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Abstract—This paper presents a comparison of the resistance
performance of Au-Au micro-contacts fabricated with planar and
engineered lower contacts. Gray-scale lithography was used to
construct 3D structures into photoresist. The structures were then
etched into a silicon wafer using a Trion reactive ion etch (RIE)
system. The engineered lower contact surfaces consisted of 2D
pyramids and 3D pyramid patterns paired with a hemispherical
upper contact. A microelectromechanical systems (MEMS) micro-
contact support structure, consisting of a fixed-fixed beam,
was micro machined as the upper contact. The micro-contact
support structure was used as the platform for a hemisphere
shaped upper contact. The micro-contacts were actuated using an
external, calibrated load. To observe micro-contact performance,
the contact resistance and force required to close the contact, were
monitored throughout testing. Next the micro-contacts underwent
contact resistance testing to evaluate how the engineered lower
contacts affected performance. Results show that the 3D pyramid
design closely matched the hemisphere/planar contact data with
a contact resistance of 0.7Ω after 107 cycles. The 2D pyramid
pattern resulted in a higher contact resistance during initial
testing and then ended with a contact resistance of 1.083Ω after
107 cycles.

I. INTRODUCTION

In order to reduce resistance in contact design, recent work
has demonstrated that one successful approach is focused on
contact geometry. Specifically, by engineering the two surfaces
of a contact in such a way that the mechanical force of contact
coincides with the location of current flow. This was shown to
improve performance by being able to displace surface oxides
and optimize the asperity growth of contacting surfaces [1].
To apply this approach to a microelectromechanical (MEMS)
design, engineering the lower surface of a contact was ex-
plored. Developing the ability to fabricate 3D micro-structures
necessary to accomplish this was thus the challenge at hand.
Previous technologies used multiple direct writing with mul-
tiple photolithography steps, or possible require customized
lithography equipment [2], [3], [4]. But these technologies can
be restricted to a limited number of structures and do not allow
for batch processing. This is where gray-scale technology has
emerged and enabled the development of arbitrary 3D micro-
structures in various materials [4], [5], [6]. Use of gray-scale
technology allows 3D shaping of silicon to be performed in
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a single photolithography step with subsequent plasma-based
dry etching [7]. Using this approach, the purpose of this
experiment was to create variations in the lower surface of a
pair of contacts and evaluate the impact on performance. Two
variations of the basic, lower flat surface include an array of
several ridges comprised of 2D pyramid cross sections, and a
single raised contact region atop a 3D pyramid, both of which
will be explained in more detail throughout this work.

Gray-scale lithography utilizes an virtual mask patterned
with varying sizes and shades of gray pixels. This virtual mask
combined with laser lithography allows a uniform intensity on
the photoresist surface across the pattered region. Gray-scale
virtual masks were designed and developed for a Heidelberg
µPG101 lithography system to produce various structures in
positive photoresist for characterization of the profile. The
gray levels were patterned by varying the intensity of the
gray color. Due to machine limitations, only 100 of the 255
possible gray scale variations are used to produce 100 unique
height levels exist within the chosen method of patterning [8].
This can lead to a stepped profile in the photoresist [8]. Also
included on the virtual masks were features to measure non-
uniformity in the photoresist: fully exposed level heights and a
no exposure. These features provided information regarding the
uniformity of the photoresist. The gray level features include
non-uniformity coming from all steps: photoresist spinning,
exposure and development [2].

II. GRAY-SCALE BACKGROUND

A. Image Creation

The first attempt at gray-scale lithography utilizing
MATLAB R© to create a gray-scale image, the first of the
images can be seen in Figure 1. However, MATLAB R© saved
the image as a color .bmp format that resulted in blue-gray
hues at different levels. These blue-gray hues caused an issue
in the first test files that led to errors when writing into the
photoresist, as shown in Figure 2. What is also seen in this
image is the border which should be fully exposed is not. It
was discovered that exporting the image into another program
and saving in the correct format, a 24-bit bitmap image, fixed
the error.



Fig. 1. Image showing first 2D pyramid pattern attempted, this format of
.bmp file, directly from MATLAB R©, created blue-gray hues rather than only
a gray-scale image.

Fig. 2. Image showing the comparison of the blue-gray hue with the resulting
image in 1818 photoresist, this should be a step down from full height of
photoresist down to no photoresist.

III. DIRECT WRITING INTO PHOTORESIST

Tests were conducted to find the required power and
exposure levels. This study was needed because the incorrect
power level could lead to over or under exposure of the
photoresist. After some testing it was found that a 14mW
power at 10% allowed for exposure of 1.9µm. Although this
exposure power should be enough to fully expose the type of
positive photoresist used (S1818), it was found that on some
samples the power levels were too low to fully expose all of
the photoresist.

A. Ramp pattern

Ramp design consisted of a ramp up from the substrate
to max height, then immediately dropping back down to the
substrate to start the ramp up again. This mimicked the layout
of stepped ramp, thus the name ”ramp.” Figure 3(a) shows an
example of this type of pattern in MATLAB R© and the result
of the direct write and (b) is the expected cross-section of the
design. Figure 4 shows the surface profile measurement of this
step function.

Fig. 3. Ramp example (a) left is the MATLAB R© image, right is the result
of the direct write into 1818 photoresist, (b) is the expected cross-section of
the designed along the line b-b.

Fig. 4. Surface profile plot of the ramp pattern created in Figure 3 along
cross-section b-b.

B. 2D pyramid pattern

The 2D pyramid is a pattern that ramps up and down from
the substrate, which creates a profile structure that looks like
2D pyramid. The profile was developed in MATLAB R© to
create a gray-scale image of varying line widths and steps.
An example of this can be seen in Figure 5 and a profile can
be seen in Figure 6.

C. 3D pyramid pattern

The 3D pyramid is a pattern that consists of a single
pyramid structure on the lower contact surface. As with the
2D pattern, he profile was similarly developed in MATLAB R©

and fabricated through a similar process.

D. Re-flow of photoresist

As shown in the surface profiles, the stepping of power
levels led to steps in the photoresists, but we required a smooth
function. One attempt to obtain a smooth surface profile was



Fig. 5. 2D pyramid example (a) left is the MATLAB R© image, right is the
result of the direct write into 1818 photoresist, (b) is the expected cross-section
of the designed along the line b-b.

Fig. 6. Plot of the 2D pyramid surface profile from the image in Figure 5
along cross-section b-b.

with re-flowing of the photoresist. This method is used in
many different applications, including creating micro-contacts
bumps that this project supports. It was found that with 1818
photoresist, full melting of blocks of 1818 photoresist can be
done at 150◦C at 15 mins [9]. After a few trials, it was
determined that an acceptable amount of re-flow happened
after 3 mins. Figure 7 plots the before and after re-flow results
on the 2D pyramid.

IV. ETCH STUDY

An etch study was conducted to determine etching param-
eters in the Trion RIE system that would allow for the most
uniform and least selectivity of etching. The results of this
study are summarized in Table I which shows the relative
flow rates of O2 and SF6 used, the power level, the changes
in photoresist and silicon measured depths and the ratio of
these, shown as the selectivity of silicon to photoresist. As

Fig. 7. Plot of the 2D pyramid teeth surface profile before and after re-flow,
demonstrating the smoothing of the steps on the slope.

expected, decreasing the oxygen rate increased the effects of
the SF6 reactively etching the silicon. From the results of the
1st test, the lowest selectivity was determined to be when the
O2 and SF6 percentages were equal. Changing the overall flow
of both O2 and SF6 caused small changes in the selectivity.
Varying the SF6 follows the expectation of the flow of the
SF6 controlling the etch rate of the silicon. This provides the
key parameter when controlling the etching of the photoresist
structures into the silicon wafers. It was determined that the
best option for the selectivity desired is at 52 SCCM of O2 and
SF6. Power variations also has an effect on the etch selectivity,
with higher powers causing the selectivity to increase. From
the results of this set of tests a power of 100 Watts was chosen.

TABLE I. ETCH RATES FOUND BY VARYING PARAMETERS IN 4 TESTS.

With the results of the etch study, the final selection of an
O2 and SF6 Flow 52 SCCM, Pressure 200 Torr, Power 100
W, and an etch time of 1200 sec was the recipe needed to etch
the gray-scale structure into the silicon substrate.

V. GRAY-SCALE RESULTS

The primary goal of this work was to create various, lower
contact surfaces for use in micro-contact testing. The first
attempt at designing a lower contact structure was to input



the design for the lower contact and superimpose the image
onto the existing design. This would ensure that the size and
spacing would be correct. Due to a limitation of the design
software, the images cannot be superimposed onto the mask
design, so an alternate way to write these lower contacts was
required. Two methods were attempted to create these lower
pads with the 2D pyramid pattern. The first was an image
representing the entire die, which consisted of 16 beams, and
therefore 16 lower contacts in a 5000µm × 5000µm area.
This image was scaled to the correct overall size. Figure 8
shows a picture of one of these lower contact pads that was
approximately 70µm× 150µm in area. This method however
proved challenging to align during fabrication. The second
method explore used the manual alignment of the Heidelberg
system to direct where these blocks should be located. This
method was more labor intensive, but with the addition of some
alignment marks on the wafer allowed for precise alignment of
the lower contact and was the method of choice for this study.
With these profiles etched into the Silicon substrate, 200 Å of
titanium was then evaporated onto the structure followed by
2800 Å of gold. Scanning electron microscope (SEM) images
of the final structures etched into the Si wafer is shown in
Figure 9(a) (2D Pyramid) and 9(b) (3D pyramid). SEM images
of the final structures after application of the isolation layer
and lower contact metal is shown in Figure 10(a) (2D Pyramid)
and 10(b) (3D pyramid). The indicated alignment marks on
each shows the point at which the center of the upper contact
pad used to align the upper hemispherical bump to the lower
structures.

Fig. 8. 2D pyramid design imposed onto the overall die image. Due to the
laser direction moving from left to right, lines were created against the grain
of the 2D pyramid.

VI. MICRO-CONTACTS BACKGROUND

A. Test Fixture and Contact Design

A novel test fixture was designed to characterize the
performance over the lifetime of a micro-contact [10]. The
test consists of a nitrogen environment that allows for manip-
ulation of the micro-contact and ability to monitor the contact
throughout testing. The design allows for rapid actuation of a
micro-contact with a known force and frequency. A picture of
this fixture is shown in Figure 11 [11].

The contact design used in the test fixture was based on
a previous design from other studies conducted on this fixture
[11]. An illustration is included in Figure 12, the top of which

(a) 2D pyramid design (b) 3D pyramid design

Fig. 9. Scanning electron microscope image of the 2D and 3D pyramid
design after etching.

(a) 2D pyramid design (b) 3D pyramid design

Fig. 10. Scanning electron microscope image of the 2D and 3D pyramid
design with isolation layer the lower contact metal applied.

shows a 3D model of contact design. For this study, the
original lower contact geometry shown in Figure 11 (A) was
modified (along with the upper contact size) to test the 2D
and 3D pyramidal structures shown in Figure 11 (B) and (C)
respectively.

B. Contact Resistance Modeling

Contact resistance modeling requires knowledge of the
contact material surfaces and their material properties. Holm
initially studied clean contacts and did not consider contact
contamination effects on contact resistance [12]. Though con-
tamination effects is not initially considered in the determina-
tion and description of micro-contact resistance, it can have a
major effect [12]. On the macro scale mating surfaces appear
to be smooth, but no surface is perfectly smooth. The surfaces
are covered in asperity peaks or “a-spots”, which meet at
the interface and become the contact area [13]. These “a-
spots” have been described as “small cold welds providing the
only conducting paths for the transfer of electrical current”
[13]. This effective area is used for making simplified contact
resistance calculations.

Elastic material deformation modeling is accurate for ex-
tremely low values of contact force of a few µN where surface
asperities retain their physical forms after the contact force
is removed. Plastic deformation results in permanent surface
change that occurs by the displacement of atoms in asperity
peaks whereas neighboring atoms are retained under elastic
deformation.



Fig. 11. Test fixture, showing major components encased in a nitrogen
environment.

Fig. 12. 3D model of fixed-fixed beam micro-contact support structure (top)
[11]. Unmodified sideview of contact surface shown in (A), modifications for
engineered lower contacts include 2D pyramid design in (B) and 3D pyramidal
design in (C).

The classical contact resistance model based on Maxwell’s
spreading resistance theory is:

Rcon =
ρ

2reff
(1)

where Rcon is the constriction resistance and ρ is resistivity
and reff is the effective radius due to “a-spots” [12]. When
the contaminate film resistance is neglected, the constriction
resistance is equal to the contact resistance.

The classical macro switch contact resistance is shown
in Equations 2 and 3 relates contact force Fc to the contact
resistance Rc. It shows that the elastic deformation Rc ∝ F

− 1
3

c

and plastic deformation Rc ∝ F
− 1

2
c [12]. Contact resistance

for diffusive electron transport is represented by RcDE for
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Fig. 13. Contact resistance of Au-Au 6µm radius contacts, ‘Rc Elastic’
and ‘Rc Plastic’ are modeled; ‘Average Measured’ is the average of 15
initial contact test measurements and ‘Std’ is the standard deviation of those
measured values.

elastic material deformation and RcDP for plastic material
deformation.

RcDE =
ρ

2
3

√
4E′

3FcR
(2)

RcDP =
ρ

2

√
Hπ

Fc
(3)

Where E′ is the Hertzian modulus and R is the asperity
peak radius of curvature[14].

VII. MICRO-CONTACT TEST RESULTS

Each micro-contact support structure test started with an
initial contact test and the progressed to repetitive cold switch
testing. During initial contact testing and measurement cycles,
the current was kept constant at 0.02mA and the voltage
was measured to calculate the contact resistance. During
cold switch testing, the current was kept constant at 46mA.
The devices were tested to examine the evolution of contact
resistance over 107 cycles. Measurements were made up to
the designated number of cycles by the measurement interval.
Between measurements, the micro-contact was cycled at the
predetermined actuation rate (approximately 400 Hz) and
contact force of 200 µN . This micro-contact testing system has
proven to be effective for cycling micro-contacts at relatively
high cycle rates (kHz) to examine the changes to micro-
contact resistance.

A. Au-Au contact with 6µm radius contact bump

Figure 13 shows a comparison of the measured initial
micro-contact resistance for an Au-Au only fixed-fixed micro-
contact support with a contact radius of 6µm and the modeled
values of micro-contact resistance. This data is the average of
15 initial contact test measurements; also shown is the standard
deviation of that data.

Figure 13 also shows that at extremely low contact force,
less than 10µN , the measured contact resistance is much
higher than the model (possibly due to ballistic transport
mechanisms not included in this study). But after this small
area of light loading, we enter the region of interest in which



0 2 4 6 8 10

x 10
6

0.001

0.01

0.1

1

10

100

Cycles

C
o

n
ta

ct
 R

es
is

ta
n

ce
 (

O
h

m
s)

 

 

Rc Average

Rc Min

Fig. 14. Contact resistance of Au-Au 6µm radius contact for 107 cycles.
‘Rc Average’ is the average for the last 5 data points at ∼ 200µN of contact
force. ‘Rc Min’ is the minimum contact resistance measured.

(a) Upper contact (Anode) (b) Lower contact (Cathode)

Fig. 15. Scanning electron microscope image of the upper contact bump and
lower contact pad after 107 cycles. A small area of material transfer can be
seen in the contact area.

the average measured values follow the Rc plastic model very
closely.

Another test was preformed on the Au-Au micro-contact
which was comprised of 107 cycles. The contact resistance
plot can be seen in Figure 14. SEM images taken after testing
for the contact bump can be seen in Figure 15(a) and for the
contact pad in Figure 15(b). For these images, beams were bent
back to reveal contact surfaces. In several instance, apparent
rises on one contact surface correspond in shape and size to
apparent valleys in the other, suggesting material transfer has
occurred.

This contact shows only a small area of wear after 10×106
cycles. This matches the very low contact resistance seen
throughout the lifetime of the micro-contact. While the hemi-
spherical size for this case is larger than the engineered lower
contacts (6µm vs. 4µm), it should be noted that the effective
area of contact is a result of the hemispherical radius as well
as lower contact geometry. As this data is compared to those
with engineered lower contacts, this will be taken into account.

B. Au-Au contact with 4µm radius contact bump on 2D
pyramids

Figure 16 shows a comparison of the measured micro-
contact resistance for an Au-Au only fixed-fixed micro-contact
support with a contact radius of 4µm on an engineered lower
contact and the modeled values of micro-contact resistance.
This data is the average of 15 initial contact test measurements;

also shown is the standard deviation of that data. Figure 16
shows that the measured data mimics the measured data but
at a higher resistance.
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Fig. 16. Contact resistance of Au-Au 4µm radius contacts on an engineered
lower contact consisting of 2D pyramids; ‘Rc Plastic’ is modeled; ‘Average
Measured’ is the average of 15 initial contact test measurements and ‘Std’ is
the standard deviation of those measured values.

Another test was preformed on the 2D pyramidal structure
as well, again comprised of 107 actuations. The contact re-
sistance plot can be seen in Figure 17. SEM images for the
contact bump can be seen in Figure 18(a) and for the contact
pad in Figure 18(b).

This contact shows only a little area of wear after 107

cycles. This clean contact area matches well with the low
contact resistance seen throughout the testing of the micro-
contact.

C. Au-Au contact with 4µm radius contact bump on 3D
pyramids

Figure 19 shows a comparison of the measured micro-
contact resistance for an Au-Au only fixed-fixed micro-contact
support with a contact radius of 4µm on an engineered lower
contact and the modeled values of micro-contact resistance.
This data is the average of 15 initial contact test measurements;
also shown is the standard deviation of the data.

Figure 19 shows that at extremely low contact force,
less than 10µN , the measured contact resistance is much
higher than the model. But after this small area of light
loading, the average measured values follow the plastic model
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Fig. 17. Contact resistance of Au-Au 4µm radius contact bump on 2D
pyramids for 107 cycles. ‘Rc Average’ is the average for the last 5 data points
at ∼ 200µN of contact force. ‘Rc Min’ is the minimum contact resistance
measured.



(a) Upper contact (Anode) (b) Lower contact (Cathode)

Fig. 18. Scanning electron microscope image of upper contact bump and
lower 2D pyramid engineered contact pad after 107 cycles. A small area of
material transfer can be seen in the contact area.
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Fig. 19. Contact resistance of Au-Au 4µm radius contacts on an engineered
lower contact consisting of 3D pyramids; ‘Rc Plastic’ is modeled; ‘Average
Measured’ is the average of 15 initial contact test measurements and ‘Std’ is
the standard deviation of those measured values.

very closely. This matches the initial contact test test of the
hemispherical/planar contact.

This was followed by another test preformed on the 3D
pyramid lower contact, which comprised 107 cycles of actu-
ation. The contact resistance plot can be seen in Figure 20.
SEM images for the contact bump can be seen in Figure 21(a)
and for the contact pad in Figure 21(b).

This contact shows only a small area of wear after 107

actuation. As a result, very low contact resistance was observed
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Fig. 20. Contact resistance of Au-Au 4µm radius contacts on an engineered
lower contact consisting of 3D pyramids for a 107 cycles. ‘Rc Average’ is
the average for the last 5 data points at ∼ 200µN of contact force. ‘Rc Min’
is the minimum contact resistance measured.

(a) Upper contact (Anode) (b) Lower contact (Cathode)

Fig. 21. Scanning electron microscope image of upper contact bump and
lower 3D pyramid contact pad after 107 cycles. A small area of material
transfer can be seen in the contact area.

throughout the lifetime of the micro-contact.

VIII. ANALYSIS

The results show that the 3D pyramid pattern cause lit-
tle difference in contact resistance when compared to the
hemispherical/planar contact. From these result and the SEM
pictures it is concluded that the contact area on the peak
of the 3D pyramid is approximately 10µm across. This is
much bigger than the 4µm radius contact bump and it appears
to be a planar lower contact when mated to a 4µm radius
upper contact bump. Thus there is minimal difference in the
contact area between the hemispherical/3D pyramid and the
hemispherical/planar contact. This is not the case for the 2D
pyramid design. For the 2D pyramid design, the lower contact
area changed enough to cause a smaller contact area. This
smaller contact area caused a higher contact resistance com-
pared to the hemispherical/planar contact, but also appeared to
wear in more quickly and hold a slightly more stable contact
resistance throughout the lifetime of the device as shown in
Figure 17.

IX. CONCLUSION

The ability to design and develop 3D microstructures is
important for micro-switch applications. Along with tradi-
tional fabrication techniques, this paper presents how gray-
scale lithography can be used in the fabrication of MEMS
devices used in micro-contacts. It was shown that using gray-
scale lithography, changes can be made to the lower contact
geometry. This paper shows how these processes were used to
create profiles to a lower substrate. Also how these structures
effect contact area and contact resistance.
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