower contrast of the MFM peaks at the
implantation boundaries, relative to the MFM peaks at the line edges, is primarily aresult of the
lowered (but nonzero) current density in the higher resistance implantation regions. Theratio of
the implantation MFM peaksto that of the reference peaks, from aregion far from the
implantation, iS MFMinpan=0.41MFM . Using scaling analysis similar to that of the nanowire
above, the resistivity of the middle implantation region is estimated as a factor of 2.4 higher than
that of the Ti/Au region unaffected by the ion dosing.
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CONCLUSION

Using commercial instrumentation, we have demonstrated the ability of commercial
Magnetic Force Microscopy to detect the 0.25mA DC current path in a 140nm-wide gold
nanowire and determine relative resistivity change of the conducting material, asinduced by
focused ion beam dosing. These measurements suggest that deconvolution and inversion
techniques we have developed for determining the spatial distribution of current in micron-scale
current-carrying lines can be extended to nanoscal e regimes and applied to nanoscale devices.

We have also directly demonstrated the deflection of electrical current around metal
regions damaged by ion implantation. These results show that, in addition to resolving current
paths in nanoscale conductors, MFM can be used to detect nanoscale changes in material
properties, e.g. dueto resistivity perturbations induced by innovative processing techniques or
contact resistance issues in nanoscal e devices.
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