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Abstract
Surface micromachined metal armatures are commonly used for MEMS applications of which
RF-MEMS is the most well known. In most cases metals with a high conductivity, such as
aluminum or gold, are used. These metals often have a low melting point and therefore have a
low thermal stability and show plastic deformation of the structures at relatively low
temperatures (<200 ◦C). High melting point metals, such as platinum, are expected to show
plastic deformation only at higher temperatures which makes them interesting for use as a
structural layer in RF-MEMS devices. In this paper, we present a technology to realize
suspended platinum structures by means of surface micromachining. An improved lift-off
process allows patterning 1 μm Pt films on a polyimide sacrificial layer. A comparison of the
characteristics and armature resonance frequencies between RF-MEMS switches with Pt
armatures and AlCu0.5% alloy armatures reveals an increased thermal stability for the former
up to at least 250 ◦C. This enables zero-level packaging of switches at relative high
temperatures without affecting their performances. The lower conductivity of Pt compared to
AlCu0.5% does not lead to a significant increase in RF losses. Implementing AlN as a dielectric
material, the Pt-based capacitive shunt switches reported in this paper showed lifetimes in
excess of 5×107 cycles under standard testing conditions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Besides the widely used aluminum [1–3], platinum has gained
acceptance in the MEMS field for its high chemical resistance
and its high temperature stability [4]. Moreover, platinum
is a relatively hard material which makes it suitable for use
as a contact material in ohmic switching devices [5–8]. The
properties of the material which are less exploited are the
high melting point (2045 K) and the high Young’s modulus
(165 GPa). The melting point of a metal is an indication of
the temperature range where plastic changes can be expected
[9]. The use of platinum as a material in MEMS armatures,
such as a bridge structure or a cantilever, should therefore
allow the fabrication of structures with a high resistance to
plastic deformation at elevated temperatures while maintaining
the good conductive properties of a metal. Post-processing
steps such as packaging often require exposure to a higher
temperature. For example, for zero-level packaging, the
required temperature is typically around 250 ◦C [10]. Other

high melting point materials such as Ti and Ta are expected to
display a similar thermal stability. They will however suffer
from a much lower chemical inertness, which causes these
metals to be more prone to oxidation and degradation during
processing, and from a much higher electrical resistivity.
Plastic deformations of the metal thin film change the
mechanical properties of the armature in three ways. First, the
changes in the thin film stress modify the effective stiffness
of free-standing bridges. Secondly, changes in the stress
gradient have an impact on the deflection at rest of cantilevers
and bridges and therefore the initial airgap of the suspended
structures. Finally, changes at the anchor point can affect
the clamping stiffness. In most applications, the deposited
platinum films are relatively thin (100–200 nm). This is partly
due to the specific needs of the application, but moreover
because of the absence of a technology suited for accurately
patterning thick (>0.5 μm) Pt structures. In this paper,
we present a technique that allows the fabrication of 1 μm
thick Pt armatures using an improved lift-off process. By
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Figure 1. Stress in the 1 μm thick Pt film as a function of sputtering pressure sputtered at 700 W.

combining this technique with a polyimide sacrificial layer, a
technology module is created that enables the easy fabrication
of suspended Pt MEMS structures. By selecting platinum as
the armature material as opposed to aluminum, we demonstrate
that an increased thermal stability of a capacitive RF-MEMS
switch is achieved with a Pt bridge with no compromises with
respect to the RF performance or lifetime of the device.

2. Implementation of Pt thin films

2.1. General

In order to implement platinum as a thin film armature material
in a RF-MEMS structure, this material should meet a number
of requirements. The thin film stress and stress gradient should
be controlled to allow the fabrication of mechanical structures
with predictable behavior. The thin film should be thick
enough to ensure a good mechanical stability and sufficiently
high conductivity. Therefore, a method of patterning relatively
thick films is needed.

2.2. Platinum thin film stress control

The residual stress and stress gradient of the armature metal
have a major impact on the mechanical behavior of a bridge
or cantilever structure. The desired stress of the obtained film
is typically between 50 and 100 MPa (tensile) and the stress
gradient is preferably close to zero. This should result in flat
bridges with a well-defined pull-in and a moderate restoring
force. Between sputtering, evaporation and electroplating,
which are the three most often used deposition methods for
metals, sputtering allows the most accurate stress control
combined with a high thickness uniformity. Both stress
and stress gradient of the deposited film can be tuned by
manipulating the deposition conditions. The equipment used
is a commercial Alcatel A610 sputter system. The sputtering
pressure and power can be set as the process parameter. The
stress of the deposited films was determined by measuring the

curvature of a wafer before and after sputtering using Stoney’s
method [11]. A thin (∼8 nm) Ti adhesion layer was used in
all Pt deposition processes. The sputtering power used during
the deposition has a relatively small impact on the stress of the
deposited film, compared to the impact resulting from tuning
the pressure during the deposition. The stress in a 1 μm thick
Pt films, as a function of the deposition pressure, deposited at
700 W power is shown in figure 1. In the measured pressure
range, a positive correlation between the deposition pressure
and the stress of the deposited film is observed. A film
deposited at a pressure of 3.4 × 10−2 mbar with a resulting
stress of 110 MPa tensile is selected for our application and
will further be referred to as a film deposited under low stress
conditions.

The sputtered film in general has an intrinsic positive
stress gradient which is probably due to the progressive heating
of the substrate during the deposition. This results in an
upward deflection for cantilever structures. Since the stress
depends on the sputtering pressure, it is possible to realize a
vertical non-uniform stress distribution in the sputtered film by
changing the sputtering pressure during deposition which can
result in an effective non-zero stress gradient. Sputtering the
first 200 nm of the 1 μm film with a higher pressure than the
remaining 800 nm results in an additional controlled negative
stress gradient which neutralizes the intrinsic positive stress
gradient. This way a film with a low effective stress gradient
(stress gradient ∼= 3 MPa μm−1, i.e. a deflection <10 μm on
a 1 mm long beam) has been achieved.

2.3. Patterning of 1 μm thick platinum films

Platinum is a chemically inert material and therefore hard to
etch selectively, both by wet and dry etching [12]. For wet
etching in aqua regia (HCl+HNO3), the major challenge is
to find a masking material that resists the etchant and also
does not delaminate during the etching. Alternatively, the Pt
surface can be locally oxidized by exposing the surface to an O2

plasma through a photoresist mask, after which this oxidized
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Figure 2. Cross section sketch of different resist profiles for lift-off.
The overhang profile results from using the lift-off resist.

Figure 3. Sketch of the lift-off process using the lift-off resist.

surface can act as an etching mask for the non-oxidized Pt
during etching with aqua regia [13]. Dijkstra et al [14] have
shown that thin Pt films can be patterned using this method.
We have been able to pattern structures up to a thickness of
∼200 nm before pinhole etching through the oxide masking
layer occurred. It is possible to dry etch platinum physically in
an Ar plasma. However, low selectivity between the platinum
and the mask materials makes accurate patterning of thick
films not very practical. Another drawback of both methods
is that the non-used platinum cannot be easily reclaimed after
the process, making it relatively cost-ineffective.

A more versatile method to pattern Pt films is by means of
lift-off [15]. A single layer resist lift-off process is very well
suited to pattern thin films with thicknesses in the range of
0.1–0.2 μm. However, when the sputtered films grow thicker
and are deposited with a high conformity, the single layer
photoresist becomes very difficult to dissolve after the metal
deposition. By realizing resist profiles with an undercut or
overhang profile, as illustrated in figure 2, the sputtered film
will be non-continuous and the resist can easily be removed
during the ultrasonic release step. Profiles of this type can be
realized in various ways: by hardening the exposed surface
with chlorobenzene as developed by IBM [16, 17], the use of
negative photoresists or underetching the layer below the resist
as demonstrated by Tong et al [18]. By far the easiest method
is the use of an additional lift-off resist (LOR) layer under the
photoresist itself, which is etched during the development of
the photoresist. We use the LOR10A lift-off resist provided by
MicroChem Corp. [19] in combination with IX845G, provided
by JSR-Micro, a positive photoresist that develops in TMAH-
based developers. Figure 3 illustrates how the LOR10A is
etched below the IX845G resist by over-developing the resist
after exposure, thus creating the overhang profile shown in
figure 4. The amount of underetch is determined by the
development time.

If the process is used to pattern 1 μm thick sputtered
Pt films with low stress conditions, resputtering occurs on
the resist sidewalls and the area under the resist overhang as

Figure 4. SEM picture of a resist profile with 1.7 μm undercut
before sputtering deposition.

figure 5(a) shows. This results in fences consisting of a thin
film around the Pt structures after the lift-off process as can be
observed in figure 5(b). These fences are not expected to have a
negative influence on the device performance. It goes however
without saying that removing these fences is highly desired to
ensure a good step coverage of the Pt profile in further process
steps and to reduce the risk of contamination by Pt particles.
If the lift-off is followed by a short etching step in aqua regia,
the fences are removed but significant damage to the Pt surface
is observed as figure 5(c) shows, especially at locations where
the film is sputtered over a topology. An alternative process is
shown in figure 6. After application of the resist-stack for lift-
off (step 1) and sputtering of the Pt film (step 2), the Pt surface
is selectively oxidized by subjecting it to an O2 plasma in a RIE
system (step 3). Due to the directionality of the O2 plasma, the
portions of Pt film shielded below the photoresist overhangs
are not oxidized (step 3). When the Pt film is next etched in
an aqua regia solution the exposed surface area will not be
etched, but the area that has been shielded from the O2 plasma
will be (step 4). This way the fences are isolated from the rest
of the Pt film and are selectively removed from the structure
during the following ultrasonic lift-off (step 5). Figure 5(d)
shows the resulting Pt profile with no fences.

3. Thin film thermal stability

3.1. General

The thermal stability of a uniform thin metal film is a good
indication of the thermal stability of a released micromachined
structure. However, the specific conditions under which the
film of a structure is deposited, such as the sacrificial layer
used and the patterning process, can result in a decreased
thermal stability of the released structure. The thin film stress
of a MEMS bridge structure can be derived from measurable
characteristics of the bridge structure. Such characteristics
may entail the pull-in and pull-out voltages, the capacitance
in up-state and down-state and the mechanical resonance
frequency of the related bridge structure. Changes in these
properties after exposing the structure to a high temperature
step can be used to identify structural changes in the thin film
of the released structure.

3
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(a) (b)

(c) (d )

Figure 5. (a) SEM picture of the resist profile during the lift-off process. The resist and metal that are normally removed ultrasonically have
delaminated during the cleaving of the sample for SEM. Resputtered metal around the deposited structures can be observed. (b) SEM
picture of the 1 μm thick Pt film with 5 μm wide slits patterned by lift-off using the LOR resist. Around the openings in the film fencing can
be observed. These can be as high as 2 μm. (c) SEM picture of the Pt surface after 30 s exposure to aqua regia showing severe roughening
of the Pt surface. (d) SEM picture of a hole in the released Pt bridge patterned by the enhanced lift-off process: the fences have been
removed from the profile.

Figure 6. Sketch of the etching enhanced (improved) lift-off
process where passivation of the Pt surface combined with a wet
etching step is used to remove the fences from the Pt profile.

3.2. Uniform thin metal film thermal stability

An experimental correlation exists between the melting point
temperature of a metal and the temperature at which plastic
changes in the material are expected. Plastic changes
are expected to start occurring between one-third and two-
third of the absolute melting point [9]. Therefore, in high
melting point materials, such as platinum (Tmelting = 2045 K/

1772 ◦C), plastic deformation will take place at higher
temperature compared to low melting point materials, such
as aluminum (Tmelting = 933 K/660 ◦C). In order to quantify

Figure 7. Stress curve for aluminum and platinum thin films.

the thermal behavior, we measured the changes in stress of
a uniform platinum film (1 μm thick) upon heating up and
cooling down.

The curvature of a silicon chip of 24 mm by 25 mm with
the Pt film deposited is measured as a function of temperature
and time by means of a laser-scanning method in an in-house
built system under vacuum conditions. Stoney’s method was
used to extract the average stress in the film from these data
[10]. Figure 7 shows a cycle in which the film is heated from
room temperature to 400 ◦C, followed by a controlled cooling
down to room temperature. Each variation in slope indicates a
change in the microstructure or film properties. A basic elastic
region is observed in most materials. In this region, the stress
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(b)(a)

Figure 8. (a) Sketch of a typical RF-MEMS bridge structure. (b) Sketch of a clamped–clamped beam model used to model the structure
in (a).

is reversible when heating up and cooling down. If the film
is heated beyond this region, it will enter the plastic region
in which softening occurs due to recrystallization and grain
growth which will result in an increase of the film stress after
cooling down [20]. The measurement shows that the elastic
region in the platinum film extends up to about 280 ◦C. For
the aluminum film, this region extends up to about 120 ◦C and
can be increased by 10–20 ◦C for several alloys such as AlCu
or AlSi.

3.3. Thermal stability comparison between Pt and AlCu0.5%

released structures

A suspended micromachined bridge structure with a length l
and height h and an actuation electrode of a length lc as shown
in figure 8(a) can be approximately modeled as a clamped–
clamped beam with these same parameters as illustrated in
figure 8(b).

By using this approximate model, the influence of the
anchoring and stress gradient are effectively ignored. For
a perfectly clamped–clamped beam structure with no stress
gradient and l = lc, the following expression for the pull-in
voltage can be derived [21]:

VPI = c1π
2 h

l2

√
Ehd3

o

12εo

(
1 + γ1

σo (1 − ν) l2

Eh2

)
, (1)

where c1 = 1.199 and γ 1 ≈ 0.295 are the constants determined
by the clamped boundary conditions, σo is the thin film stress,
ν is the Poisson ratio, which is typically ∼1/3, ρ is the specific
density, E is Young’s modulus of the bridge material, do is the
zero voltage gap spacing and ε0 is the permittivity of free
space. If l �= lc, the pull-in voltage has to be corrected by
multiplying VPI with a constant larger than 1. If lc > 0.8·1,
equation (1) can be used as a valid approximation [21]. For
typical values of h, l, E and σo, the latter will dominate the
pull-in voltage. The pull-in voltage nevertheless also depends
on do which can vary due to a stress gradient in the thin film
bridge for a non-ideally clamped structure. To particularly
investigate the changes of the thin film stress, the measurement
of the resonance frequency fo of the bridge is useful. The
resonance frequency of the bridge can be found by modeling it
as a clamped–clamped beam structure for which the following
expression can be derived [22]:

fo = α2
1

2π

h

l2

√
E

12ρ

(
1 + γ1

σo(1 − ν)l2

Eh2

)
, (2)

where α1
∼= 4.73 is a constant given by the damped boundary

conditions. The expressions for the pull-in voltage and the
resonance frequency for a bridge structure show a similar
dependence on the thin film stress σo of the bridge. The
ratio VPI/fo, which can be derived from expression (1) and (2),
is independent of the thin film stress σo of the bridge:

VPI

fo

= 2c1π
3

α2
1

√
hd3

oρ

εo

h
l2

√
E
12

(
1 + γ1

σo(1−ν)l2

Eh2

)
h
l2

√
E
12

(
1 + γ1

σo(1−ν)l2

Eh2

)
= 2c1π

3

α2
1

√
hd3

oρ

εo

. (3)

By monitoring the ratio VPI/fo, a qualitative estimate can be
made on the dependence of the pull-in voltage on the stress in
the thin film of the bridge. When changes in VPI and fo are
observed there are two possibilities.

(1) The ratio VPI/fo remains constant. In this case, the
changes in VPI and fo probably result from changes in
the thin film stress σo.

(2) The ratio VPI/fo changes. This means that one of the
terms in (3) contributes to changes in VPI and fo. This
can be either the airgap do which can change as a result
of a stress gradient in the thin film bridge if the bridge is
not perfectly clamped, or the parameters c1 and α1, which
both are related to the boundary conditions that are forced
on the beam at the anchor points.

The presence of a high stress gradient would have an impact
on the conclusions deduced from this model. A high stress
gradient can increase the effective stiffness of the beam as a
result of lateral bending of the structure. This lateral bending
can further reduce the pull-in voltage without a significant
change in the up-state capacitance.

The thermal stability of 1 μm thick, 800 μm long Pt
bridges and 1 μm thick, 500 μm long AlCu0.5% bridges is
compared by measuring the pull-in voltage and the resonance
frequency before and after thermal cycling. A single thermal
cycle consists of a 1 h 250 ◦C anneal step in a N2 ambient.
The results of this experiment are summarized in table 1.
After one cycle, the pull-in voltage for the Pt bridge depicts
a small increase which correlates with a small increase of
the measured resonance frequency. For the AlCu0.5% bridges
a strong increase of the pull-in voltage is observed after one
cycle, matched by a strong increase of the resonance frequency.
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Table 1. Resonance frequencies, pull-in voltages and the ratio VPI/fo of bridges respectively 800 μm and 500 μm long, consisting of Pt and
AlCu0.5% before and after 250 ◦C anneal steps.

AlCu0.5% Pt

VPI (V) fo (kHz) VPI/fo VPI (V) fo (kHz) VPI/fo

After release 8.0 13.4 1.7 18.5 20.1 1.4
After the first cycle 18.0 28.5 1.6 20.0 20.6 1.2
After the second cycle 15.0 25.9 1.7 20.0 20.6 1.2

(a) (b)

Figure 9. (a) C–V characteristics of a 500 μm long, 1 μm thick Pt bridge with a 3 μm gap before and after the first 250 ◦C anneal cycle.
(b) C–V characteristics of a 500 μm long, 1 μm thick AlCu0.5% bridge with a 2.5 μm gap before and after the first 250 ◦C anneal cycle.

After repeated cycling, the pull-in voltage and the resonance
frequency have apparently fully stabilized for the Pt bridges,
but still show shifts for the AlCu0.5% bridges. The shift in the
pull-out voltage matches the shift in the pull-in voltage. No
changes in the up- and down-state capacitance are observed,
as shown in figures 9(a) and (b).

The VPI/fo ratio of the AlCu0.5% bridges displays a small
shift compared to big changes in VPI and fo. This indicates that
the changes in characteristics can be attributed to a change in
the thin film stress. For the Pt bridges, the small increase in
VPI and fo is accompanied by a small increase in the VPI/fo
ratio. These observations are consistent with the observation
that at 250 ◦C the AlCu0.5% film will be in the plastic region
of the material, while the Pt film remains in the elastic region.
For the small increase in the VPI/fo ratio of the Pt film several
explanations are possible, ranging from an increase in stress
gradient to an increase of the clamping stiffness expressed by
c1 and α1, which can reduce the VPI/fo ratio while increasing
both VPI and fo. This change in clamping stiffness could be
the result of recrystallization of the metal film at the anchor
point. Both effects are not fully explained by the model.

4. Implementation of Pt armatures in capacitive
RF-MEMS switches

4.1. RF-MEMS switch fabrication

In order to compare the thermal stability of Pt with AlCu0.5%,
capacitive RF-MEMS switches are fabricated using both
materials for the armature. Figure 10 illustrates the process for
both cases. For both flows, first a 1 μm thick AlCu0.5% alloy
co-planar waveguide (CPW), a 200 nm Ta layer and a 200 nm

Figure 10. Sketch of process flow for the capacitive RF-MEMS
switch with AlCu0.5% and Pt armatures.

aluminum nitride (AlN) dielectric are deposited and patterned
(step 1). The 200 nm Ta layer is used to prevent hillock
formation of the Al film that might puncture the dielectric on
top. The aluminum alloy armatures are realized by applying
a 2.5 μm AZ6632 photoresist sacrificial layer (step 2a) and
sputtering of a 1 μm AlCu0.5% alloy film in a Nexx Nimbus
310 sputtering system (step 3a). This film is deposited in
three intervals to prevent reflow of the photoresist sacrificial

6
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Figure 11. Circuit representation of a capacitive RF shunt switch,
modeled as a capacitor C in series with an inductance Ls and a
resistance Rs . The line losses are represented by Rline.

layer. The stress in the AlCu0.5% film is in the order of
100 MPa as measured with Stoney’s method. The AlCu0.5%

film is patterned by wet etching using a photoresist mask
(step 4a) followed by a dry release step in an O2 plasma using
a matrix bobcat resist asher (step 5).

The platinum armatures are realized by applying a 3 μm
thick positive tone Toray PW-DC1530 polyimide sacrificial
layer which is cured at 280 ◦C in N2 after development
(step 2b). After curing, the polyimide is resistant to both
aceton- and TMAH-based developers. A 1.4 μm non-
photosensitive LOR layer combined with a 1.2 μm IX845
photoresist layer is spun, cured and exposed. In the
development step, the LOR is removed from the places where
the photoresist is developed, thus creating the overhanging
photoresist profile (step 3b). An overhang profile with
∼1.7 μm underetch was realized. Next the low stress
1 μm thick Pt film with an 8–10 nm Ti adhesion layer
is deposited and patterned by lift-off of the LOR and the
IX845 resist film (step 4b). The sacrificial layer etching is
done in the matrix bobcat resist asher using an O2 plasma
(step 5). An alternative release process consists of wet etching
the polyimide sacrificial layer in a 90 ◦C microstrip 2001
solution, replacing the microstrip 2001 by isopropanol and
drying the wafer by CO2 critical point drying.

4.2. Platinum RF-MEMS switch performance

The relatively high bulk resistivity of platinum (106 ×
10−9 	 m), four times higher than the resistivity of aluminum
(27 × 10−9 	 m), may have a negative impact on the RF
performance of a switch. A switch in shunt configuration
can be modeled as a capacitor to ground C in series with an
inductance Ls and a resistance Rs as shown in figure 11. At
the LC resonance frequency, the isolation is independent of the
capacitance and inductance and only depends on the electrical
resistance of the bridge and the characteristic impedance of
the line Z0 (=50 	) if Rline � Z0 [23]:

|S21|down ≈ 2RS

2RS + Z0

∼= 2RS

Z0
for

(4)
ω = ωLC = 1√

LSCdown
.

Figure 12. Microphotograph of the RF-MEMS shunt switch.

Figure 13. Comparison of |S21| measurement of the RF-MEMS
shunt switch shown in figure 12 with the Pt bridge and AlCu0.5%

bridge.

The series resistance Rs is dominated by the bridge resistance;
therefore, a fourfold increase in resistance is expected to give a
12 dB degradation of the down-state isolation at the resonance
frequency of the switch. The isolation at LC resonance is
expected to be 45 dB and 57 dB for Pt and AlCu0.5% bridges,
respectively. To verify the actual difference in RF performance
for devices with both metals, the RF characteristics of the
shunt switch shown in figure 12 are measured for a switch
with an AlCu0.5% bridge and a Pt bridge. The measured RF
performance, shown in figure 13, actually shows a difference
in isolation between the two devices smaller than 4 dB in the
down-state. This deviation from the 12 dB forecast is attributed
to the limited measurement accuracy at large isolation, i.e.
S21<−65 dB. The measured increase in insertion loss for the
switch with the Pt bridge is most likely not the result of an
increased resistance of the bridge.

Finally, the lifetime measurements on switches with a Pt
bridge, presented in figure 14, show lifetimes in the order of
0.5–1 × 108 cycles for unipolar cycling with the 32 V biasing
voltage at 100 Hz, 50% duty cycle, in a N2 environment. We
contribute this high lifetime to both the high pull-out voltage
of the switch and the use of AlN as dielectric. It can therefore
be concluded that the implementation of the Pt armature does
not limit the lifetime of the device.

7



J. Micromech. Microeng. 19 (2009) 065010 P Ekkels et al

Figure 14. Lifetime measurement of a series switch with the Pt
bridge. Settings: +32 V unipolar, 100 Hz 50% duty cycle, N2, 1 bar,
25 ◦C.

5. Conclusions

In this paper, we have presented a technology to realize
thick (1 μm) suspended platinum structures by means of
surface micromachining. An improved lift-off process allows
patterning of 1 μm thick Pt films on a polyimide sacrificial
layer which can easily be removed by an O2 plasma or by
wet release. The comparison between RF-MEMS switches
with Pt armatures and AlCu0.5% armatures reveals an increased
thermal stability up to at least 250 ◦C for Pt compared to
150 ◦C for AlCu0.5%. This allows zero-level packaging
without modifying the switch characteristics. The reduced
conductivity of Pt compared to Al alloys does not lead to
a significant degradation of the RF performance. Observed
lifetimes of 0.5–1 × 108 cycles for a shunt switch with the Pt
bridge show that reliable devices can be achieved.
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