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We present a complementary metal-oxide-semiconductor compatible, nanoscale 12-point-probe
based on TiW electrodes placed on a SiO, monocantilever. Probes are mass fabricated on Si wafers
by a combination of electron beam and UV lithography, realizing TiW electrode tips with a width
down to 250 nm and a probe pitch of 500 nm. In-air four-point measurements have been performed
on indium tin oxide, ruthenium, and titanium-tungsten, showing good agreement with values
obtained by other four-point probes. In-vacuum four-point resistance measurements have been
performed on clean Bi(111) using different probe spacings. The results show the expected behavior
for bulk Bi, indicating that the contribution of electronic surface states to the transport properties is
very small. © 2008 American Institute of Physics. [DOI: 10.1063/1.2888746]

The linear four-point probe is a standard instrument for
measuring the resistivity of semiconductors and other mate-
rials, both for the bulk and for thin films (for a sketch see
Fig. 1). It offers an alternative to the well-known van der
Pauw geometlry1 to achieve a flexible, local, and accurate
measurement. Four-point probes have been scaled down to
sizes of a few micrometers® and applied for investigations on
a wide range of materials.””

The standard microscopic four-point probe, which con-
sists of four individual Au-coated SiO, cantilevers, cannot
meet the recent demands of the semiconductor industry for
small pitched complementary metal-oxide-semiconductor
(CMOS) compatible probes. In order to meet the criteria of
CMOS compatibility, the probes cannot contain metals or
silicides with high mobility, since such materials could
greatly affect the properties of the investigated samples. In
this paper, we present an approach to the fabrication of four-
point probes which fulfills this requirement. Moreover, this
approach pushes the miniaturization to the nanometer scale;
another important feature for many current and future appli-
cations, including measurements on magnetic tunnel junction
stacks to determine the magnetoresistance and resistance
area product and, of course, any measurement on a true
nanostructure.®’

A four-point probe can be used for a resistance measure-
ment by passing a current through two of the four tips, usu-
ally the two outermost, and measuring the voltage drop
across the two other tips. If the voltage measurement is per-
formed without draining any current, the sample’s resistance
can be measured completely independent of the contact re-
sistance or even of the possible non-Ohmic nature of the
contacts. In the case of a homogeneous, two-dimensional
sheet of material, the four-point probe resistance R is found
to be
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where U is the measured potential drop, / the current, and oy
the sheet conductivity of the sample.8 Note that for the case
of a two-dimensional sheet, the measured resistance is inde-
pendent of the distances between the probe contacts, but this
is not the case for measurements on semi-infinite bulk
samples. Any thin film can be viewed as a two dimensional
sheet of material if the thickness of the film is much smaller
than that center to center distance of two neighboring tips of
the four-point probe, i.e., the so-called pitch of the probe.
The smallest probe pitch which has been achieved with
the currently most advanced construction principle of indi-
vidual Au-covered SiO, cantilevers is 1.1 wm, but it is hard
to see how this design principle can be miniaturized even
further. This is due to difficulties of controlling the necessary
underetch of the cantilevers to prevent short circuits between
the probe electrodes together with the increasing softness of
the individual cantilevers that decrease the control of the
probe pitch leading to inaccurate measurements. (Actually,
this smallest pitch has not been realized on a four-point
probe but as the smallest possible pitch on a probe with 12

“2///

FIG. 1. (a) four-point measurement where a current is passed through the
two outer probes and the voltage potential drop in the material is measured
over the two inner electrodes. (b) Sketch of a four-point probe based on four
individual cantilevers (commercially available from Capres A/S) in contact
with a sample surface. The initial point of contact is shown as an arrow. (c)
A monocantilever in contact with a sample surface.

© 2008 American Institute of Physics
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tips. Only four of these 12 tips are usually used at any time
but the possibility to choose these four tips offers an effec-
tive way of changing the probe pitch.)

In addition to the pitch, other design parameters are im-
portant for the probes. The probes should be mechanically
strong in order to cope with a slight misalignment. Ideally,
the probe should be aligned parallel to the sample surface
such that all tips make contact at the same time. In reality, a
small misalignment is often present. This leads to a variation
of contact pressure or can even cause the cantilevers to
break. This problem can be alleviated by mounting all tips on
one cantilever,” an approach also used here (see Fig. 1).

A very precise control of the probe pitch is also neces-
sary to avoid short circuiting of the individual tips or large
uncertainties in pitch-size dependent measurements. ~  Fi-
nally, and maybe most importantly, a suitable tip electrode
material should be chosen. The ideal material should be con-
ductive, CMOS-compatible, wear resistant, nonoxidizing,
and compatible with the production of probes on Si wafers.

In this paper, we describe the fabrication and test of
four- and 12-point probes with a pitch down to 500 nm and
with electrodes made of TiW (TiW with 10/90 wt %). The
electrodes are placed on a microscale SiO, support cantilever
with a spring constant of around 0.5 N/m, making it compa-
rable to contact mode atomic force microscope (AFM) can-
tilevers and conveniently allowing for self-aligning of the
probe tips to the sample surface. The choice of TiW as elec-
trode material is important. It does not create an insulating
oxide, allowing good contact to the samples and it has a
rather low resistivity of around 70 u{) cm (depending on the
deposition parameters). Also, it has a high wear resistance,
improving probe lifetime, and it can be sputter-deposited
stress-free. It has a high etch resistivity toward most standard
etches used in clean room processing, and finally, it is CMOS
compatible. A low surface roughness is also important to
avoid large variations in the contact area of the electrodes.
AFM measurements of TiW thin films have shown a surface
roughness of 4—7 nm.

An outline of the fabrication process can be seen in Fig.
2. The fabrication of the four-point probes is based on a
mix-and-match lithography strategy, where the electrode tips
and overlap area are written with an e beam and the rest of
the wires and contact pads are made by standard UV-
lithography. Initially, the electron beam lithography is made
to ensure a completely flat, clean surface for spinning the
e-beam resist, followed by lift-off of the deposited 50 nm
thick TiW.

The wafers are then thoroughly cleaned in acetone, 7-up
(sulfuric acid and ammoniumperoxodisulfate), and isopro-
panol and the UV lithography pattern is aligned to the TiW
electrode tips, followed by sputtering of a 100 nm TiW layer.
It is important to use a high ultrasonic power during lift-off
to avoid leaving small bridges of TiW that can short circuit
the probe wiring. Photoresist is then spun on the front side
and the support cantilever is defined by careful alignment to
the electron beam written TiW electrode tips with a standard
40% bHF etch. After an acceptable alignment has been
achieved, the wafers are again cleaned in 7-up and rinsed in
isopropanol. Next, the front and back side are encapsulated
by a pinhole free, 220 nm low-stress plasma-enhanced
chemical vapor deposition silicon nitride layer with a high
KOH resistance developed for this purpose. The back side
nitride coating is then patterned with UV lithography, and
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FIG. 2. (Color online) Outline of fabrication process. (a) A double polished
silicon wafer with 1 um SiO, and patterned photoresist on top. (b) TiW is
deposited. (c) Lift-off and lithography mix-and-match creates the electrode
pattern. (d) The support cantilever is etched in bHF. (e) Encapsulation with
Si;N, followed by opening of the backside with reactive ion etching. (f) The
chip is defined with KOH and the support cantilever is released. (g) Scan-
ning electron microscopy image of 12—point probe with TiW electrodes
placed on SiO, cantilever and a probe pitch of 500 mm at the inner probes.
They have an uneven spacing to increase the number of possible pitch
configurations. Inset: The finished wire bonded 12—point probe mounted on
a ceramic substrate.

opened by reactive ion etching. After 4 h 45 min etching in
80 °C KOH, the chip body is defined with the cantilevers
released.

After 10 min cleaning in HCI, the silicon nitride is re-
moved in a combination of reactive ion etching (selective
toward TiW) and a 2 min etch in 160 °C H;PO,. Finally, a
shadow mask is used to deposit a 10 nm Ti and 100 nm Al
layer on top of the bond pads to make wire bonding possible.
The chips are then broken out of the support grid of the
wafer, glued on a ceramic substrate, and wire bonded. An
example of a fabricated 12-point probe after mounting on a
ceramic substrate and wire bonding can be seen in Fig. 3.
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FIG. 3. (Color online) Four-point measurement performed on Bi(111) at
room temperature. /- V curves of four different electrodes in contact with the
Bi(111) surface demonstrating a good Ohmic contact. Inset shows I-V four-
point measurements made with T-shaped TiW probes with a pitch of
500 nm, see Fig. 1.
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TABLE I. Resistance of three thin films determined by the monocantilever
TiW probes and by individual cantilever Au coated probes. All values in ().
The values are based on ten measurements.

ITO Ru TiW
TiW probes 36.7*£0.2 1.7=0.1 9*+0.3
Au probes 36.0x0.1 1.6£0.1 7.6%0.1

The performance of these probes has been tested by re-
sistance measurements on thin films. According to Eq. (1),
using thin films has the advantage that for a given material,
the resistance measured with such a probe should be equal to
the resistance measured by a traditional probe with a larger
pitch.

In-air measurements have been carried out with 750 nm
pitch TiW probes on 100-nm-thick thin films of three differ-
ent materials: indium tin oxide (ITO), ruthenium (Ru), and
titanium-tugsten (TiW). All measurements were done using
an alternating current. The measurements with the TiW
probes were made at 11 Hz with a source current of 10 uA.
A low frequency was chosen because of the rather high serial
resistance of the long narrow TiW wires, which is on the
order of 25-35 k() depending on the specific probe configu-
ration. All measurements have been carried out with an au-
tomated Capres four-point measurement setup, using auto-
matic engages of the probe to the sample surface for multiple
and fast measurements. The results are compared to data
obtained using well-established Capres 12-point probes with
12 individual SiO, cantilevers covered by a 100 nm elec-
trode layer of Ti and Au,”? using the smallest possible probe
pitch of 1.5 wm. This comparison is given in Table I, dem-
onstrating a good agreement between the two different types
of 12-point probes.

The TiW probe with a 500 nm pitch has also been used
for measurements on the (111) surface of Bi single crystals.
The surfaces of Bi (a semimetal) have recently attracted
some attention because of their enhanced density of states at
the Fermi level"® which makes it conceivable that the surface
contribution to the conductance could be observed by nano-
scale four-point probe measurements. Measurements in ultra-
high vacuum were performed using a system in Aarhus.” The
Bi(111) surface was prepared in situ by repeated cycles of Ar
ion bombardment and annealing to 150 °C. The surface or-
der was checked using low energy electron diffraction. The
individual contact resistances were measured. The current
source was connected between one probe and the substrate
and was then linearly increased from -5 to +5 uA in 20 s,
while the voltage drop between the contact and the substrate
was recorded (giving a so-called I-V curve). The current was
then linearly decreased back to —5 uA. This measuring cycle
was repeated at least 100 times for each contact. By measur-
ing using both a positive and negative current ramp and com-
paring the gradients, any charging effects would become ap-
parent. When using such a slow ramp, no such effects were
seen. The measurements were repeated using several similar
probes and after several repeated surface preparations, and
the measurements were found to be reproducible.

After ensuring that reliable contacts could be made, four-
point measurements were also performed on the Bi(111) sur-
face. The measurements were performed in a similar manner
to the contact measurements and by a scheme according to
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that shown in Fig. 1(a), i.e., a standard four-point measure-
ment with a pitch of 500 nm.

The measured change in potential during the measure-
ments was on the order of microvolts, thus a 1000 times
voltage amplifier was required. The measurements suffered
from significant electrical noise, thus the sampling was in-
creased to 3000 samples per point. Once again, the entire
measuring cycle was repeated many times.

Again, it is clear that the behavior is Ohmic. By consid-
ering many such data sets, the four-point resistance is found
to be 0.39+0.07 Q. The four-point resistance is related to
the resistivity by Ryy, pu=p/ (27rs).* Using this relationship,
our measured values corresponds to a resistivity of
120 =20 u€) cm, which is consistent with the accepted bulk
resistivity of 130 u() cm. Thus, it can be inferred that the
measurements are bulk sensitive—which, in turn, indicates
that the surface resistivity must be greater than approxi-
mately 10 Q) (otherwise the surface resistivity would domi-
nate the measurement). This result does not contradict the
notion of a strongly enhanced density of surface states at the
Fermi level found by angle-resolved photoemission13 be-
cause the mobility of these surface states is not known. The
mobility of the bulk carriers in Bi, on the other hand, is very
high; thus, it will be somewhat challenging to determine the
surface conductivity.

In conclusion, we have developed a CMOS compatible
nanoscale 12-point probe based on TiW electrodes on a
single SiO, support cantilever. Working probes have been
fabricated with a probe pitch down to 500 nm. The electron
beam lithography, in principle, allows far smaller dimen-
sions. How small the electrode pitch can be made will be
investigated in the future. So far the yield of 250 nm pitch
probes (having 125 nm wide electrodes) is not high enough
to support real measurements. The 750 nm pitch probes have
been used to measure the sheet resistance of ITO, Ru, and
TiW at 11 Hz, demonstrating stable measurements in good
agreement with commercially available Au probes. The
probes have also been used in ultrahigh vacuum, and the
four-probe resistance of a Bi(111) sample was measured and
found to be 0.39+0.07 Q for a 500 nm pitched probe. This
is consistent with the accepted bulk resistivity, and thus, in-
dicates that the contribution of electronic surface states to the
conductance is small.
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