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Electrical contact resistance measurements are reported for RF micro-electromechanical switches

situated within an ultrahigh vacuum system equipped with in situ oxygen plasma cleaning

capabilities. Measurements were performed on fused (permanently adhered) switches with Au/Au

contacts and functioning switches with Au/RuO2 contacts in both the presence and absence

of adsorbed monolayers of pentane and dodecane. For switches adhered in the closed position,

adsorption occurs only in regions external to direct contact. For functioning switches, however, it

can occur either within or exterior to the contact. The data are analyzed within the framework of two

distinct geometries, to explore how the presence of adsorbed molecules in regions close to the

contact may impact vacuum tunneling contributions to the experimentally measured resistance:

(1) The resistance associated with direct contact in parallel with a vacuum tunneling path, which

upon uptake of the monolayer is replaced by the molecular resistance and (2) a series connection

of the direct contact resistance with the molecular layer after adsorption occurs, with the vacuum

tunneling path assumed to be negligible. In all cases, the experimental results quantitatively favor

scenario (1), whereby uptake of the molecular layer effectively shuts down the vacuum tunneling

path, in this case approximately 30 X in the absence of an adsorbed film. The methods described

herein thus constitute a new and original approach to documenting vacuum tunneling levels in

regions of close proximity. VC 2011 American Institute of Physics. [doi:10.1063/1.3664770]

I. INTRODUCTION

The physics of electrical current flow through an asperity

contact is a topic of wide-ranging impact, spanning tribologi-

cal applications,1–4 to radio frequency microelectromechani-

calsystems (RFMEMS) switches,5–8 to static charge transfer

effects in materials of interest to the textiles industry.9 Surfa-

ces roughness plays a key role in electrical current levels,

since only the outermost asperities come into direct contact

when two surfaces are brought into contact.10–12 For the case

of RFMEMS switches,13–15 only a limited number of asper-

ities come into contact, and only a few of the larger contacts

are thought to carry most of the current.16–19 This characteris-

tic allows RFMEMS switches to be conveniently approxi-

mated and modeled as single and/or few asperity contacts. It

is well known that physisorbed layers condense onto gold

surfaces20 in both vacuum and ambient conditions, and that

the coverage is determined by the pressure surrounding the

surface21,22 and the uniformity of the substrate.23,24 At room

temperature, the adsorbates are largely composed of hydro-

carbon species and water vapor.21,24 Gold-on-gold (Au/Au)

contacts are routinely employed experimentally to minimize

the complicating effects of such layers, but the insulating

films that remain on the contacts have a tremendous impact

on their properties.13,25,26 It is moreover difficult to determine

whether the films are mostly situated within, or exterior to,

regions of direct metal-metal contact. But if the films are

removed, the switches become very susceptible to adhesive

failure.

We focus here on vacuum electrical tunneling currents

that may be present in regions27–31 that are in close proxim-

ity to regions of direct contact and the relative proportions of

these compared to current flow through regions of direct con-

tact. The results, which are motivated by measurements

recently reported by Walker et al.,32 are of interest to com-

munities far beyond RFMEMS, for example, in the areas of

molecular electronics33,34 and carbon nanotube electrical

contacts.35–38 Walker et al.32 performed measurements of

dodecane gas uptake on gold-ruthenium oxide (Au/RuO2)

RFMEMS switches and observed the electrical contact re-

sistance (ECR) to first double at sub-saturation pressures and

then remain constant even for full monolayer coverages. The

factor of two increase was unexpectedly small, because a

dielectric material (for dodecane, K¼ 2) confined within a

contact is expected to increase the resistance by many orders

of magnitude.25,26,39 As a possible explanation, Walker et al.
suggested that hydrocarbon molecules might be located just

outside of the contact rather than within it.40–45 The resist-

ance increase would then possibly be resulting from elimina-

tion of the tunneling currents present in vacuum for regions

close to the contact.

In the work presented here, we seek to explore this

hypothesis by systematically adsorbing molecules onto the

a)Author to whom correspondence should be addressed. Electronic mail:
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surfaces of RFMEMS switches while monitoring the change

in resistance as a function of the surrounding gas pressure.

We perform measurements on switches that are both opera-

tional and inoperational, i.e., adhered permanently in the

closed position. In the latter case, adsorption occurs only in

regions external to the directly contacting areas. The

approach is depicted schematically in the lower portion of

Figure 1. Adsorbed molecules in regions of near proximity

to the direct contact are assumed to suppress or eliminate

vacuum tunneling contributions, thus increasing the effective

resistance of the contact. The total electric current at an as-

perity I is thus comprised of vacuum tunneling Itv and direct

contact Ic components, I¼ Itvþ Ic. Under this assumption,

the experimentally measured contact resistance is lower than

the direct contact resistance, R<Rc, since it is comprised of

the parallel combination of Rc and Rtv

Rparallel ¼
Rc � Rtv

Rc þ Rtv
: (1)

The paper is divided into 6 sections. Section II describes the

experimental setup and data taking procedure. ECR data are

presented in Sec. III, for measurements of pentane uptake on

clean Au/Au contacts adhered in the closed position, and for

pentane uptake on functioning Au/RuO2 contacts. Au/RuO2

contacts have higher resistance, but approximately the same

electron tunneling properties, since the electron work func-

tions are close for gold (�5.3 eV), ruthenium (�4.7 eV), and

ruthenium oxide (�5.1 eV). In Sec. III, we also present meas-

urements performed with a longer chain molecule, namely

dodecane. If the hypothesis is correct, the gases will produce

similar results because both pentane and dodecane are large

enough to suppress tunneling.

In Sec. IV, two models of hydrocarbon impact on switch

resistance are examined: (1) the resistance associated with

direct contact Rc is assumed to be in parallel with a vacuum

tunneling path Rtv, which upon uptake of the monolayer is

replaced by the molecular resistance Rtm and (2) the molecu-

lar layer resistance Rtm (after adsorption within the contact)

is assumed to form a series connection with the direct

contact resistance, Rc, and vacuum tunneling mechanisms

presumed to be negligible. In these models, we neglect the

effects of tunneling material transfer, as this has not been

reported to have a large impact on the magnitude of the

resistance.46 As will be reported, the experimental results all

favor a scenario whereby uptake of the molecular layer

effectively shuts down the vacuum tunneling path, which

for the switches studied here has an effective resistance of

�30 X in advance of molecular uptake. Sections V and VI

include discussion and concluding remarks.

II. EXPERIMENTAL PROCEDURE

Two different types of switches were employed for these

studies, fabricated at either Radio Frequency MicroDevices

(RFMD)47 or Sandia National Lab (SNL). They have been

described in detail in prior publications.48,49

RFMD Au/Au switches were used for the permanent

contact (fused switch) experiments.48 The RFMD switch is

an inline metal contacting switch. The transmission signal

enters at the anchor or fixed end and travels the length of the

cantilever beam and exits to the transmission line through the

contacts at the end of the cantilever beam. Because the signal

must travel through the cantilever beam, the cantilever is fab-

ricated using a thick layer of electroplated gold (�10 lm).

The contact resistance is approximately 1 X, and resistance

of the wires with all connections was measured to be approxi-

mately 0.1 X, which is small compared to the resistance of

the switches themselves. Rezvanian et al.16 calculated a theo-

retical resistance of �0.1 X for the switches under a 50 lN

contact force, which is clearly lower than the experimentally

measured value. Because the RFMD switches were initially

open, a contamination layer is likely to be present at the fused

contacts, thus explaining the difference with theory.

The Au/RuO2 switches were fabricated, released, and

wirebonded at SNL. Each die consists of 12 switches 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 gold, while the bottom contacts are either

reactively sputtered RuO2 or sputtered Ru that is oxidized af-

ter deposition, as described in detail in an earlier publica-

tion.49 The actuation voltage to close SNL switches range

from 87 to 99 V, corresponding to 280 to 365 lN.50,51 Since

the oxygen plasma cleaning process causes the two substrate

materials to become similar,49,52–54 they were not distin-

guished in these studies.

The MEMS stage at North Carolina State University

consists of two custom built rectangular machinable glass

ceramic pieces with an array of holes drilled out to support

24, 40, and 64 pin packages. These ceramic pieces are sus-

pended inside an ultra high vacuum (UHV) chamber. All pin

sockets connect to standard vacuum wires by spot welding, to

FIG. 1. (Color online) Schematic of our experimental approach for the ECR

of an adhered switch. The current through regions of direct contact, Ic, adds

to that associated with vacuum tunneling, Itv. Adsorbed molecules suppress

the vacuum tunneling component and replace it with Itm, assumed negligible

in this work.
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reduce the possibility of outgassing in vacuum and during

plasma cleaning. Two Cu discs are mounted on both sides of

the MEMS stage and connect to a high voltage power supply

for generating in-situ plasma.32,49 A quartz crystal microba-

lance (QCM) with polished gold electrodes is positioned in

close proximity to gauge adsorbate uptake levels on the

switch contact pads. When gases adsorb onto both sides of an

AT-cut QCM, the change in frequency can by calculated by55

df ¼ 4f 2r
qq�q

; (2)

where f is the frequency of the QCM f¼ 8 MHz, r is the

areal density of the adsorbate in g/cm2, qq¼ 2.648 g/cm3

is the density of quartz, and tq¼ 3.338� 105 cm/s is the

speed of sound in quartz. The measured drift of the QCM

was 0.1 Hz/h or less, and all of the measurements were

recorded in less than 15 min.

We did not observe argon plasma (120 mTorr of Argon

for 300 s) to be effective in cleaning the switches. We did,

however, observe that oxygen plasma exposure reduced the

contact resistance of both Au and Ru based switches to val-

ues lower than obtained by operating the switches in UHV

alone and that oxygen plasma exposure times longer than

about 5 min did not result in further lowering of the resist-

ance. The contact resistance of switches operated or simply

left open in vacuum was always observed to increase, but

subsequent exposure to oxygen plasma allowed the contact

resistance to be returned to its original values. This reproduc-

ible contact resistance after oxygen plasma exposure served

as the baseline for the experiments reported here. We have

also observed that oxygen plasma induced thickening of ox-

ide layers on the bulk sample causes the two samples to have

very similar properties.49,52–54

Oxygen plasma cleaning treatments were performed as

follows: all actuation voltage and four wire resistance

connections outside the chamber were disconnected from the

feedthroughs and a gate valve connecting the sample cham-

ber to the ion pump was closed. Research grade O2 was then

leaked into the sample chamber until a capacitance mano-

meter pressure gauge read approximately 150 mTorr. The

system was then pumped with a turbo molecular pump, con-

nected through a regulating valve adjusted to maintain a

pressure of 150 mTorr. One Cu disc was next connected to a

potential of 0.4 kV, while the other Cu disc was connected to

both the grounded vacuum chamber and the ground of the

power supply. Switches were exposed to oxygen plasma

for 5 min, and then the power supply was turned off and

the chamber pumped immediately to 10�8 Torr with the

turbomolecular pump followed by the ion pump.

III. DATA COLLECTION AND RESULTS

A. Measurement #1: Pentane adsorption
on a permanently closed Au/Au switch

As an initial experiment, to probe uptake in a situation

where gas uptake is limited to regions external to the contact,

we examined RFMD Au/Au switches that were adhered

in the closed position. For this experiment, no actuation

voltage, and thus no external load, was applied to the con-

tact. The switches provided a convenient means to perform

the experiments with the same parameters and in the same

environments as for working switches. In addition, the con-

tact resistance is time independent for adhered switches,

simplifying the data analysis.48

Experimental resistance values R were measured both

before and after oxygen plasma cleaning using a four probe

resistance technique, with a voltage source of 0.02 V. In the

absence of a cleaning treatment, exposure to pentane vapors

caused no changes in R.

This result is consistent with our hypothesis that

adsorbed contaminants largely suppress tunneling currents in

regions surrounding the direct contact.

After 40 s of oxygen plasma cleaning, 3 of the switches

exhibited reductions in resistance consistent with cleaning of

residual contaminants, and after 300 s, all 6 of the switches

studied displayed such behavior. The resistance of the

cleaned switches moreover became sensitive to the presence

of pentane gas vapors, as depicted in Figure 2, which shows

resistance versus pentane pressure data for the two groups of

switches, whereby exposure to pentane vapor at 10�3 Torr

FIG. 2. (Color online) Experimentally measured total switch resistance R

divided by its value immediately after plasma cleaning R0, at 10�7 Torr, ver-

sus surrounding pentane pressure for two groups of fused Au/Au switches.

The switches were cleaned for 300 s after recording the data set in the upper

portion of the figure. Each group consists of three different switches and

average resistance of the switches is presented by black filled squares

and empty red circles accordingly. Results are presented for 40 s and 300 s

plasma cleaning procedure. The bulk vapor pressure of pentane at room tem-

perature is 419 Torr. QCM uptake data for pentane/Au are displayed in the

inset to Figure 3.
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(40 s) and 10�7 Torr (300 s) levels caused the resistance

values to increase back to their original, pre-cleaned levels.

The lower uptake pressure after 300 s of cleaning is pre-

sumed to be associated with the increased surface roughness

that results from the cleaning procedure.

Equation (1), the parallel combination resistance of Rc

in parallel with Rtv provides a means to estimate the relative

tunneling and direct contact contributions: The resistance in

vacuum (1 X) is assumed to be Rparallel, while the resistance

in the presence of adsorbed pentane (1.04 6 0.01 X) is

assumed to be Rc (Figure 1). Substituting these values into

Eq. (1) yields a value of �26 X for the effective resistance

associated with vacuum tunneling mechanisms,

Rtv ¼
Rc � Rparallel

Rc � Rparallel
¼ 1:04�1

1:04�1
¼ 1:04

0:04
¼ 26 X: (3)

In the experiments described next, we repeat the measure-

ments on switches that have similar tunneling properties but

larger Rc. According to Eq. (1), an adsorbed gas should have

greater influence in this case, since it eliminates a larger pro-

portion of the total current flow.

B. Measurement #2: Pentane adsorption
on operational Au/RuO2 switches

Tunneling current depends on the work function of both

the tip and the substrate, which are close for gold, ruthenium,

and ruthenium oxide (a detailed calculation is presented in

Sec. IV). Therefore, to further explore the previous sugges-

tion that pentane uptake results in suppression of vacuum

tunneling contributions, the gold-on-gold switches were

replaced with gold/ruthenium switches, a materials combina-

tion that exhibits a higher experimentally measured contact

resistance Rc (10–15 X). This material combination also

exhibits an excellent response to oxygen plasma cleaning.49

All experiments were performed with working switches,

because clean Au/RuO2 contacts do not permanently adhere

in the closed position. They are thus excellent candidates for

commercial applications.

Figure 3 shows switch resistance values versus sur-

rounding pentane pressure for oxygen plasma cleaned Au/

RuO2 switches. The switches were cleaned for 300 s before

data taking commenced. The actuation voltage to close the

switches ranged from 87 to 99 V, corresponding to 280 to

365 lN.50,51 Once a device was closed, the actuation voltage

was held constant for over 30 min to allow the time depend-

ence of the contact resistance to be documented. The switch

was then reopened and exposed to a higher pentane pressure.

Pentane exposure caused the switch resistance to increase by

a factor of 2, a much larger factor than observed for the Au/

Au switches. The switch resistance doubles for devices at

pressures near 10�2 Torr and fails to increase significantly

thereafter. This shape is similar to that reported by Koidl

et al. for “critical concentration” adsorption uptakes56,57 on

macroscopic switches, whose initial resistances fell in the

range 0.005–0.007 X.

Koidl et al. recorded measurements of switch resistance

in a synthetic air (80% nitrogen, 20% oxygen) and defined

the critical concentration level as the point where switch

resistance exceeded 0.1 X. They suggested that an oxygen

deficient environment should lower the critical concentration

by more than 2 orders of magnitude. They interpreted this as

a protective property of oxygen, given that carbon deposits

in an oxygen deficient environment are inhibited from form-

ing a volatile oxide. Critical concentrations by this argument

are then expected to be extremely low in vacuum environ-

ments, since perfect vacuum is completely depleted of oxy-

gen. From this perspective, our observation of an abrupt

increase in resistance at a very low partial pressure of pen-

tane in vacuum is entirely consistent with the prior reports.

Table I tabulates the critical concentrations for both the work

of Koidl et al. and Figure 3 values for pentane adsorption.

FIG. 3. Initial switch resistance (R is the resistance measured upon first time

closure at t¼ 0) divided by its initial value after cleaning (R0 is the resist-

ance of the switches after plasma cleaning at t¼ 0) versus surrounding

pentane pressure. The switch resistance doubles for devices at pressures of

10�2 Torr. They fail to increase significantly thereafter, even for full mono-

layer coverages of pentane. The inset represents frequency shift versus pen-

tane pressure for a quartz crystal microbalance with gold electrodes situated

near the RFMEMS switches. The bulk vapor pressure at room temperature is

419 Torr (Ref. 58), and one monolayer of pentane adsorbed on the electro-

des corresponds to a 3.8 Hz shift.

TABLE I. Summarizing pentane and dodecane values at critical concentra-

tions and coverage at which the initial resistance increases by a factor of

two. It is interesting that Koidl56,57 also observes a difference in critical con-

centration in a synthetic air but only about 30� instead of 1000�.

This work Pentane Dodecane

Critical concentration (Torr) 0.05–0.1 5� 10�5

Partial pressure 2.39� 10�4 1.25� 10�4

Area density (ng/cm2) 32.7 32.6

Coverage of a monolayer 1.3� 10�2 2.6� 10�3

Koidl Pentane Dodecane

Critical concentration (Torr) >7.6 0.266

Partial pressure 0.0185 0.887

Area density (ng/cm2) NA NA

Coverage of a monolayer NA NA

Vapor pressure at RT (Torr) 418.62 (Ref. 58) 0.3 (Ref. 60)
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Equation (1), the parallel combination resistance of Rc

with Rtv, provides a means to estimate the proportions of tun-

neling to direct contact contributions: The resistance in vac-

uum (15 X) is assumed to be Rparallel, while the resistance in

the presence of adsorbed pentane (�30 X) is assumed to be

Rc (Figure 1). Substituting these values into Eq. (1) yields a

value of 30 X for the effective resistance associated with

vacuum tunneling mechanisms,

Rtv ¼
Rc
�Rparallel

Rc � Rparallel
¼ 30�15

30� 15
¼ 300

10
¼ 30 X: (4)

The inset to Figure 3 depicts the frequency shift of the

QCM as pentane is leaked into a chamber initially at 10�9

Torr. The mass per unit area of an adsorbed pentane

(CH3(CH2)3CH3) monolayer is well documented for the case

of uptake on a gold surface.59 For molecules oriented with

the hydrocarbon backbones parallel to the surface, each

molecule (1.2� 10�22 g or molecular weight 72.15) can be

assumed to occupy a 36.6� 10�2 nm2 rectangular area on

the surface, corresponding to r¼ 32.7 ng/cm2. For a 5 MHz

resonant frequency QCM, this corresponds to a 3.78 Hz

frequency shift per monolayer (from Eq. (2)). Clearly this

is an estimate, as only one of the contacts is gold, and the

geometry is far from planar, but the information is nonethe-

less useful to document that uptake is indeed occurring.

We also note that the resistance changes begin at

pressures lower than where QCM first begins to detect

uptake. The best explanation for this is the fact that the bind-

ing energy for adsorption close to the contact is expected to

be substantially greater than that of the open geometry of the

QCM electrode: in short, the adsorbed particles close to the

switch contact are coming into contact with multiple sur-

faces. The QCM measurements of coverage remain relevant,

however, as an important reference point for comparison

purposes.23

The tunneling resistance of 30 X obtained in the second

experiment is very close in magnitude to the 26 X observed

for the Au/Au contacts, lending support for the hypothesis

that vacuum tunneling is contributing at this level. To further

explore this hypothesis, we adsorbed dodecane gas rather

than pentane. If our hypothesis is correct, then the resistance

increase will be comparable for the two gases, since both are

expected to suppress the tunneling current even though dode-

cane is a longer chain molecule.

C. Measurement #3: Dodecane adsorption on
operational Au/ RuO2 switches

Figure 4 shows normalized switch resistances (for the

same switches utilized in measurement #2) as dodecane is

leaked into the sample cell. The resistance increases by the

factor of 2 in a manner similar to pentane, but at a much

lower pressure: 5� 10�5 Torr. The resistance then levels off

after 5� 10�4 Torr. This shape is similar to what Koidl

et al.56,57 reported for their critical concentration adsorption

uptakes. Table I tabulates the critical concentrations for both

the works by Koidl et al. The critical concentration in the

work of Koidl et al. is 0.266 Torr, but for this work, the criti-

cal concentration is �5� 10�5 Torr. Again, this may also be

related to either the plasma-induced surface roughness or the

fact that the macroscopic switches have larger contact pres-

sures, so the adsorbates are more readily squeezed out of the

contact.

The inset to Figure 4 is the frequency shift of a QCM as

dodecane is leaked into a chamber whose base pressure was

initially at 10�9 Torr. The mass per unit area of an adsorbed

dodecane (CH3(CH2)10CH3) monolayer is well documented

for the case of uptake on a gold surface.61 For molecules ori-

ented with their hydrocarbon backbones parallel to the sur-

face, each molecule (2.839� 10�22 g or molecular weight

170) can be assumed to occupy a 1.73 nm� 0.5 nm rectan-

gular area on the surface, corresponding to r¼ 32.6 ng/cm2.

For a 5 MHz resonant frequency QCM, this corresponds to a

3.78 Hz frequency shift per monolayer.

Figure 5 presents pentane and dodecane data from

Figures 3 and 4 on the same plot, but plotting them as a func-

tion of P/P0 rather than P, where P0 is the bulk saturation

pressure. The resistance increase occurs at almost the same

partial pressures for pentane and dodecane and the increases

are within experimental error of each other.

IV. PARALLEL AND SERIES MODELS OF
MOLECULAR ADSORPTION ON SWITCH RESISTANCE

We now consider two theoretical models, a parallel con-

nection model and a series connection model, to explore the

physical nature of the increase in resistance that occurs upon

molecular uptake. Since the resistance change is completely

reversible, we have documented that uptake and removal of

the molecules is causing the change. We now consider which

physical location for the molecules is most likely resulting in

the resistance change.

FIG. 4. (Color online) Initial switch resistance (R is the resistance measured

upon first time closure at t¼ 0) divided by its initial value after cleaning

(R0 is the resistance of the switches after plasma cleaning at t¼ 0) versus

surrounding dodecane pressure. The switch resistance doubles for devices at

pressures of 10�5 Torr. It fails to increase significantly thereafter, even for

full monolayer coverages of dodecane. The inset depicts frequency shift ver-

sus dodecane pressure for a quartz crystal microbalance with gold electrodes

situated near the RFMEMS switches. The bulk vapor pressure of dodecane

at room temperature is 0.3 Torr (Ref. 60), and one monolayer of dodecane

adsorbed on the electrodes corresponds to a 3.8 Hz shift.
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A. Parallel connection

The total switch resistance in the parallel connection

model, Rparallel, is determined from the sum of the recipro-

cals of contact resistance Rc and effective tunneling current

resistance in vacuum Rtv (Eq. (1)). Hydrocarbon molecules

adsorbed on the surface contribute tunneling resistance

through molecules Rtm, which is assumed to be much larger

than Rtv, thus suppressing the tunneling current and increas-

ing the total switch resistance Rparallel so that is it effectively

equal to Rc (Figure 6). Simmons39 obtained the tunneling

current density jt for electrons tunneling through a potential

barrier u (reflective of the combined tip/substrate work func-

tions) of thickness Dz,

jt ¼
e

2phðDzÞ2
ue
�4p

ffiffiffiffiffi
2mu

h2

p
Dz � ðuþ eVÞe�4p

ffiffiffiffiffiffiffiffiffiffiffi
2mðuþeVÞ

h2

p
Dz

� �
;

(5)

where V is potential difference between tip and substrate in

Volts (V¼ 0.02 V in measurements presented here),

e¼ 1.6� 10�19 C and m¼ 9.1� 10�31 kg are the charge

in Coulombs and the mass in kilograms of the electron,

respectively, h¼ 6.6� 10�34 Js is the Planck constant, u is

average barrier height, in Joules, relative to the Fermi level

of the negative electrode. As a simplification, u is taken as

the average of gold and ruthenium oxide work functions, or

�5 eV. If u>>Ve (as in the present experimental case,

with V¼ 0.02 V, 5 eV>> 0.02 eV), then Eq. (5) can be sim-

plified to

jt ¼
e2kV

4phDz
expð�kDzÞ; (6)

where

k ¼ 4p
ffiffiffiffiffiffiffiffiffiffi
2mu
p

h
: (7)

Employing the values of u¼ 5 eV¼ 8� 10�19 J, e¼ 1.6

� 10�19 C, m¼ 9.1� 10�31 kg, and H¼ 6.6� 10�34 Js, the

value of coefficient k is

K ¼ 2:3� 1010m�1: (8)

The effective tunneling resistance can be estimated as

Rtv ¼
V

It
¼ V

jtS
¼ 4phDz

e2k expð�kDzÞSt
; (9)

Rtv ¼
4 � 3:14 � 6:6 � 10�34 � Dz

ð1:6 � 10�19Þ2 � 2:3 � 1010 � expð�2:3 � 1010 � DzÞ � St

¼ 1:4 � 10�5 � Dz

expð�kDzÞSt
; (10)

where St is the effective tunneling area. We now estimate the

value of St.

Rezvanian et al.16 reported that the average number of

asperities N in contact after 30 min is about 40, and the aver-

age size of a contact area radius r is 40 nm.62 To estimate the

effective tunneling area, we assume that current flows at up

to 1 gold atom in lateral extent around the contacts. Because

the tunneling current density value decreases by orders of

magnitude with changing the distance by even as little as

1 Å, the effect from tunneling current through surrounding

areas that are further away is neglected. The effective tunnel-

ing area St, approximated by a one-atom wide annulus

defined by the perimeter of the asperities multiplied by the

number of asperities, therefore, is found (for a gold atomic

radius rAu¼ 144� 10�12 m) to be

St ¼ P � rAu � N ¼ 2 � p � r � rAu � N � 1:5 � 10�15m2:

(11)

If Dz¼ 1.44� 10�10 m (the gold atomic radius), then

StRtv ¼ð1:5� 10�15 m2Þð37 XÞ ¼ 5:55� 10�14 Xm2;

Rtv ¼ 37X (12)

We emphasize that the value of 37 X for the tunneling resist-

ance is an estimate and the actual Rtv may vary, depending

on the actual value of St.

FIG. 5. (Color online) Relative switch resistance versus partial pressure of

pentane (black filled squares) and dodecane (red empty circles). The resist-

ance approximately doubles in both cases for partial pressures of 10�4. P0 is

the bulk vapor pressure.

FIG. 6. (Color online) Contact resistance Rc and effective tunneling resist-

ance Rtv in A parallel connection. Adsorbed hydrocarbon molecules are

assumed to suppress the tunneling current, and the tunneling current through

the molecule is assumed to be negligible.
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Adding hydrocarbons to the switch environment results

in surface contamination around the contacts and converts

the tunneling resistance in vacuum Rtv into the tunneling

resistance through the molecules Rtm. The effective tunneling

resistance of hydrocarbons Rtm (100–10000 X) is assumed to

be much larger than the direct contact resistance Rc, and so

effectively suppresses the tunneling current. The total resist-

ance Rparallel of the switches with adsorbed hydrocarbons

present is therefore essentially the contact resistance Rc

itself. A quantitative estimate of Rtm depends on whether or

not the molecules are treated as individual resistors, as in the

field of molecular electronics. In this case, Eq. (5) is difficult

to apply, as the molecular orientation is convoluted with its

resistance. This is discussed in Sec. IV B.

If for plasma cleaned Au/RuO2 switches, the contact re-

sistance and tunneling current resistance work in parallel,

producing the total resistance of 15 X, then the resistance

of Au/RuO2 contacts is evaluated to be 30 X. If the contact

resistance of fused gold-on-gold switches is �1 X, then the

tunneling current impact on switch resistance is only 3%-5%.

This model thus explains all of the measurements we

have recorded. The resistance of the contacts is also not

expected to be impacted by further uptake of hydrocarbons

because the contact force is high enough to push hydrocar-

bon molecules aside.63

We now explore whether a series connection is also able

to explain the experimental results.

B. Series connection

In our second model, we assume that hydrocarbon mole-

cules form a layer between the contacts, which results in an

increase in switch resistance denoted by Rseries, the sum

of the resistance of the adsorbed layer in series Rtm to the

contact resistance Rc (Figure 7). The total area of the contact

spots Sc is calculated by taking into account the average

number of the asperities in the contact N¼ 40, and the aver-

age asperity radius r¼ 40 nm16,62

Sc ¼ N � ðp � r2Þ ¼ 2 � 10�13m2: (13)

We note that Sc is roughly 100 times greater than the tunnel-

ing area St calculated in the previous model, suggesting that

the resistance of the hydrocarbons in the tunneling gap

would need to be on the order of 100–10 000 X for equiva-

lent conduction contributions.

The surface area of pentane molecules is Spentane

¼ 36.6� 10�2 nm2 (Ref. 55) and the approximate number of

molecules on the surface is

Nmolecules ¼
Sc

Spen tan e
� 106: (14)

Paulsson et al.64 reported the resistance of organic molecules

to be on the order of 106–108 X. Therefore, the molecules (as

106 resistors in parallel) can potentially act as a �1–100 X
resistor, which does encompass the value of the additional

resistance observed for the Au/RuO2 switches, whose values

increased by 15 X. However, there are several inconsisten-

cies between the series conduction model and the measured

results:

1. The resistance of the layer should be extremely sensitive

to its thickness, an effect that we do no observe.

2. Wold and Frisbie63 reported that 100 nN contact forces

were sufficient to displace self-assembled monolayers

(SAM) from Au/Au contacts in an atomic force micros-

copy (AFM) geometry. Patton et al.15 later reported SAM

displacement for Au/Au MEMS contacts under 200 lN

contact forces. In experiments presented in this paper, the

contact force of �300 lN (Refs. 50 and 51) is used to

actuate the switches. Hydrocarbon molecules are there-

fore very likely to have been pushed out of the contacts.

3. No resistance change would be predicted for the fused

Au/Au contacts, contrary to what is observed.

V. SUMMARY AND CONCLUSIONS

We have performed electrical contact resistance meas-

urements for RF micro-electromechanical switches situated

within an ultrahigh vacuum system equipped with in situ ox-

ygen plasma cleaning capabilities. Measurements were pre-

formed on fused (permanently adhered) switches with Au/

Au contacts, and functioning switches with Au/RuO2 con-

tacts in both the presence and absence of adsorbed mono-

layers of pentane and dodecane. Measurements were

performed after in situ oxygen plasma cleaning to remove re-

sidual surface contaminants. Our primary observations were

(1) fused Au/Au switch resistances increased by 3%–5%

(which corresponds to �26 X tunneling resistance in par-

allel) after adding pentane to the switch environment.

(2) Au/RuO2 switch resistances approximately doubled for

either pentane or dodecane uptake but exhibited the

same tunneling resistance if a parallel connection is

assumed (�30 X). Future work will investigate hydro-

carbons effect on Au/RuO2 switches in adhered position

(which is difficult to achieve).

(3) The data were analyzed within the framework of two dis-

tinct geometries: (1) The resistance associated with

direct contact in parallel with a vacuum tunneling path,

which upon uptake of the monolayer is replaced by the

molecular resistance and (2) a series connection of the

direct contact resistance with the molecular layer after

adsorption occurs, with the vacuum tunneling path

assumed to be negligible. In all cases, the experimental

results quantitatively favor scenario (1).
FIG. 7. Contact resistance Rc and resistance of hydrocarbon molecules Rtm

in series connection.
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(4) The methods described here constitute a new and origi-

nal approach to documenting vacuum tunneling levels in

regions of close proximity. Future studies will focus on

an investigation of the role of molecules in low contact

pressure conditions to explore the series connection

effects. Measurements on Au-RuO2 contacts held perma-

nently in a closed position would also be of interest.
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