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Microcantilever equipped with nanowire template electrodes for multiprobe
measurement on fragile nanostructures

R. Lin, P. Bgggild, and O. Hansen
Department of Micro- and Nanotechnology, Technical University of Denmark, Building 345 East,
DK-2800 Lyngby, Denmark

(Received 9 February 2004; accepted 6 April 2004

We present a technique for fabricating nanoelectrode extensions to microcantilevers for multiprobe
electrical characterization. For electrical measurements of fragile samples, such as thin films and
nanostructures, it is advantageous to combine a small contact force with a small contact area, which
can be done by reducing the dimensions of the electrodes to nanoscale dimensions. Here we report
a fabrication method of a nanoscale four-point probe utilizing silicon nanowires as templates for
metal electrodes. Using nanomanipulation, we attach 200—300 nm wide silicon nanowires to
microfabricated cantilevers. By subsequently covering these nanowires with a metallic coating, they
are made conducting and at the same time fixed to the cantilevers. These silicon nanowire four-point
probes were tested on 7 and 35 nm thick Au films as well as poorly adhering 16 nm thin Au
nanowires deposited on a silicon surface through a nanofabricated shadow mask. It was found that
the nanowire extensions dramatically reduce the damage of the studied samples, while nearly
reproducing the resistivity measurements of the unmodified, but more destructive micro four-point
probes. ©2004 American Institute of Physic§DOI: 10.1063/1.1756214

I. INTRODUCTION the sample, enabling small regions and isolated domains to
_ o _ _ _ ~ be measuredf Direct resistance measurements usirtPPs
With continuing advances in microelectronic device with different electrode spacing on Au and Pt nanowires fab-
miniaturization, there is a need for experimental methods foficated using a nanofabricated shadow madkave been
investigating metallic or SemiCOhdUCting nanowires and thirberformed]:3 However, one severe prob|em encountered dur-
films fabricated in various ways, as potential componentgng ,,4PP resistance measurements on fragile nanowires was
and interconnects in device applications. To study the e|eC§ampIe damage inflicted by the probe, as shown in Fig. 1.
trical properties of such nanowires, contacting methods inUpon contact, thin Au nanowires may be completely or
cluding lithographically fabricated in-plane electrodes fixedparﬂy removed by the probe. The contact forces are in the

3 . . .
on the surface™ or conducting atomic force microscdy N range, depending on the dimensions of the microcantile-

have been employed. Lithographically defined eIeCtrOde€ers. Another issue is that the microcantilevers block the

connecting the Nanowires tp macroscopic electrodes aIIOWieW of the contact points and the nanowire, making precise
both two- and four-point resistance measurements to be per-_ ...~ . L
positioning on the nanowire difficult.

formed. Such in-plane electrodes are however fixed with re- . :
To overcome this problem, we considered several meth-

spect to the wires, and are thus not as convenient for electri- . ) .
P ods for reducing the diameter of the electrodes to a size that

cal characterization as a positionable probe. With conductin% ble t ller than the di ) fh
atomic force microscopy it is possible to measure the resis- comparable to or smatier than the dimensions ot the nano-

tance of nanowires and thin films directly at different posi-"/"€: With narrower electrodes, the diminishing contact area

tions with a high spatial resolution. Such measurements ar9€Vitably leads to larger contact pressures. However, since
however typically performed in a two-point configuration the spring constant of the electrode scales with the electrode
with one part of the nanostructures connected to a fixed elec@i@meter to the fourth power, while the contact area can be
trode, and the SPM acting as the second electrode in a twdaken to scale with the electrode diameter squared, more
point configuration. For small electrode dimensions the conSlender electrodes generally should lead to less severe
tact resistance inherently influencing the two-pointSample damage in more confined areas. Besides, sharper,
measurement may produce errors that are difficult to estiparrower tips allow better line of sight of contact point.
mate and thus compensate for. Four independent scanning Electron-beam deposition technique was previously used
probes is a method for eliminating the contact resistancé® grow narrow tips at the apexes of a micro four-point
while keeping the positionabilitywhich is however techni- probe:~ Although very narrow gaps down to 100 nm can be
cally complicated and inconvenient to use. made with this method, electrodes more than a few microns
The development of silicon-based microscale four-poinfong are excessively time consuming to make. Here we dem-
probe (u4PP technique has opened a convenient possibilityonstrate an alternative method for fabrication of nanoprobes
to study the electronic properties of samples on a smallising long prefabricated single-crystalline silicon nanowires
scale’ thin fims® and surface layers of semiconducting with diameters of 200—300 nm. We present two- and four-
surface®!° These probes can quickly be moved anywhere orpoint resistance measurements on Au thin films with differ-
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FIG. 1. SEM image showing a micro four-point probe in contact with an Au
wire, after a previous measuremenjun to the left. The Au wire is partly
stripped off in~500 nm size areas, in two of the four measurement points.

ent thickness and two-point measurement on Au nanowires
using these probes.

Il. EXPERIMENT

The experimental setup used for both manipulation and
conductance measurements is a home-built microprobe mea-
surement station. The setup consists of a Newport XYZ
translation stage with 100 nm accuracy, a Burleigh PCS-
5400 micromanipulator with a resolution of 50 nm, and a
high-resolution optical Navitar microscope lens equipped
with a camera, all mounted on an air-damped optical table.
The probe stage mounted on the Burleigh micromanipulator
tilts the probe at an angle of 10-30° with respect to the
surface. A small combined current source and instrumenta-
tion amplifier is mounted a few centimeters from the probe
to reduce electromagnetic noise picked up in cables. During
measurement, an ac current with frequency in the range of
100—-300 Hz was applied to the outer electrodes, while the
signal from the inner probes was amplified close to the prob&!G. 2. (a) lllustration of one 4PP picking up a SiNW from a silicon sub-
by the integrated source meter, and picked up by a Stanforgate:(b) The first 4PP is manipulating the nanowire onto the target 4PP

. e . cantilever.(c) Deposition of Ti/Au covers the nanowires with a conducting
SR 830 lock-in amplifier. Thé/V curve was continuously |ayer, while at the same time fixing the wires to the electrodsand (e)
monitored using an oscilloscope to verify that ohmic contacOptical images depicting a4PP(bottom) being used to place a Si nanowire
was established at all times. For the two-point measuremengn one of the microcantilevers of the target 4&dp). (f) A SEM image of
a computer-controlled Keithley 2400 source meter was use 'aTsIC;?ef(;_lé;rr;(,)mt probe equipped with nanowire nanoelectrodes. The scale
To prevent excessive joule heating in the nanoprobes and
nanowire the current was in all cases kept beloy/&*

The single-crystalline silicon nanowirdSiNWs), pro-
vided by Dr. Erik Bakkers at Philips Research on which three nanowires have already been positioned. Fig-
Laboratories? typically have diameters of 200—300 nm and ure 3e) shows an optical image of a completed SiNW four-
lengths of 40—10Qum. Single-crystalline Si nanowires have point probe(SiNW-4PB prior to metallization. In the assem-

a high elastic modulus of 129.5 GPa in tH0] direction  bly process, positioning single wires on top of cantilevers is

and 186.5 GPa in thEL11] direction’® compared to silicon relatively fast, compared to parallel alignment of the nanow-

dioxide, 74 GP&®% and to gold, 80.6 GPH.The micro four- ires as well as fine tuning of the length of the suspended part
point probes u4PP3, fabricated using conventional silicon- of the nanowires.

based microfabrication technique, consist of four metallized To make the nanowires conducting, an Au layer with a

SiO, microcantilevers extending over the edge of a siliconthickness between 70 and 270 nm was deposited with a 30
support chip. Probes with different electrode pitch, ranginghm thick Ti layer used as an adhesion layer. By embedding
from 60 down to 1.1um, have previously been fabricatéd. the wires in this metallic coating layer, sufficient adhesion to

In this work, suchu4PP was used as a multifinger ma- the cantilevers is ensured. Figuré)2displays a scanning
nipulation tool to pick and place SINW on other micro four- electron microscopéSEM) image of a SINW-4PP assembled
point probe cantilevers. The fabrication process is schematdn a microprobe with an electrode pitch of roughly A6,
cally illustrated in Figs. @)—2(c). First we use aqu4PP to  and the metallic coating layer covering the Si wire on the
pick up a single nanowire extending from the Si substrateside facing up. The width of each metallized nanoelectrode is
and subsequently to place it onto anotpdPP, the “target” roughly determined by the width of the associated nanowire
MAPP. The optical image in Fig(@ shows the fourth wire template. In Table | we give the specifications of all the
being placed onto the empty cantilever of the target probemicro and SiINW four-point probes used in this work.
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TABLE |. Specifications of the micro and a nanowire four-point probes used|n Table |, we have listed the probe geometry fadtdor all
in this work.M indicates a micro four-point prohe4PP whileN indicates a the probes used

silicon nanowire four-point probe, SINW-4PP. . .
The samples on which electrical measurements were per-

Metal coating Interelectrode Probe geometry formed in this work were fabricated by electron beam evapo-
Probe (A TilAu) spacing(um) factorK ration of thin metal films. The nanowires were deposited
M1 100/1000 16 1.00 through a n.anostencil mask, which allows for easy, resist-
M2 100/1000 3 1.00 free fabrication of nanostructures. The nanostencils were fab-
M3 100/1000 2 1.00 ricated on a 150 nm thick silicon nitride membrane using
N1 300/2700 29/15/19 1.39 focused ion beam etching. We measured on four types of
N2 300/1500 11/16/21 0.95 - : : :

samples{A) 35 nm thick Au pad with lateral dimensions of

N3 300/1500 21/17/14 1.00 2 hick hin il
N4 300/700 16 NIA2PP 60.8x19.0 um®, (B) 35 nm thick Au thin film, (C) 7 nm
N5 300/700 16 N/A(2PP thick Au film, and (D) 16 nm thick Au nanowire of lateral

dimensions 2581.1 um? For convenience, the measure-
ments performed on thin-film samples are numbered
(m1,m2,...m11), see Table Il. Prior to Au deposition on the
All the micro four-point probes are fabricated with equi- 1 ;m thick SiO, substrate, a 10 nm thick Ti layer was de-

spaced probe tips with the interelectrode spadnivhen posited to enhance the adhesion to the substrate.
these probes are used for measurements on infinitely thin

films, the measured resistanBe=V/1 is related to the thin ||| MEASUREMENTS ON THIN FILMS

film resistivity p=m/In 2(V/1)t, wheret is the sample film . . _
thickness andr/In 2 is a geometry factor. We characterized the micro four-point probes by measur-

The SINW four-point probes are unfortunately not equi- N9 the resistance of a 35 nm thick Au pad both in two-point
spaced: probe\1, for instance, have a spacing of 28n (2PP and 4PP cqnﬁguranon. Two probes with different in-
between the first and second electrode, while justuhs ~ terelectrode spacing, 3 and 1n, were used and the results
between the center electrodes, as shown in Table I. The r&€ summarized in Table Il. Measuring in a two-point con-
lation between the measured four-point resistance and tHiguration, a resistance of 126.65.47() and 112.86:0.50
thin film resistivity must in the case of unequal electrodef! Was found for probeM1 (ml1) and M2 (m2), respec-
spacingss,, s, ands,, include an additional probe geom- Vely. _ _ _
etry factor® K=In()/In[(s,+5,)(S,+59)/(s,S5)]. Moreover, In a four-point configuration, both the probe geometry
samples of finite dimensions comparable to the size of thfActorK, as well as the sample geometry factdsee Tables
probe must be corrected for by multiplying with a sample' and II)_, must be_ taken into account for correctly calculating
geometry factorc. Values ofc for different sample dimen- the resistivity using Eq(l). With both probesvi1 (m4) and
sions and geometries are given in Ref. 19. In the case of aif 2 (M), the resistivity was found to be a factor of approxi-
infinite sheet the sample geometry factocis 1. Correcting mately three times larger than the bulk resistivity for gold,

_ —8
for sample geometry and probe geometry, the relation be’—’bulk_2'2>_< 10770 m.
tween four-point resistance and thin film resistivity becomes 1 he difference in the measured values between the 2PP

and the 4PP configurations is of the order of I0@or both
1) probes. This corresponds roughly to the serial resistance of
the gold film on each of the two microchip electrode struc-

_Kﬂ'Vt
P=CR 21"

TABLE Il. Measurement results on three thin film sampl@s) 35 nm thick Au pad measured with boti#PP

and SiINW-4PP. The sample correction factdior the 4PP measurements was found from the sample dimen-
sions(60.8x19.0 um?) relative to the probe spacing of probekl (16 um) andM2 (3 um), using the tables

in Refs. 12 and 19B) 35 nm thick Au film.(C) 7 nm Au film measured with botp4PP and SINW-4PPs. In
the table the measurements performed are numbered.as2,...m11.

Resistance  Sample correction Resistivity (u{) cm)

Sample Probe Measurements Configuration R=V/I () factor ¢ p=cK(m/In 2)Rt
A M1 ml 2PP 126.6 =5.5
M2 m2 2PP 112.8 =0.5
N4 m3 2PP 141.2 0.3
M1 m4 4PP 1.53+0.05 0.253 6.139
M2 m5 4PP 0.383:0.040 0.844 5.131
B M1 m6 4PP 0.23%0.005 1 3.759
N1 m7 4PP 0.222:0.005 1 4.893
N2 m8 4PP 0.208:0.009 1 3.01
N3 m9 4PP 0.203:0.006 1 3.213
C M1 m10 4PP 1.8540.012 1 5.88
N1 ml1l 4pPpP 1.956:0.009 1 8.61

®Reference 20.
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tures leading from the bonding pads to the surfadde
spreading resistance for a two-point probe configuration can
be estimated using the expressRr Fp/2a,'® whereF is a

thin film correction factor ang/2a is the spreading resis-
tance of a semi-infinite sample with the resistivity anda

the radius of the contact area. The thin film correction factor
F is given in Ref. 20. Using~50 nm, the approximate size
of the contact areAwe estimated the correction factors: for
M1, F~5.61 and forM2, F~4.10. Hence, the spreading
resistance for our cases is found to be much smaller than
100 Q. Thus, the contact resistance for the case of a gold 0

Resistivity (uQ2cm)

) . . 0 5 10 15 20 25 30
electrode in contact with a gold film cannot be expected to Time (s)
contribute significantly to the measured two-point resis- 6
tances. Furthermore, no dependence on contact pressure was H Y RIS
observed. 7 I W S P R=05

. . . 0O p4PP
_ We meas_,ured the two-point re3|s_tance of the Au pad us- al b “ | + u4PPonpad
ing the two inner electrodes of a SINW-4RAR4 (m3). A \ “._ | ® SINW-4PP
mean value of 141.170.31 ) was obtained, which is 3

P()/Ppuik

around 15-30Q) larger than similar measurements made
with u4PP. The discrepancy can be attributed to the fact that 2
the SINW electrodes give rise to an extra series resistance of
roughly 15€) for each of the two electrodes, as estimated
from the approximate dimensions of the Au coatingx053 0
X0.07 um. In addition a slightly larger spreading resistance g 18 _20 a0 40 40
is expected due to a smaller contact area, but still the spread- Thickness (nm)

ing resistance is expected to be small compared to the intrir: . (a) The inset shows optical images of the three SINW probes,

sic probe series res_iStance-_ N2, andN3, used for measurement on sample B. The graph shows the
On a 35 nm thick Au film(sample B we performed resistivity vs time measured with the SINW-4Rfin lineg and theu4PP
four-point resistance measurements with three differenM1 (thick lines on 35 nm thick Au film. The shown measurements per-
SiINW probes as well as a 16m spacedu4PP. In Table || formed using prob1, N1, N2, andN3 were numbered a6, m7, m8,
ive both th d . d th lculated andm9, respectively, as listed in Table Il. The measurement usiBddot-
We _gl_ve (?t the measure resistance and t _e Ca culate I'ea line was unstable and switched out of contacttatl5s. With the
sistivity using Eq.(1). Figure 3a) shows the resistivity mea- SiNw-4PP, noise levels comparable to that of f#PP measurement was
sured as a function of time, for the microprobkEl (m6) as  achieved(b) The ratios of the measured resistivity to the bulk value of Au
are plotted for 7 nm Au film and 35 nm Au film, with4PP(open squargs
well ‘as the three nanoprObeNl (m7)’ N2 (m8,)’ an_d and SiINW-4PRfilled circles. The crosses represem#PP measurements on
N3 (m9). All measurements show a fluctuating signal, 35 nm au pad. The solid line is a plot of the MS model wiy,
around a rather constant average. We frequently observed the.295% For comparison, curves calculated fg=0.2 (dashed lingand
SiNW probes to snap in and out of contact, as shown foRy=0.5 (dotted ling are plotted as well.
probeN3 att=15s. The resistivity values found for the film

were larger than the bulk resistivity of Au but did not show a

crllear de_p(_an_dence on thg type oflpr(;be used. Cbompe:llr(i)r(l)/g WiWith Ref. 22. The increasing number of grain boundaries as
t % re5|s_t|v_|ty measure usingl 1, t ere are a out °~ the film thickness decreases, leads to an increase in the re-
30% variations in the measured resistivity for sample B us'sistivity. In the MS theory, proposed by Mayadas and Shatz-

ing SINW-4PPs. kes (MS)?? the grain-boundary enhanced resistivity is given
Furthermore, we measured an Au film with a thicknes MS) gral b Y SV 1S g

of 7 nm (sample Q. The results are given in Table Im10
andml1l). The resistivity of the thin film, sample C,isnearly  ,(4)/p, \=[1- 2a+3a2-3alIn(1+a H] L (2
a factor of 2 larger than the resistivity of sample B. The
electrical resistivity of thin metallic films is known to in- with the bulk resistivityp,, = 2.2} cm and the parameter
crease with decreasing film thickness, due to increased intete=(\.. /D) (Rg/1—Rg). Here X, ~44nm is the electron
face scattering**and grain-boundary scattering effeétdn  mean free path in bulk goftf, D, is the mean grain diam-
Fig. 3(b) we plotted the ratios of the measured resistivitieseter, andRy, is the reflection coefficient for electrons striking
for different samples to the bulk value of Au as a function ofthe grain boundary. In Fig.(B) we plotted the calculated
film thickness. Measurements on a 10.5 nm thick Au padesistivity ratios vs film thickness based on the MS theory
(p=5.13 or 6.14uf) cm) using theu4PP were added to the using Ry,=0.295 (Ref. 23 as well asRy,=0.2 and 0.5. A
graph. No SiNW-4PP measurement was done on this sampleeasonable agreement between the work done by Attekum
Attekum and co-workefs investigated the resistivity of and co-workers and our experimental results was obtained.
thin Au films evaporated on SiOand found that for thin The two measurements on Au pads are deviating consider-
films in the 30 nm range, the average size of grains can bably from the rest of the data; this could be due to added
taken to be roughly equal to the film thickness, in accordancéaccuracies from the sample geometry factor.
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Voltage (mV)

0O 2 4 6 8 10
Current (uA)

FIG. 4. |-V characteristics of a 16 nm thick Au wire measured using a
SiNW-based nano four-point probe in a two-point configuration. The inset is
an optical image taken during the measurenisoéle bar: 1Qum).

FIG. 5. SEM image showing one of the SiINW probes in contact with an Au
nanowire (sample D. The SEM image in the left inset shows a scratch
smaller than 50 nm, caused by the mechanical contact between the SINW
electrode and the nanowire deposited on the surface. For comparison, the
right inset shows a scratch made by4PP on a different but similar wire,

with damaged areas in the 500 nm range.

IV. MEASUREMENTS ON NANOWIRES

The resistance of a 16 nm thickm wide Au nanowire
(sample D was measured using a SINW-4PP in a two-point
configuration, since the colinearity of the four electrode tips : :

. ' 7 cantilever. Because the nanowires were only partly covered
of the SINW-4PPs was not sufficient to allow all four elec- y partly

trodes 1o be | tact with th e at th i with thin metal layers, it is difficult to accurately calculate
rodes fo be in contact wi € hanowire at the same tme., corresponding moment of inertia for the coated SINW. To
All recorded!/V curves show a linear behavior similar

. S . implify the calculation, we could set the lower and upper
to the one displayed in Fig. 4. A mean resistance value oﬁ plify PP

1260+57 O was obtained with a probe spacing of i, mit for our case by calculating the contact force for an

" ndina t lculated resistivity of m. I th uncoated silicon wire as well as a silicon wire fully covered
correspo g lo a calculated resistivity o .]’am cm. € Wwith two metal layers, Ti and Au, assuming in both cases that
measurement is corrected for a 120intrinsic probe series

) o the wire has a circular cross section. The contact force for a
resistance, the calculated resistivity becomes 0B cm.

This should be compared to the resistivity value of 94WIre with two metallic layers is given by

pncm measured on the nanowire with an ordingu4PP 3(IsivwEsit | auEaut 1 1iETi)

with 2 um electrode spacing used for a four-point resistance = E S, (€
measurement. In the two-point resistance measurements with

a SINW-4PP spreading resistance effects are expected to cowith | gnyw= Trd"'Si/64, = Tr(d%— d‘éi)/64, and |,
tribute less than 10% to the measured resistance based enm(dx,—d7)/64, wheredy; is the diameter of the SiNW,
finite element modeling of the measurement. The measureand d; and d,, are the outer diameter of the Ti and Au
resistivity on this film is consistently one order of magnitudecylindrical layers, respectively. For a nanowire with a diam-
higher than expected, the reason for this is unknown, bueter of 200 nm and a length of %Bm, a 500 nm deflection of
could be due to preparation details; island formation leadinghe beam is sufficient to ensure a good electrical contact.
to a percolation like current flow pattern could be part of anThis requires the forcé =4.5nN and==13 nN for the pure
explanation, which is supported by the fact that this film hadand coated SINWdy;=210 nm,d,,=280 nm), respectively.

a rough surface. In comparison, a standamPP will give a contact force in

As mentioned in the Introduction, a micro four-point the order ofuN for a deflection of a few hundred nanom-
probe may damage fragile samples. After measurement, thefers. Not only the contact area, but also the contact force
contact points on the measured surface were inspected incan be dramatically reduced if the probe is reduced to nanos-
SEM. The SEM image in Fig. 5 shows the left SINW elec- cale dimensions.
trode touching the surface of the Au nanowire. At a higher
magnification, a mark of roughly 50 nm in size was found on
the surface at the contact point, as indicated by the arrow ir\wl' DISCUSSION
the left inset. Using the SINW-4PP, the damage of the thin We have demonstrated that using silicon nanowires as
films was considerably reduced compared to the severeemplates for metal deposition, it is possible to fabricate nar-
sample damage inflicted by thelPP shown in the right inset row, soft multiprobes for electrical characterization of fragile
of Fig. 5. thin films and nanostructures.

The contact force applied by a SiNW electrode can be  We compared measurement results obtained by micro-
estimated using the equation of the deflection fofee fabricated four-point probes to similar probes having such
=s3EI/13, of a uniform cantilever of lengthwith a forceF nanowire extensions. For thin Au film samples, the measured
load at the free entf. Here E is the Young’s modulus, the  two-point resistance obtained with SINW-4PP was slightly
plane area moment of inertia, arsdthe deflection of the higher than foru4PP, which could be roughly attributed to
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the resistance of the electrode gold layer on top of the SINW/I. CONCLUSION

electrodes. In four-point resistivity measurements, for all thin ) )

Au film samples studied here the SINW probes showed M summary, we showed that the SINW-4PP is useful for
variations of 10%—-50% compared to the microprobes. Th&haracterizing thin Au films and nanowires, and that the
values measured for the resistivity could be explained using@MPle damage exerted on the Au nanowire sample could be
the MS model for grain-boundary scattering, and good algreec_onS|derany reduced using nanowire electrode extensions.

ment with experimental data reported by earlier stidiems ~ ©ON€ application for such probes, which has not yet been
found. explored is local measurement of surface state conductivity

On the Au nanowires, only two-point measurementsOf clean surfaces in ultrahigh vacuum, where minimal influ-

were performed, due to the difficulty in obtaining sufficiently ence °f4 the contacts on the surface properties is highly
good alignment of the four electrode tips in the fabricationdesired’

process, and thus achieving simultaneous electrical contact

to the nanowires with all four SINW electrodes. The high

resistivity values found for the Au nanowire as compared toACKNOWLEDGMENTS
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