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Contact resistance measurements are reported for radio frequency microelectromechanical system
switches operating in an ultrahigh vacuum system equipped with in situ oxygen plasma cleaning
capabilities. Ru-based contacts were prepared by means of standard sputtering techniques,
sputtering followed by postdeposition oxidation, �surface RuO2� or reactive sputtering in the
presence of oxygen �bulk RuO2�. In situ oxygen plasma cleaning lowered the resistance of Ru
contacts by two or more orders of magnitude but not lower than Au contacts, irrespective of whether
the Au contacts were cleaned. The time dependence of the resistance was fit to power law
extrapolations to infer contact creep properties and resistance values at t=�. Time-dependent creep
properties of mixed Au-Ru contacts were observed to be similar to those of Au-Au contacts, while
the absolute value of the resistance of such contacts was more comparable to Ru-Ru contacts. Prior
to, and for short oxygen plasma exposure times, bulk RuO2 resistance values exhibited much larger
variations than values measured for surface RuO2. For O2 plasma exposure times exceeding about
5 min, the bulk and surface RuO2 resistance values converged, at both t=0 and t=�, with the t
=� values falling within experimental error of theoretical values predicted for ideal surfaces. The
data strongly support prior reports in the surface science literature of oxygen plasma induced
thickening of oxide layers present on Ru surfaces. In addition, they demonstrate that vacuum alone
is insufficient to remove contaminants from the contact surfaces and/or prevent such contaminants
from reforming after oxygen plasma exposure. © 2010 American Institute of Physics.
�doi:10.1063/1.3353991�

I. INTRODUCTION

Radio frequency microelectromechanical system �rf
MEMS� switches have many promising advantages over
solid state switches, particularly with respect to cutoff fre-
quency, insertion loss, linearity, and power consumption
characteristics.1,2 Gold is often used for rf MEMS contacts
because of its chemical inertness and low resistivity but its
softness resulted in insufficient reliability for commercial
applications.3 Prior studies of gold contacts have been per-
formed in air, nitrogen, or vacuum environments that ranged
in pressure from 10−3 to 10−7 Torr.4–8 Since these studies
were performed in conditions where condensation of con-
taminants can easily occur, their reproducibility is uncertain.
However, if the operating conditions are sufficiently con-
trolled and monitored, as is the case here, the results should
be reproducible irrespective of the environment or facility
where the measurements are performed.

The use of materials other than gold is necessary for
improved reliability and a better understanding of the mecha-
nisms causing premature failure is necessary. Molecular dy-
namic simulations for both Au and Ru contacts have been
studied to understand the ductile and brittle nature of these

contacts at different operating temperatures.9 Ruthenium
contacts are a promising alternative to gold3,9–12 but the con-
ditions under which Ru can be meaningfully studied are
more stringent than those required for gold. In particular, Ru
is more sensitive to surface contamination by oxygen and
hydrocarbon film species than Au.13 When Ru is oxidized, it
has a stable conducting oxide.14 Iwasaki et al.15 have re-
ported that Ru becomes RuO2 when exposed to O2 plasma at
room temperature for sufficiently long periods. In addition,
they report that RuO2 is somewhat less conductive than Ru,
with bulk resistivity values for Ru and RuO2, respectively, of
12.3 and 45.0 �� cm.15

The measurements reported here were performed to �1�
document the impact of oxygen plasma on the resistance of
Ru-based contacts and to �2� compare the properties of soft,
hard, and combined soft-hard contacts for Au-Au, Ru-Ru,
and Au-Ru-based contacts. Oxygen plasma was selected as
the cleaning method, as it has recently been demonstrated to
be far more effective at cleaning occluded areas and high
aspect ratio regions than UV ozone.16 It is thus well suited
for cleaning the overhangs and nonline-of-sight regions that
are characteristic of rf MEMS switch contacts. It does, how-
ever, expose the surface to “oxygen contamination,” so that
an oxide, rather than pure Ru is to be expected at the surface.
In order to compare resistance data for various material com-a�Electronic mail: jkrim@unity.ncsu.edu.
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binations, time-dependent resistance measurements were per-
formed for closed contacts for 30 min periods, both before
and after cleaning. The data were fit to power law extrapo-
lations to infer contact creep properties and t=� resistance
values. In the following sections, a brief discussion of ideal
contact resistance and its time evolution is first presented,
following by a presentation of the experimental results

II. IDEAL CONTACT RESISTANCE AND CONTACT
CREEP THEORY

The apparent contact area of an rf MEMS switch is typi-
cally 3 to 20 �m2, while the actual area in contact may be
only 100th as large, typically in the range of
0.003–1.4 �m2.16 This arises from the fact that only the
outermost asperities of the contacting surfaces are actually
touching.

The contact resistance RC for one individual asperity
contact can be written as

RC = f��

a
�RM + RS =

1 + 0.83��/a�
1 + 1.33��/a�

�

2a
+

4��

3�a2 , �1�

where a is the asperity contact radius, � is the resistivity, and
� is the electron mean free path.17–19 RM is the “Maxwell”
resistance associated with lattice scattering of electrons. It
dominates when the asperity contact size is much larger than
the electron mean free path. RS is the “Sharvin” resistance
associated with boundary scattering of the electrons. It domi-
nates when the asperity contact size is on the order of the
electron mean free path. The interpolation function f�� /a�
allows for a smooth transition between resistance regimes. It
has a maximum value of 1 for a�� and a minimum value of
0.624 for a��. An upper limit of contact resistance RU can
be estimated by summing individual asperity contact areas
together, yielding a single contact with an effective radius

aeff, which is the limiting case of the first term in Eq. �1�.

RU =
�

2aeff
. �2�

Equation �2� generates an effective radius in the range of
0.098–0.68 �m, for actual contact areas ranging from
0.03–1.4 �m2. This is much larger than the electron mean
free path for any of the materials studied here �38, 1.97, and
3.32 nm, for Au, Ru, and RuO2, respectively�.15,20

Actual contact area increases in time if the surfaces are
held together, by approximately 1% after a closure time of 1
s to approximately 7% after a closure time of 40 h �Ref. 15�,
depending on the physical properties of the materials in con-
tact. The nature of the contact obviously controls the contact
resistance, and the time dependence of the resistance of the
contact reflects its materials properties. For Au switches, it
has been shown both theoretically and experimentally that
the time dependence of the resistance follows a power law
relation:17

R�t� = At−	 + B , �3�

where A reflects the topography of the contacts and increases
with roughness, 	 is an intrinsic material property related to
material creep properties17 and B is a theoretical limiting
resistance at t=�. For the conceptual case where t=�, B
corresponds to the resistance after all asperities have been
flattened into one short and cylindrical wire. The cross sec-
tional resistance of a wire is R=�l /�a2, where l is the length
of the wire.

Ideal values for the resistance of Au, Ru, and RuO2 con-
tacts are listed in Table I. The values in Table I are calculated
using Eq. �2�, and listed in the upper portion of the table �a�
for realistic upper �0.68 �m� and lower �0.098 �m� values
of effective contact radii. The lower portion of the table pre-

TABLE I. Theoretical values for the contact resistance. The theoretical values for the surface contact for
Au-Au, Ru-Ru, and RuO2-RuO2 are calculated using Eq. �2�, and listed in the upper portion of the table for
realistic upper and lower values of contact radii. The lower portion of the table presents theoretical resistance
contributions across the contact pad themselves for Au, Ru, and RuO2, using R=�l / ��a2�. The sum of the
surface contact resistance and the resistance through the contact is the approximate theoretical resistance, RT, of
the entire contact with no contamination contributions and is shown in Table II.

Theoretical contact resistance

Contact material
Bulk resistivity,

� ��� cm�
R=� / �2a�, a=0.098 �m

���
R=� / �2a�, a=0.68 �m

���

Au-Au 2.44 0.124 0.018
Ru-Ru 12.3 0.628 0.090
RuO2-RuO2 45 2.296 0.331

Theoretical resistance through a contact pad

Ru film thickness
R=�l /�a2

���
R=�l /�a2

���

Ru l=181 nm 0.738 0.0153

RuO2 film thickness
R=�l /�a2

���
R=�l /�a2

���

RuO2 l=6 nm 0.0895 0.0019
l=187 nm 2.796 0.058
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sents theoretical resistance contributions for the resistance
across the contact pad themselves for Au, Ru, and RuO2,
using R=�l / ��a2�.

The sum of the surface contact resistance and the resis-
tance through the contact is the approximate theoretical re-
sistance, RT, of the entire contact with no contamination con-
tributions and is shown in Table II.

III. EXPERIMENTAL SETUP

Four point resistance measurements were taken for all
contacts. Measurements were recorded on switches designed
and fabricated at either Northeastern University �NEU� or
Sandia National Laboratories �SNL�. The physical configu-
ration of the NEU switch design has been reported earlier
and Fig. 1�a� is an image of the switch.21 NEU switches were
released and wirebonded at NEU. There is only one sense
pad for each switch, so that the sense and source connections
for four wire resistance measurements are connected exter-
nally to the chamber. There are two dedicated wirebonds on
the die for the ground connections for the four wire resis-
tance measurements. These switches are comprised of either
sputtered Au-Au or sputtered Ru-Ru contacts. Switches on
all die were held to the underlying ceramic packages by the
wirebonding wire, i.e., without the use of an adhesive.

The SNL switches were fabricated, released, and wireb-
onded at SNL and Fig. 1�b� is an image of the switch.22 Each
die consists of 12 switches that are divided into three isolated
banks of four. Each bank of four switches share two common
ground pads, one sense pad and one source pad to enable
four wire resistance measurements at the switch itself. Each
device has a dedicated actuation pad to close specific
switches. Each ground pad is wirebonded to the package
bottom to mitigate electrostatic discharge. All top contacts
are Au while the bottom contacts are reactively sputtered
RuO2 �bulk RuO2� or sputtered Ru that is oxidized after
deposition �surface RuO2�. The thicknesses of the Ru con-
tacts are 181 nm. The surface RuO2 is an additional 6 nm
thick. Each die has at least four bulk and four surface RuO2

contacts. The NEU and SNL switches were both wirebonded
with one mil �25 �m� Au wire to unlidded 24 pin or 40 pin
side braze ceramic dual inline package �DIP� contact pads.
They were transported in ambient to North Carolina State
University �NCSU� in ESD protective packages and held in
place by pressing the leads into an ED resistant form. At
NCSU, they were stored for periods ranging from days to
months, in a N2 filled glove box in advance of the measure-
ments. The studies reported here do not rule out the possi-
bility that thicker contamination films were present on
switches stored for longer periods of time.

Figure 2 was the chamber used for these experiments.
The MEMS stage consists of two custom built rectangular
machinable glass ceramic pieces with an array of holes
drilled out to support 24, 40, and 64 pin side braze DIP.
These ceramic pieces were mounted on oxygen-free high-
conductivity Cu that was suspended inside the chamber. All
pin sockets were connected to standard vacuum wires by
spot welding, to reduce the possibility of outgassing in
vacuum and during plasma cleaning. Two Cu disks, 2.5 in.
diameter and 0.25 in. thick, were mounted on either side of
the MEMS stage and were connected to a high voltage
power supply for generating plasma in situ.

IV. DATA COLLECTION AND RESULTS

Experimental resistance values were measured using a
four probe resistance technique, sourcing 0.02 V with a com-
pliance current of 0.02 A, Ref. 23. This includes resistance
from the signal lines, the device contact pads and any addi-
tional resistances from contaminants that are potentially
present on the contact pads. In order to quantify the addi-

TABLE II. Fit parameters for Eq. �3�, the power law fit and the error of the line to data. The limiting resistance
for O2 plasma cleaning, B, which is an extrapolation of the actual contact resistance if the contact remained
closed forever, favorably agrees with calculated contact resistances in Table I. The last column is the sum of the
surface contact resistance and the resistance across the contact pad in Table I for a=0.68 �m �or 7% of the real
contact area�.

Contacts 	
A

�� /min	�
B

��� Line fit error R2

Au-Au pre O2 cleaning 0.0351 1.01 0.01091 0.99286
Ru-Ru pre O2 cleaning 0.08758 197.61 3.00372 0.99658
Ru-Ru post O2 cleaning 0.01312 6.53 0.62073 0.97697
Au-RuO2 post O2 cleaning 0.01946 8.87 0.04489 0.98769

FIG. 1. �Color online� Scanning electron microscopy images of �a� NEU rf
MEMS device �Ref. 21� and �b� SNL rf MEMS device �Ref. 23�.
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tional resistance in the connection lines for NEU switches,
the four wire resistance of the ground connections was mea-
sured, and it was then assumed the sense and source connec-
tions were similar. Values reported here have been corrected
for the resistance in the connection lines. Once the switch
was closed, a four wire dc contact resistance measurement
was performed across the contact with a Keithley22 source
meter.

The actuation voltage to close NEU switches ranged
from 85–95 V, corresponding to 50 to 100 �N, and for SNL
switches, it from 87 to 99 V, corresponding to 280 to
365 �N.21,23 Once any device was closed, the actuation volt-
age was held constant until the switch was opened by remov-
ing the actuation voltage. The actuation voltage was supplied
by an Agilent waveform generator24 through a TEGAM high
voltage amplifier25 to the appropriate actuation switch pad.
To verify the actuation voltage, a monitoring output from the
TEGAM was measured by a Keithley26 multimeter. LABVIEW

was used to collect all data and enter all input parameters.
After mounting the ceramic package in the vacuum

chamber, the chamber was evacuated to a base pressure of
1
10−9 Torr. Oxygen plasma cleaning treatments were per-
formed as follows: all actuation voltage and four wire resis-
tance connections outside the chamber were disconnected
from the feedthroughs and a gate valve, which connected the
sample chamber to the ion pump was then closed. Research
grade O2 was leaked into the sample chamber until the Bara-
tron capacitance manometer pressure gauge read approxi-
mately 150 mTorr. To maintain 150 mTorr pressures, the sys-
tem was simultaneously pumped with a turbo molecular
pump that was gated to maintain 150 mTorr. One Cu disk

was connected to a potential of 0.4 kV, while the remaining
Cu disk and body of the vacuum chamber was connected to
the ground of the power supply.

Initial measurements of the impact of oxygen plasma on
Ru-Ru switches were first performed, via comparisons of
NEU Ru-Ru and Au-Au resistance data. Given that Ru sur-
faces, while being cleaned by the oxygen plasma, were also
oxidized by it, more extensive studies of switch response
were reserved for the combined Au-RuO2 SNL switches.

A. NEU Ru-Ru and Au-Au comparisons

Figure 3 presents resistance versus time data for NEU
Ru-Ru switches held closed for 30 min before �a� and after
�b� one minute of exposure to O2 plasma. Both the switch
and contact were composed of sputtered Ru. The base pres-
sure in the chamber before cleaning were 1
10−9 Torr.
Data was recorded at a chamber pressure of 10−8 Torr after
cleaning. Cleaning the Ru contacts lowered the resistance by
a factor of 20 and was attributed to the removal of hydrocar-
bons from the surface. For comparison purposes, data for
NEU Au-Au switches held closed in 10−9 Torr with no
cleaning treatment are presented in Fig. 3�c�. Resistance val-
ues recorded on the NEU Au contacts were similar to those
reported in Ref. 8 and fit well to the power law relation
expressed in Eq. �3�, albeit with different power law param-
eters. The difference may be attributed to the superior
vacuum conditions at which the present studies were per-
formed. Despite the fact that in situ oxygen plasma cleaning
dramatically lowered the resistance of Ru contacts, it did not
lower the resistance to values lower than those characteristic
of Au contacts, irrespective of whether the Au contacts were
cleaned. The power law fit parameters for the Fig. 3 data are
presented in the upper three rows of Table II.

B. SNL bulk and surface oxide comparisons

As a follow up to the initial measurements of NEU
Au-Au and Ru-Ru switch response to oxygen plasma, the
impact of in situ cleaning on SNL Au-RuO2 switches was
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FIG. 2. �Color online� Photographs of experimental chamber.
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FIG. 3. �Color online� Resistance vs time for switches held closed for 30
min. �a� NEU Ru-Ru switch in 10−9 Torr, �b� after exposure to O2 plasma
for one minute, and �c� NEU Au-Au switch in 10−9 Torr. Resistance values
for cleaned Ru-Ru switches remain higher than Au switches that have not
been cleaned.
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studied. The motivation was to compare oxygen plasma ex-
posure for “bulk” and “surface” Ru oxides in controlled con-
ditions, as well as to document the impact of a mixed soft-
hard Au-Ru contact. Data were recorded on numerous
“surface” and “bulk” RuO2 switches as a function of oxygen
plasma exposure periods. In addition, baseline measurements
on the same switches were performed in air and in base level
vacuum before the oxygen plasma treatment and in vacuum
eight days after the treatment. Figures 4 and 5, respectively,
present representative data for an individual switch, and the
average results with error bars for the entire collection stud-
ied.

Figure 4 presents typical data for a Au-“surface” Ru ox-
ide switch that was held closed for 30 min. The measure-
ments were recorded after 15 s, 45 s, 90 s, and 8 min of O2

plasma exposure. The base pressure in the chamber before
cleaning was 1
10−9 Torr and data were recorded at a
chamber pressure of 10−8 Torr. The resistance measure-
ments increased for contacts exposed to O2 plasma for 45 s
compared with 15 s, but for longer O2 plasma exposure times
�90 s and 8 min�, the resistance dropped below initial values
because all hydrocarbons have been removed and only the
surface oxide layer remains. The increase in resistance for 45
s plasma cleans was thought to be a convolution of partial
removal of hydrocarbons on the surface with the initial
stages or thickening of an oxide layer forming on the surface.

Figure 5 presents collective data for many switches and
runs. In particular, it shows the average values for initial and
t=� resistance values as a function of oxygen plasma expo-
sure time. The data reflect multiple “surface” and “bulk”
RuO2 switches. Overall, while a variability was present in
the data at the initial times, probably due to surface contami-
nation, after about 5 min of exposure to oxygen plasma the
data sets converge at both initial and t=� time periods.
There are no values for 15 s O2 plasma exposures of bulk
RuO2 because these contact closures could not be fitted by a
power law relation. Initial resistance values were on the or-
der of 100 s of k�. for these samples and they exhibited far
more variability in their initial values than the “surface” Ru
samples. As the switches were exposed to longer O2 plasma
times, all resistance measurements exhibit power law trends
and both initial and infinity contact resistance values de-

creased. The power law fit parameters for Au-RuO2 contacts
from Fig. 4 after exposure to O2 plasma for 8 min are pre-
sented in the fourth row of Table II.

The last set of data points in Fig. 5 are measurements of
contact resistance after the switches were left for eight days
in vacuum at 10−8 Torr in the open position. The increase in
both initial and limiting resistance can be attributed to slowly
forming surface contamination. At 10−8 Torr, approximately
0.01 monolayer/s could strike the surfaces, some of which
may adsorb and cause an increase in resistance.

V. DISCUSSION

Figure 6 displays normalized resistance changes re-
corded for Au-Au, Ru-Ru, and Au-RuO2, where it is clear
that the time evolution of the Au-RuO2 contact is very simi-
lar to that of the Au-Au contacts. This is consistent with prior
literature reports of creep rate27 elasticity,28 contact
melting,29 friction,30,31 and energy dissipation32 being domi-
nated by the more compliant material. A slower rate of con-
tact resistance change was anticipated for the Ru-Ru combi-
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FIG. 4. �Color online� Au-surface RuO2 contacts from SNL operated in
vacuum after O2 plasma exposure of 15 s, 45 s, 90 s, and 8 min.
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FIG. 5. �Color online� Resistance measurements vs variable exposure times
showing that longer exposure times decreases both �a� t=� resistance and
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time axis in order to show switch response after left for eight days in the
open position in 10−8 Torr vacuum. Vacuum conditions thus failed to pre-
vent the slow reformation of adsorbed species on the surfaces of the cleaned
switches.
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nation, as Ru resists deformation more than Au, as observed
here. The absolute value of the resistance for the mixed ma-
terial contact in Fig. 4, meanwhile, remains closer to that of
the higher resistance material Ru-Ru contacts in Fig. 3. Table
II shows the power law fit parameters of three closures in
Fig. 3 plus an additional Au-RuO2 contact closure of post O2

cleaning. The limiting resistance B values compare favorably
with the theoretical values in Table I.

The schematic in Fig. 7 depicts how the SNL surface and
bulk RuO2 films are thought to evolve and converge as a
function of oxygen plasma exposure time. The NEU Ru-Ru
contacts would be represented by surface RuO2 in Fig. 7 but
with a thinner oxide layer than SNL surface RuO2. Using this
schematic as a guide, tabulated calculations are presented in
Table I for ideal contact resistance of Au, Ru, and RuO2

contacts. Two resistance measurements were calculated, con-
tact area with radius a and the thickness of the material with
length l. The values for l were taken from SNL contact depo-
sition parameters, while a was taken from approximations
based on computational values of apparent areas.17

Fortini et al.9 used molecular dynamic simulations to
study contact closure and opening of Au-Au and Ru-Ru at
different temperatures. At their respective elevated tempera-
tures, 300 K for Au and 600 K for Ru, contacts were more

ductile and show necking when pulled apart. At their respec-
tive lower temperatures, 150 K for Au and 300 K for Ru,
both contacts are brittle and form more dislocations and
cracking formation when pulled apart. Using Wiedemann–
Franz principle to estimate experimental contact tempera-
tures at voltage values of 0.02 V, the contacts were assumed
to be �300 K. At this temperature the Au-RuO2 contact had
a ductile Au contact with a brittle RuO2 contact, assuming
RuO2 response similarly as Ru. It was also assumed that
RuO2 would not crack when in contact with Au because Au
would deform more easily when pulled apart from RuO2.
This was believed to be seen in Fig. 6 with Au-Au and
Au-RuO2 contacts having similar resistance changes over
time. Here, the change in Au was much faster than Ru, as
shown by Fortini as being more ductile, so that faster resis-
tance change was dominated by the material that had an in-
creased contact area, consistent with the present set of ex-
perimental observations.

This work has shown that for a sufficiently long O2

plasma exposure time, the contact resistance can decrease by
a factor of 20, which is consistent with removal of contami-
nants that were not removed by vacuum conditions alone. No
evidence for plasma-induced changes in roughness were
observed.33–36 Prior to, and for short oxygen plasma expo-
sure times, bulk RuO2 resistance values exhibited much
larger variations than values measured for surface RuO2,
which can be attributed to a higher degree of susceptibility to
physisorbed hydrocarbons that are not removed by vacuum
conditions �10−8 Torr� alone. The fact that exposing contacts
to 10−8 Torr vacuum for several days causes the contact re-
sistance of cleaned switches to increase demonstrates that the
vacuum conditions in addition could not preserve the clean-
liness of the switches for extended periods. This leads to
questions about how to keep the contact resistance from
gradually increasing over the lifetime of a packaged rf
MEMS switch. One suggestion would be after cleaning the
contacts, backfill, and seal a nonreactive gas into the pack-
aging of the device and/or store the switches with the con-
tacts in a closed position. This could limit the probability of
reactive hydrocarbons from interacting with the contacts
thereby keeping the contact resistance low.

VI. SUMMARY

A series of experiments was performed to investigate the
time evolution of contact resistance for soft �Au�, hard �Ru�,
and a combination of soft and hard metal contacts for rf
MEMS switches operating in an ultrahigh vacuum system
equipped with in situ oxygen plasma cleaning capabilities.
Ru-based contacts were prepared by means of standard sput-
tering techniques, sputtering followed by postdeposition oxi-
dation, �surface RuO2� or reactive sputtering in the presence
of oxygen �bulk RuO2�. The time dependence of the resis-
tance was fit to power law extrapolations to infer contact
creep properties and to infer limiting resistance values at t
=�. Our primary observations are as follows:

• In situ oxygen plasma cleaning lowered the resistance
of Ru contacts by two or more orders of magnitude,

5 10 15 20 25 30
0.92

0.94

0.96

0.98

1.00

N
or

m
al

iz
ed

R
es

is
ta

nc
e

C
ha

ng
e

(��
)

Time (min)

Au-Au contact No O2 Plasma

Ru-Ru contact Post O2 Plasma

RuO2-Au contact Post O2 Plasma

FIG. 6. �Color online� Normalized resistance change of Au-Au, Ru-Ru, and
RuO2-Au contacts. Symbols match prior figures: Ru-Ru �Fig. 3�b�� and
Au-Au �Fig. 3�c��. The Au-Au contacts were not exposed to O2 plasma.
Ru-Ru contacts were exposed to O2 plasma for 1 min. Au-RuO2 contacts
were exposed to O2 plasma for 8 min. Au-RuO2 contacts have similar re-
sistance changes as Au-Au contacts and faster than Ru-Ru contact resistance
changes.

Initial Ru
Substrat

Plasma
Cleaning

Longer
Plasma
CleaningHydrocarbons

are removed

RuO2 RuO2 RuO2

Hydrocarbons

Ru

RuO2

Ru

RuO2

Hydrocarbons
are removed

Thickening
of oxide

Bulk Ru
oxide

Surface
Ru oxide

Hydrocarbons

Ru

FIG. 7. �Color online� A representation of the bulk and surface RuO2 ini-
tially and when exposed to O2 plasma for short and long periods of time.
Note this is not to scale.

084509-6 Walker et al. J. Appl. Phys. 107, 084509 �2010�

Downloaded 07 Oct 2010 to 152.14.73.59. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



but not lower than Au contacts, irrespective of whether
the Au contacts were cleaned.

• Time-dependent creep properties of mixed Au-Ru con-
tacts were observed to be similar to those of Au-Au
contacts, the softer of the two materials.

• The absolute value of the resistance of mixed Au-Ru
contacts was similar to that Ru-Ru contacts, the higher
resistance material.

• Prior to, and for short oxygen plasma exposure times,
bulk RuO2 resistance values exhibited much larger
variations than values measured for surface RuO2, at-
tributable to a higher degree of susceptibility to phys-
isorbed hydrocarbons that are not removed by vacuum
conditions �10−8 Torr� alone.

• For O2 plasma exposure times exceeding about 5 min,
the bulk and surface RuO2 resistance values con-
verged, at both t=0 and t=�, with the t=� values
falling within experimental error of theoretical values
predicted for ideal surfaces, strongly suggesting that
oxygen plasma both removes hydrocarbon contami-
nants and induces thickening of oxide layers on the Ru
surfaces.

• The contact resistance of switches left open for eight
days in a vacuum of 10−8 Torr was substantially
higher than values measured immediately after clean-
ing, thus indicating that vacuum alone does not pre-
vent contaminants from reforming after oxygen
plasma exposure.
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