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Standard photolithography-based methods for fabricating micro-
electromechanical systems (MEMS) present several drawbacks
including incompatibility with flexible substrates[1,2] and limita-
tions to wafer-sized device arrays.[3] In addition, it is difficult to
translate the favorable economic scaling seen in the capital
equipment-intensive microelectronics industry to the manufac-
ture of MEMS since additional specialized processes are required
and wafer volume is comparatively small.[4] Herein we describe a
new method for rapid fabrication of metallic MEMS that breaks
the paradigm of lithographic processing using an economically
and dimensionally scalable, large-area microcontact printing
method to define 3D electromechanical structures. This
technique relies on an organic molecular release film to aid in
the transfer of a metal membrane via kinetically controlled
adhesion to a viscoelastic stamp. We demonstrate the fabrication
of MEMS bridge structures and characterize their performance as
variable capacitors. Flexible, paper-thin device arrays produced by
this method may enable such applications as pressure sensing
skins for aerodynamics, phased array detectors for acoustic
imaging, and novel adaptive-texture display applications.

The methods and tools used in the mature field of
microelectronics fabrication have enabled fabrication of today’s
MEMS structures with micrometer-scale features of sub-
micrometer precision, using process sequences that can readily
integrate MEMS with measurement and control circuits.[5,6]

However, together with the benefits of using the established
processing technologies, MEMS fabricated within the existing
silicon microelectronics-based framework also inherit the
limitations of the present techniques including expensive
per-chip processing costs of MEMS devices, limited maximum
size and form-factor,[1,3] and a materials set restricted to the
conventional microelectronic materials.[7] These standard proces-
sing techniques impede integration of MEMS technologies in
applications that go beyond single chip or single sensor use and
are particularly restrictive when one considers expanding the use
of MEMS into large area or flexible substrate applications.

No established market for large area MEMS has yet developed;
however, promising applications include sensor skins for
humans[8] and vehicles,[9] phased array pressure sensors,
adaptive-texture surfaces, and incorporation of arrayed MEMS
devices with other large area electronics.[2] In such applications,
compatibility of the MEMS technology with flexible substrates is
highly desirable. If MEMS are fabricated directly on the flexible
sheets, such as polymeric substrates, the elevated-temperature
processing (as is typical for thermal growth of oxides and
the deposition of polysilicon in conventional MEMS processing)
must be avoided to prevent substrate damage.[10] An alternative,
low-temperature approach in which structures fabricated on
silicon wafers are bonded to a flexible sheet and then released
from the silicon by fracturing small supports or by etching a
sacrificial layer,[11] has been demonstrated for silicon electronics,
but has not been applied to MEMS fabrication.

The technological push to move to flexible, large-area
applications while avoiding the drawbacks of conventional
MEMS processing motivates development of new MEMS
fabrication techniques which do not rely on photolithography
or other solvent-processing, and can be performed at near room
temperature, to avoid mechanical stresses and substrate damage.
We demonstrate in this study a newMEMS fabrication technique
using microcontact printing in atmospheric conditions to
transfer continuous metal films over a relief structure, forming
suspended metal membranes of sub-micrometer thickness that
serve as mobile mechanical elements in capacitive MEMS
devices. Our technology has the ability to form metallic MEMS
structures without requiring elevated-temperature processing,
high pressure, or wet chemical or aggressive plasma release
etches. Simplicity and scalability of the demonstrated technique
can create a paradigm shift in the design and fabrication of
integrated MEMS devices. Compatibility of the technique with
low temperature processing on flexible polymeric or metal foil
substrates enables us to envision a complete method for rapid,
near-room-temperature fabrication of flexible, large-area, inte-
grated micro- or optoelectronic/MEMS circuits.

TheMEMS structures are formed by the contact lift-off transfer
(Contact-Transfer) technique, which enables us to pick up a thin
metallic membrane from a donor transfer pad when the
membrane is contacted by a viscoelastic stamp, such as
polydimethylsiloxane (PDMS). The metallic membranes are first
prepared by evaporating a thin metal film onto a donor transfer
pad, which has been pre-coated with an organic molecular release
layer prior to metal deposition. The surface of the PDMS stamp is
placed in contact with the planar metallic membrane then rapidly
peeled off, picking up the metal film (Fig. 1). During the rapid
removal of the viscoelastic PDMS stamp, the weak adhesion
energy to the metal is increased sufficiently to effect pick up, due
to the kinetically controlled adhesion characteristic of elasto-
mers.[11,12] The PDMS stamp is molded with 20-mm-scale ridges
using a siliconmaster grating, so that only some of the stamp area
adheres to the metal film when the two are brought in contact.
However, when the stamp and the donor pad are separated,
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Figure 1. Process flow for contact lift-off transfer. A PDMS pick-up stamp and a donor transfer
pad are fabricated, contacted, and rapidly peeled apart, resulting in transfer of ametal membrane.
The ridges pre-formed in the PDMS stamp are now bridged by the picked-up metal membrane,
leaving air gaps between the PDMS troughs and the suspended metal. An organic molecular
release layer of TPD ensures that the kinetic enhancement of adhesion from a fast peel rate can
overcome adhesion to the transfer pad and result in the release of the metal membrane to the
stamp to complete the MEMS device.
continuous metal film is transferred to form a PDMS-supported
flexible metal membrane with air gaps underneath. (Full
fabrication and processing details are provided in the
Experimental section). The weak van der Waals bonding between
the molecules of the organic release layer eases delamination of
Adv. Mater. 2010, 22, 1840–1844 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
the metal film from the stamp, in a process
similar to that used by Kim et al. for additive
patterning of metal films.[13,14] In those
studies, however, film adhesion to the target
substrate was facilitated via cold welding to a
strike layer.[13,14] In the present study, a similar
release layer is used to facilitate film removal,
but instead of relying on cold-welding to a
strike layer, a rapid peel rate enhances adhesive
forces between the metal film and the
elastomeric PDMS supports sufficiently to
achieve transfer when the stamp is lifted away.
The mechanism for the kinetic enhancement
of adhesion and for overcoming the unfavor-
able static work of adhesion is detailed in
Reference [11,12], where it was shown that a
rapid peel rate (>5m s�1) could enhance
adhesion between a viscoelastic polymer
(which in our work is PDMS) and silicon thin
film components sufficiently to allow for those
components to be lifted from the substrate.

In the present study it is notable, and
essential for MEMS fabrication, that a con-
tinuous film of metal is transferred onto the
PDMS relief stamp. Indeed, a recent work of
Yu and Bulović[15] demonstrated that contact-
stamping with a PDMS relief stampwill form a
patterned, discontinuous electrode film that
replicates the shape of the PDMS relief if the
metal film is less than 20 nm thick. Metal films
thicker than 100 nm were shown to be highly
resistant to patterning, and hence can be
lifted-off in their entirety. Presently, we use
that finding to produce continuous film
transfer across discontinuous stamp surfaces
to form bridged MEMS structures. The
intra-film cohesive strength of the picked-up
metal films, combined with a fracture-resistant
thickness of >100 nm, ensure the film’s
structural continuity.

We use the Contact-Transfer technique to
fabricate archetypical MEMS devices consist-
ing of a suspended metal membrane on
supports over a counter-electrode. Such sus-
pended bridges or membranes are the key
components in many MEMS-based sensors
and actuators including accelerometers, acous-
tic sensors, pressure sensors, variable capaci-
tors, and transducers.

A top-down optical microscopy image of
several devices fabricated by Contact-Transfer
is shown in Figure 2a. In these structures,
140-nm-thick gold films continuously bridge
the PDMS supports without observable crack-
ing or other defects over the majority of the device area. Figure 2b
provides a 3D illustration of the PDMS grating, which can be seen
as horizontal lines in Figure 2a, and the membrane suspended
above it. Around the edges of the transferred film, partial
patterning of the film occurs (cf. Fig. 2c), rather than complete
heim 1841



C
O
M

M
U
N
IC

A
T
IO

N

www.advmat.de
www.MaterialsViews.com

Figure 2. Devices formed by Contact-Transfer. a,c) Optical microscopy
images of completed devices. b) A schematic of completed devices.
d) Photograph of devices fabricated on a flexible substrate.

Figure 3. Capacitance–voltage sweeps for two devices (inset: geometry)
tested as MEMS variable capacitors. The 10% increase in capacitance with
voltage indirectly demonstrates deflection of the metal membranes, which
bow under the electrostatic force to decrease the gap spacing, thus
increasing the capacitance.

1842
transfer, which is due to thinning of the gold film near the edge,
which was defined by shadow masking during gold evaporation.
Transfer of the continuous metal films by Contact-Transfer and
the creation of suspended membranes have been achieved
without the aid of high temperatures, pressures, solvents, or
chemical bonding agents, broadly enabling integration of
Contact-Transferred MEMS even with process-sensitive struc-
tures. For example, this technique is compatible with flexible
plastic substrates, as shown in Figure 2d where active
devices have been fabricated on a PET sheet and bent with
tweezers.

For the full proof-of-concept verification that the Contact-
Transfer process can create functional microelectromechanical
devices, evidence of mechanical deflection of the membranes is
required. The devices are actuated as variable capacitors in which
a voltage bias between the top electrode (the transferred metal
film) and the bottom electrode [indium tin oxide (ITO)] causes the
air-gap-bridging film to deflect under the electrostatic force,
effectively decreasing the electrode spacing. Decreases in the
spacing between the electrodes can be detected as an increase in
the MEMS device’s capacitance, which scales with h�1 for parallel
plate capacitors in which fringing fields can be neglected, where h
is the gap height. Figure 3 shows such an increase in two devices
of the same geometry, showing that the capacitance can be tuned
with a bias voltage and providing indirect evidence of bridge
deflection. Additionally, deflection of the metal membrane over
the air gaps has been confirmed directly with optical profilometry,
which uses scanning white light interferometry to produce a
height map of a surface with 0.1 nm vertical resolution.
Profilometry scans are taken under zero bias and during
actuation with a 40V bias as in Figure 4a. Figure 4b shows a
map of the deformation upon actuation, which is achieved by
� 2010 WILEY-VCH Verlag Gmb
taking the difference between the scans in Figure 4a and
subtracting the background height of the supported film area.
Line scans (Fig. 4c) across the differential image of this device
show deflections of roughly 20 nm with the application of 40V.
Similar optical profilometry on another device actuated over a
range of voltages show that nanometer-scale control over the
maximummembrane deflection can be achieved by appropriately
tailoring the device geometry, in this case to the dimensions
indicated in the inset of Figure 4d, where the main difference
from the devices in Figure 4a is the increased distance between
the electrodes.

Though a complete model of the electrical and mechanical
performance of these devices is beyond the scope of the
manuscript, simple scaling arguments can be used to
rationalize the capacitance and deflection data. By assuming
that the bridge deflection is small and recoverable, a linear elastic
relation can be invoked for the force (F)-deflection (d) relation-
ship, F / d. If bending of the membranes is minimal and an
additional assumption is made that fringing fields can be
neglected, the electrostatic force on the capacitor plates can be
approximated as

F / V2

h2
(1)

where V is the applied voltage. Combining these two with the
relationship between initial height, h0, deflection, and instanta-
neous height, h¼ h0 � d, yields a dominant scaling of the voltage
with d1/2 for small deflections (d<<h0). The linear relationship
between the applied voltage and d1/2 is observed in Figure 5a,
consistent with the above analysis. Since the parallel plate
capacitance scales as C / 1

h, then plotting the data of Figure 3 on
axes of V2 and 1/C should yield a linear slope, as Figure 5b shows.
These simple scaling arguments verify that the device behavior
conforms to basic expectations regarding the electromechanical
H & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 1840–1844
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Figure 4. Deflection of devices measured by optical profilometry. a) Scans
of the device under 0 and 40 V bias for the device geometry in Figure 3.
b) Difference between images in (a), showing roughly 20–30 nm deflection
of the membranes over the air gaps. c) Line scan across dashed line
in (b). d) Precise, nanometer-scale deflection over a range of bias
voltages can be achieved with the device geometry shown in the inset.
The error bars indicate the standard deviation of nine bridge deflection
measurements.

Figure 5. a) Voltage–deflection scaling of the device in Figure 4d.
b) Voltage–capacitance scaling of the devices in Figure 3 show that simple
approximations of device deformation and capacitance are sufficient to
capture the dominant scaling.
properties, though specific applications and other device
structures may require more detailed modeling. From
Equation 1 it is also clear that reduction in h would enable us
to generate similar F at reduced voltages, which would enable
lower power operation of these structures.

Fabrication of MEMS devices without photolithography,
high temperatures or pressures, and without undercut steps
that utilize liquid solvents or etchant plasmas, can be
accomplished using Contact-Transfer, a contact-printing-based
method which relies on the kinetic enhancement of adhesion of a
metal film to a viscoelastic stamp and the assistance of a
molecular organic release layer. As this method is particularly
benign in its processing requirements, it may be easily integrated
Adv. Mater. 2010, 22, 1840–1844 � 2010 WILEY-VCH Verlag G
with micro- or optoelectronic structures to form complex
systems. In this work, variable capacitors were fabricated using
Contact-Transfer on rigid and flexible substrates, and their
mechanical motion under applied bias was verified using
capacitance measurements and optical profilometry. It was
demonstrated that Contact-Transfer can produce functional
microelectromechanical structures, whose operating voltages,
capacitive response, and deflection ranges can be controlled
by appropriately chosen geometrical parameters. The Contact-
Transfer process is not limited to the particular geometry
chosen here, but could be applied similarly with other
device support structures or membrane shapes and sizes. In
principle, the minimum overall device size is limited to the much
finer resolution of more sophisticated shadow masking schemes.
The dimensions of the support features on substrates are
restricted by the resolution of elastomeric pattern definition,
which extends down to the sub-micrometer[16] and even
sub-100-nm range.[17,18] Additionally, though the devices in
this study were actuated as variable capacitors, this and other
device structures could alternatively be used as sensors of
deflections due to external forces, such as local or global variations
in pressure. Furthermore, the Contact-Transfer method may be
suitable for the fabrication of device arrays over large areas, using
e.g., roll-to-roll or wave printing, especially in flexible and
non-planar applications.
mbH & Co. KGaA, Weinheim 1843
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Experimental

Fabrication: The contact lift-off transfer (Contact-Transfer) process
involves the rapid removal of a pick-up stamp from a donor pad to transfer
a continuousmetal film from the pad to the stamp. The donor pad consists
of 5-mm-thick PDMS (Sylgard 184, Dow Corning Co.), mixed in a 10:1 base
to curing agent ratio by weight and cured at 50 8C for 5 h. The cured donor
pad is exposed to oxygen plasma (100W, Plasma Preen, Inc.) for 5min.
after which a 90-nm-thick organic release layer of N,N0-diphenyl-N,N0-
bis(3-methylphenyl)-(1,10-biphenyl)-4,40-diamine (TPD, Luminescence
Technology Co.) and a 140-nm-thick gold electrode layer are deposited
in sequence via thermal evaporation through a shadow mask to define the
circular features that will be picked up. The pick-up stamps consist of
ITO-coated glass (Thin Films, Inc.) covered with PDMS gratings. The
pick-up stamps are formed by spin casting PDMS (10:1 base:curing agent)
onto a master silicon grating formed by deep reactive ion etching then
pressing it against ITO-coated glass. Note that before use, silicon master
gratings were silanized with trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(Sigma–Aldrich) to ensure easy removal of the cured PDMS. The
sandwiched structure was cured at 50 8C for 1 h. The cured pick-up
stamps were peeled from the siliconmasters, resulting in an array of PDMS
supports 45mm wide, 25mm apart, and 1.2mm high, with an underlying
layer of PDMS, 1.8mm thick. Pick-up stamps with PDMS supports facing
down were placed on top of the donor pads and pressed lightly to ensure
conformal contact between the PDMS supports and the metal layer
surfaces. Then the pick-up stamp was rapidly removed from the pad to
transfer the patterned material to the stamp, forming a suspended
membrane over the PDMS supports of the stamp. A second set of devices
were fabricated with different dimensions: 20mm wide PDMS supports
and air gaps, 2.2mm high, and with a 12-mm-thick underlayer. Fabrication
of devices on flexible substrates (ITO-coated polyethylene terephthalate,
175mm thick (Accentia 430300, Sheldahl, Inc.), followed identical
procedures to those using ITO-coated glass as substrates, with the
exception of reducing the oxygen plasma exposure time to 1min.

Characterization: Illumination of the fabricated devices under a
fluorescence microscope (with excitation peaked at the wavelength of
395 nm) resulted in bright blue fluorescence characteristic of TPD,
indicating that in the pick-up process a layer of TPD was transferred along
with the gold film. The electrical performance of the devices was tested by
contacting the ITO electrode and the gold film electrode on a supported
area of the membrane using compliant electrical probe tips.
Capacitance–voltage sweeps were performed with an Agilent 4516C using
a voltage step quasi-static CV method with a hold time of 1 s, and a delay
time of 0.1 s, at 0.1 V intervals over ranges of 0–80 Vand 0–100V. For direct
observation of membrane deflection, devices were contacted with
compliant probe tips and actuated while mounted on the stage of an
optical profilometer (NewView 5000, Zygo, Inc.), which has a vertical
resolution of 0.1 nm.
� 2010 WILEY-VCH Verlag Gmb
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