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Abstract—Contact adhesive force (Fa ) scaling is critical for
relay miniaturization, since the actuation area and/or actuation
voltage must be sufficiently large to overcome the spring restoring
force (Fk ) in order to turn on the relay and Fk must be larger than
Fa in order to turn off the relay. In this work, contact adhesive
force is investigated in MEM logic relays with contact dimple
regions as small as 100 nm in lateral dimension. The results
indicate that van der Waals force is predominant. An adhesive
force of 0.02 nN/nm2 is extracted for tungsten-to-tungsten contact.
Fa reduction should be possible with contact dimple size reduction
and contact surface coating.
[2013-0057]
Index Terms—MEM relay, stiction, adhesive force, pull-in
mode.

I. Introduction
ICRO-ELECTRICAL-MECHANICAL (MEM) relays
recently have attracted interest for digital logic applications [1] because they can provide for zero standby power
and potentially can operate with lower active power than
CMOS transistors [2]–[4]. In order for MEM relays to be
a viable option for low-power computing, they must operate
with low supply voltage (VDD ). Logic relays developed to date
[5] operate with higher voltages than state-of-the-art CMOS
transistors, however. Although the actuation voltage of a relay
can be reduced by proportionately scaling down every one of
its dimensions [6], contact adhesive force (Fa ) ultimately will
limit relay scaling. This is because the actuation area and/or
actuation voltage must be sufficiently large to overcome the
spring restoring force (Fk ) of the suspension beams in order
to turn on the relay, and Fk must be larger than Fa in order to
turn off the relay. Therefore, Fa reduction is critical for relay
size and voltage scaling.
Studies of adhesion between structures are usually performed using cantilever beam array (CBA) or double clamped
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Fig. 1. Top: Schematic cross sections through the channel (A-A’) and center
(B-B’) of a MEM logic relay. Bottom left: Plan-view illustration of the MEM
logic relay. Bottom right: conceptual ID -VGB characteristic of a MEM logic
relay. The dashed line indicates an effective sub-threshold slope due to the
difference between the turn-on voltage (VPI ) and turn-off voltage (VRL ).

beam (DCB) array. Using DCB with contact dimples, Laboriante et al. [7] showed that Fa is due to material-to-material
bonding and that real contact is made only at a small number
of asperities regardless of lithographically defined contact area,
so that Fa does not scale with the apparent contact area although in principle Fa can be reduced until the number of
contacting asperities becomes one. Using CBA, DelRio et al.
[8] showed that contact adhesion is due to van der Waals force
between the contacting surfaces and has linear dependence
on the apparent contact area, so that it can be reduced with
scaling. These experimental findings indicate that differences
in the geometry and topography of the apparent contact area
can have dramatic impact on the nature of the contact adhesive
force.
Conventional CBA approach uses optical interferometry to
measure the cantilever beam shape; it is then fitted with Finite
Element Matrix (FEM) Simulations to extract the adhesive
force. The beam shape is a function of electrostatic attractive
force (Fe ), contact area and Fa . The previous two cannot
be easily calculated since the beam cannot be modeled as a
parallel plate and the contact area increases as Fe increase.
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Fig. 2. (a) Conceptual illustration of a logic relay in the on state (pink) or off state (red). Force vs. Z-position curves for (b) a relay designed for non-pull-in
mode operation, i.e. small gd /g ratio, and (c) a relay designed for pull-in-mode operation, i.e. large gd /g ratio. The Fe curves are for VGB = VPI .

Fig. 3. SEM analyses of a MEM logic relay with ultra-small contact
dimples: (a) plan view, (b) cross-sectional view of contact dimple region,
(c) cross sectional view through the channel region.

In this work, functional logic relay consist of folded flexure
beams and a center plate with contact dimples is used as shown
in Fig. 1. Since Fe only exists between the center parallel plate,
Fe can be easily computed, as a result Fa can be extracted
simply by measuring pull in and release voltage. The adhesive
force is investigated in MEM logic relays with dimpled contact
regions of length ranging from 1.5 μm down to 100 nm. The
experimental results are then compared to theoretical modeling
to elucidate the magnitude and scaling behavior of Fa . Minimal
switching energy of a relay for a scaled contact width is
projected based on experimental results.
II. Relay Structure, Operation and Fabrication
Fig. 1 illustrates the structure and current-vs.-voltage (I-V)
characteristic of an electrostatically actuated relay designed
for digital logic applications. The movable body electrode is
suspended by folded-flexure beams above the source, drain
and gate electrodes. No current flows in the off state because
the channels (conductive strips attached underneath the body
via an intermediary dielectric layer of Al2 O3 ) are separated
from the source/drain electrodes by the contact dimple gap. If
a voltage is applied between the gate and body electrodes,
the resultant electrostatic attractive force (Fe ) will actuate

the body downward. When the applied gate-to-body voltage
(VGB ) is greater than or equal to the pull-in voltage (VPI ),
the channels will come into contact with the underlying
source/drain electrodes, so that current can flow and hence
the device is in the on state. Note that the current increases
abruptly as VGB is increased above VPI to turn on the device.
To turn off the device, VGB must be reduced below the release
voltage (VRL ) such that Fk ≥ Fe + Fa and the channels will
come out of contact with the source/drain electrodes. Note
that the current decreases abruptly as VGB is decreased below
VRL and that VRL < VPI .
The hysteresis voltage (VPI – VRL ) depends on the relative
sizes of the as-fabricated (i.e. VGB = 0) contact dimple gap (gd )
and actuation gap (g), as explained with the aid of Fig. 2: In the
on state, the vertical (Z) position of the body is reduced (from
g) to g-gd . Fe increases superlinearly whereas Fk increases
linearly with decreasing Z-position. If gd is small (less than
∼g/3) as shown in Fig. 2(b), then Fe does not overtake Fk
before the Z-position decreases to g-gd ; in other words, at
VGB = VPI Fe = Fk so that VGB only needs to be reduced
slightly to reduce Fe by Fa in order to turn off the relay. If
gd is large (greater than ∼g/3), however, then Fe exceeds Fk
when the relay is on (and the relay is said to be “pulled in”),
so that Fe needs to be reduced by more than Fa to turn off the
relay, as shown in Fig. 2(c). Therefore, the hysteresis voltage
is larger for a relay designed to operate in pull-in mode.
Fa can be extracted from measurements of VPI and VRL ,
which are given by the following equations [9]:

8keff g3
pull-in mode
(1)
VPI =
27εo Aov

2keff gd (g − gd )2
VNPI =
non-pull-in mode (2)
εo Aov

2(keff gd − Fa )(g − gd )2
VRL =
(3)
εo Aov
where keff is the effective spring constant and Aov is the
effective area of overlap between the gate and body electrodes.
By rewriting (1) or (2) to obtain keff as a function of VPI
or VNPI , and substituting into (3), an expression for Fa as a
function of VPI or VNPI and VRL can be obtained:
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Fig. 4. (a) Schematic cross section of small contact dimple. Due to poor conformality of deposition, the 2nd sacrificial LTO layer is thinner in the contact
region, so that the as-fabricated dimple gap (gd ) is smaller. (b) Schematic cross section of a large contact dimple. (c) AFM scan of a 100 nm-wide contact
dimple (upside down). (d) AFM scan of a 1 μm-wide dimple (upside down).

Fig. 5. Measured pull-in and release voltages of MEM logic relays of various
contact dimple sizes. Theoretical values for the case of zero adhesive force are
shown for “0” dimple width, for reference. (Note that the hysteresis voltage
in this case is due purely to pull-in mode operation.).

Fa =

27gd εo Aov 2
εo Aov
VPI −
V2
4g3
2(g − gd )2 RL

Fa =

εo Aov
2
(V 2 − VRL
)
2(g − gd )2 NPI

pull-in mode (4)

non-pull-in mode (5)

The 6-terminal MEM logic relays used to investigate Fa
scaling in this work were fabricated as follows. First, 100 nm
Al2 O3 was deposited via atomic layer deposition (ALD) to
insulate the surface of the Si wafer substrate. Then, 50 nm
tungsten (W) was deposited by sputtering and patterned to
form the source, drain and gate electrodes. Next, 100 nm
SiO2 (low temperature oxide, or LTO) was deposited via
low-pressure chemical vapor deposition (LPCVD) to form
the first sacrificial layer, and patterned to define the contact

Fig. 6. Extracted Fa vs. total contact dimple area. Modeling results assuming
1.5 nm surface roughness are indicated with diamond symbols. Also shown
is the modeling result for the case of a non-curved contact dimple surface.

dimple regions. Afterwards, a second layer of sacrificial LTO
was deposited to provide for the contact dimple gap. Then,
50 nm W was sputtered and patterned to form the channels,
and 50 nm Al2 O3 was deposited by ALD to insulate the
channels from the body. Prior to deposition of 1 μm p-type
polycrystalline-Si0.4 Ge0.6 structural/body material by LPCVD,
via holes were etched through the sacrificial layers to form
anchor and interconnect regions. Lastly the structures were
released by selectively removing the sacrificial LTO layers in
HF vapor. Fig. 3 shows plan-view and cross-sectional scanning
electron microscopy (SEM) images of a fabricated relay.
III. Results and Discussion
In order to accurately extract Fa , the relay mode of operation first must be identified; i.e. the contact dimple gap
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Fig. 7. Illustration of the modeled contact geometry. Surface roughness
results in an average separation distance drms . The local separation distance
between contacts is dtotal = drms + dloc . The radius of curvature for the top
surface is 10.5 μm, based on AFM measurements.

Fig. 9. Fa (extracted from VPI and VRL measurements) vs. total contact
dimple area before and after ALD TiO2 coating. Fa is reduced significantly
after coating since TiO2 has a lower Hamaker constant than W.

Fig. 8. Modeled van der Waals force vs. total contact dimple area, for various
values of rms roughness of the contact dimple surface. As surface roughness
decreases, the average separation distance decreases and Fa increases.

and actuation gap for zero bias must be accurately measured.
(They cannot be assumed based on the thicknesses of the
sacrificial layers used during the device fabrication process,
due to the effects of non-conformal thin-film deposition in
the contact dimple region and non-zero strain gradient within
the structural material.) Optical interferometry measurements
were performed to determine the out-of-plane deflection of
the structure. It was discovered that all of the relays operate
in pull-in mode (although the sacrificial layer thicknesses were
chosen to achieve non-pull-in-mode operation), due to out-ofplane deflection resulting in both increased g and increased
gd .
In order to examine the contact geometry and topography
precisely, the relay structures were carefully lifted off the substrate using carbon tape, and atomic force microscopy (AFM)
was used to profile the contact dimple region. The smallest
dimple examined has a width ∼100 nm and height 160 nm. The
dimple height was found to increase with decreasing dimple
width due to poor conformality of the LPCVD process. Also,
all dimples were found have a raised perimeter, so that contact
to the underlying source/drain electrodes (when a relay is in
the on state) is likely only made along the perimeter of the
dimple. Fig. 4 shows AFM scans of a large dimple and the
smallest dimple.
Fig. 5 plots the measured values of VPI and VRL as a
function of contact dimple width. Since the relays all have

the same values of g, keff and Aov , VPI does not vary with
dimple width. It can be seen that the hysteresis voltage is
significantly reduced for the relay with the smallest contact
dimples. Shown for reference are the theoretical values of VPI
and VRL for zero adhesive force. (The hysteresis voltage in
this case is due purely to pull-in-mode operation, and should
scale with VPI .)
Fig. 6 plots the range of extracted Fa values (using Eqn. (4))
as a function of the contact dimple area. 15 relays of each
contact dimple size were measured. Large variation in Fa
is seen for the larger contact dimple areas, with an average
value ∼4.5 μN that does not scale with area. Significantly
(6× ) lower Fa and less variation is seen for the smallest
contact dimple area. Theoretical modeling is presented in the
following section to explain these results.

IV. Contact Geometry and Adhesive Force
Modeling
Adhesive forces include capillary force, van der Waal force
and material bonding [10]. Since a dry release process was
used for the relays studied in this work, capillary force should
be negligible. Material-to-material bonding should yield a
constant adhesive force regardless of contact dimple area [7],
because the number of contacting asperities remains approximately the same. Since the observed adhesive force is not
constant - in fact it is significantly reduced for the smallest
contact dimple - van der Waals force is likely predominant in
the relays studied in this work.
The van der Waals force between two surfaces can be
modeled by the following equation:
FV =

HAc
6πd 3

(6)

where H is the Hamaker constant, d is the distance between
the two surfaces and AC is the contact area assuming that
the surfaces are flat. The Hamaker constant for tungsten is
40 × 10−20 J [11]. In order to adapt this model to the logic
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relays in this work, the topography and the roughness of the
contact dimples must be considered.
As shown in Fig. 4, the dimple surface is concave due to a
non-conformal sacrificial-LTO deposition process. In contrast,
the surface of the bottom electrode (which is contacted by the
dimple when the relay is in the on state) is roughly planar.
The van der Waals force at any location along the contact
dimple surface is dependent on its separation from the bottom
electrode surface, which is dependent on the curvature of the
contact dimple surface as well as the surface roughness:

HdA
FV =
(7)
3
AC 6π(dloc (x, y) + drms )
where drms is an equivalent rms roughness of the two contacting surfaces and dloc is the local distance between the two
contacting surfaces. The roughness of the bottom electrode is
measured with an AFM. Since it is very difficult to measure the
roughness of the contact dimple, estimations are made based
on typical measured rms surface roughness of the 2nd sacrificial layer. The modeled contact geometry is shown in Fig. 7.
The modeled van der Waals force is shown in Fig. 8, for
various values of rms surface roughness. It can be seen to be
roughly independent of contact dimple size, for total contact
dimple area larger than 1 μm2 , and to decrease significantly for
the smallest total contact area (0.04 μm2 ). This behavior can
be explained qualitatively by the fact that, while the perimeter
of the contact dimple decreases the average separation between
contacting surfaces also decreases with decreasing contact
size. However, for very small contact sizes the effect of the
surface curvature becomes negligible, so that Fa scales with
contact size. The effect of decreasing average separation is
more pronounced for lower surface roughness.
The modeled van der Waals force for 1.5 nm rms surface
roughness well explains the experimental findings, as shown
in Fig. 6. The large variation in Fa observed for the larger
contacts is most likely due to variations in contact dimple
surface curvature, which is confirmed by AFM measurements
of several contact dimples. For reference, the van der Waals
force assuming flat contacting surfaces is also shown in Fig. 6
for the smallest contact dimple area. Since the effect of surface
curvature on Fa is relatively minor at that point, it can be used
to estimate the van der Waals force per unit area: 0.02 nN/nm2 .
Given the van der Waals force per contact area, one can
estimate the minimal switching energy for a relay as a digital
logic device. The switching energy of a relay is simply the
energy to charge the gate to body capacitor; the expression
for a pull-in mode device is shown as the following:
2
Es = Cgb VPI
=

8keff g3
27(g − gd )

(8)

In order for the relay to turn off, Fk must be larger than Fa ,
which gives the minimum constraint for spring constant and
the minimum switching energy:
Fa
gd

(9)

8Fa g3
27gd (g − gd )

(10)

keff >
Es >

For a relay fabricated using 8 nm process technology, with
5 nm dimple gap, the operating voltage for a 6-terminal
relay is projected to be as low as 0.09 V, with a switching
energy of 45 aJ. To reduce Fa one can further miniaturize
the contact dimples or alter the contacting surface material.
To demonstrate the latter approach, relays were coated with
an ultra-thin layer of TiO2 of ∼0.5 nm by ALD and then
electrically characterized. The extracted Fa values plotted in
Fig. 9 verify that TiO2 has a lower Hamaker constant than W.
V. Conclusion
6 terminal relay structures with dimple contacts provide a
simple way to extract contact adhesive force without the need
of FEM simulations. Contact adhesion in MEM logic relays
is found to be predominantly due to van der Waals force and
hence can be reduced by employing contacting materials with
lower Hamaker constant. Experimentally observed non-linear
scaling of contact adhesive force with apparent contact area
is well explained by a non-planar contact dimple surface in
combination with surface roughness. For very small contact
sizes, the effect of the surface curvature becomes negligible,
so that Fa should scale with contact size.
The adhesive force for a tungsten-to-tungsten contact is
found to be 0.02 nN/nm2 , this will result in a minimum
switching energy of 45aJ for a 8 nm feature size NEM relay. It
is shown that to further reduce the switching energy, ultra-thin
oxide coating such as TiO2 can be used in the future to reduce
the van der Waals force between contacts.
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