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bstract

Multi-finger microcages with metal/diamond like carbon (DLC) bilayer and polymer/metal/DLC trilayer structures were analyzed, simulated
nd fabricated. Modelling by finite element analysis showed that a soft polymer can be used together with DLC to form a normally closed
icrocage which can be opened by 90◦ angle at a temperature of ∼400 K, which is much lower than that of a metal/DLC bilayer structure

reviously demonstrated. The opening temperature for a microcage is independent of the finger dimensions, but is simply determined by the

hermal expansion coefficient difference of two materials used. Microcages with SU8/DLC bilayer and SU8/Al/DLC trilayer structures have been
abricated and fully closed microcages with diameters of ∼40 �m have been obtained. Initial electrical tests have showed these devices open by
ore than 90◦ at a temperature lower than 150 ◦C, roughly in agreement with the theoretical analysis.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Microgrippers such as microcages and microtweezers are
mportant microtools with great potential for applications in

icro-precision, micro-control and microfabrication [1,2], and
hose with small dimensions of a few tens of micrometers in
iameter have the potential for use in biological and bio-medical
pplications [3–5]. In particular a microcage fixed on a multi-
reedom robotic arm could be used to capture, transport and
anipulate bio-cells for dissection and injection etc., which is a

equirement for single cell proteomics. In this case it is neces-
ary to be able to select a single cell, and transport the specimen
o a platform to carry out various measurements using nanoelec-
rodes. There is great interest in direct observation of cells (or

nfected tissue) and their response to drugs injected in to them
or drug discovery and cancer research, all of which rely on
ell (or tissue) selection and capture. Unlike the glass pipette or

∗ Corresponding author. Present address: Department of Engineering, Cam-
ridge University, 9 JJ Thompson Avenue, Cambridge, UK.
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icrotweezer, the microcage captures the specimen by confining
r trapping it without applying a force directly on it, thus avoid-
ng potential mechanical damage to the specimen. The primary
equirements for such biological microtools are low operation
emperature, low power consumption and small dimensions.
ttempts have been made by many research groups to develop
icrocages for biological applications. Most of these have been
ade from multilayer structures with a ‘normally open’ state

nd large dimensions >500 �m in diameter [4]. These devices
onsist of bilayer structures utilizing thermal stress for actuation,
nd require a constant power supply to close during operation,
eading to a sharp rise in the temperature of the device and the
urrounding environment. A normally closed microcage of size
500 �m was developed with a pressure as the actuation force by
im and co-workers [5]. In this case, the cage can be opened by

pplying pressure to the membrane on which the microcage was
ade. However, the fingers have a fixed curvature, and are unable

o open widely. It also requires an external pressure source to

ctuate the device, and so is not suitable for portable applica-
ions. In this study, normally closed multi-finger microcages
ith dimensions down to ∼40 �m have been successfully fab-

icated [6,7]. The devices were made from a metal and diamond

mailto:jkl22@eng.cam.ac.uk
dx.doi.org/10.1016/j.sna.2006.03.004
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Fig. 1. Dependence of opening temperature on TEC for a microcage with a
finger length of 150 �m with S as a parameter. Metals/DLC bilayers require
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ike carbon (DLC) bilayer structure. The highly compressively
tressed DLC layer lifts the bimorph fingers upwards once they
re released from the substrate, forming a closed microcage. The
evice can be opened by passing a current through the metal layer
n millisecond pulses at a power of a few tens of milliwatts. This
evice is superior to others in that it is normally closed, and is
pened by the pulsed current—hence there is no need to sup-
ly a constant power to keep the device closed. However, the
ctual operation temperature of the microcages is too high for
ractical biological applications. Here we report the modelling
nd fabrication of a new type of microcage with a low operation
emperature using a polymer/metal/DCL trilayer structure.

. Theoretical analysis

For the metal/DLC bilayer microcage structure, the DLC
ayer possesses a high compressive stress, while the metal has no
esidual stress. Once a bilayer structure is patterned, and released
rom the substrate, the residual stress in the DLC layer makes
he bilayer curl upwards. The radius of curvature, R, is expressed
y [8,6]

1

R
= 6ε(1 + m)2

d[3(1 + m)2 + (1 + mn)(m2 + (mn)−1]
= εS (1)

here ε is the strain and is related to the stress, σ, by ε = σ/E,
being the Young’s modulus, d = d1 + d2, with d1 and d2 being

he thicknesses of the DLC and the metal layers, respectively, n
=E1/E2) and m (=d1/d2) are the ratios of the Young’s modulii Ei

nd the layer thickness. S is a constant for the fixed materials and
particular structural configuration. The curvature is linearly

orrelated to the stress of the DLC layer, and a DLC with a high
tress can be used to form a microcage with small dimension. The
urvature of the metal/DLC bilayer structure can also be adjusted
hrough control of the layer thickness ratio and the finger length.
hus a normally closed microcage can be obtained by using
ppropriate materials of a given material stress and thickness
atio.

Once a closed microcage is formed, a raised temperature will
enerate a thermal stress on the topside of the bilayer, leading
o opening of the microcage. The opening temperature of the

icrocage device with a fixed finger length L is mainly deter-
ined by the difference in the thermal expansion coefficients

TEC) of the two materials used. Assuming θ is the inclination
ngle of the fingers, then the change of the finger angle from θ1
o θ2 is expressed as [7]

2 − θ1 = 180L

π

(
1

R2
− 1

R1

)
= 180L

π
�α �TS (2)

here �α is the TEC difference of two materials, �T is the
emperature rise, and R1 and R2 are the radii of curvature before
nd after the temperature change, respectively. For a normally
losed microcage with a diameter in the range of 20–100 �m, S

s in the range of 0.5–2 × 10−6 m−1. �α�T is the thermal strain
enerated by Joule heating. The opening angle of the device
s proportional to the product of �α and �T. As discussed
reviously, a 90◦ opening is sufficient to capture a micro-object

a
P
p
b

n opening temperature of 400–700 K, while the use of a polymer reduces this
o below 400 K. (From top down, the line represents S = 0.5, 1, 2 × 10−6 m−1,
espectively).

n practical applications, hence Eq. (2) can be rearranged
s follows:

T = π

2LS �α
(3)

he opening temperature of the device is inversely proportional
o the difference in TECs. In order to reduce the operation tem-
erature, it is better to select two materials with a large difference
n TECs. It is clear that DLC is one of the best materials to be used
s the bottom layer to fabricate the microcages, not only because
t has a high compressive stress to form a closed microcage, but
lso because it has a small TEC, which maximizes the thermal
tress for the bilayer structure, and opens the microcage easily
t a lower operation temperature. For the top layer, a material
ith a high TEC is most desirable. Fig. 1 shows the dependence
f the opening temperature on TEC of a top layer material with
as a parameter. The TEC of semiconductor materials is gen-

rally small, and typically less than 5 × 10−6 K−1, hence they
re not suitable for such ‘normally closed’ devices with low
peration temperature. The TEC of metals are typically in the
ange of 10–30 × 10−6 K−1, leading to an opening temperature
etween 420 and 780 K, which is sufficient for use in micro-
recision and control applications, but too high for practical
iological applications. The TECs of polymers are in the range of
0–200 × 10−6 K−1, which is much larger than those of metals.

microcage with a polymer/DLC layer will have an open-
ng temperature between 320 and 420 K. PMMA, polyimide
nd SU8 are common polymers available for microelectronic
ndustrial applications with a similar TEC of 50–55 × 10−6 K−1

9,10], which corresponds to an opening temperature of
80–390 K. Microfabrication process for these polymers are
idely available, making them a better choice for this device

pplication. Further decrease of operation temperature can be

chieved by using other polymers with higher TECs such as
DMS and nylon [11]. A question may arise as to whether a
olymer with a low Young’s modulus will be strong enough to
alance the DLC layer which has one of the highest Young mod-
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Table 1
Physical material properties employed in the FEA simulation [10,12,13]

α (×10−6 K−1) ρ (	 m) κ (W m K−1) E (GPa) ξ (×10−3 K−1)

Ni 12.7 2 × 10−7 83 210 3.0
Al 21.3 2 × 10−8 237 70 3.5
DLC ∼1 >107

SU8 52 >107
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Fig. 2. The cross-section of the trilayer structure.

lii known, and whether the soft material will generate a suffi-
ient force to open the fingers of the devices. Generally speaking,
hese shortages can be overcame by using a thick polymer layer,
nd this will be discussed in detail in the modelling section.

In the proposed microcage structure, both the DLC and poly-
er are electrically non-conductive materials. Therefore, an

lectrical resistive heating element is required to generate Joule
eating to raise the device temperature. Hence, a new device
onfiguration is proposed consisting of a trilayer structure: a
olymer layer on the top, a thin metal layer in the middle, and
DLC layer at the bottom as shown in Fig. 2. A thin Al layer is
sed to generate Joule heating. SU8 is chosen as the polymer in
his work, but the results are also applicable to PMMA and poly-
mide as they have similar TEC values, though the fabrication
rocess may vary.

. Finite element simulation

In order to clarify whether a soft polymer can be used together
ith DLC layer to fabricate a closed microcage and can be
pened by raising the temperature using the metal heater, a
nite element analyses (FEA) based on FEMLAB software (a
ommercially available plug-in software for MATLABTM)1 was
sed to model the curvature and performance of the bilayer and
rilayer structures as a function of temperature. A 2D-plane stress

odel using a parametric non-linear solution was employed to
olve this non-linear and large deformation problem. A step of
.2 GPa was used in the simulation. For simplicity, only the con-
tant temperature mode was used in modelling the actuation at

igh temperatures. This is sufficient to compare the simulation
ith the experimental results and to optimize the device struc-

ures. As all the fingers are identical with a symmetric structure,

1 The MathWork Inc., 3 Apple Hill Drive, Natick, MA 01760-2090, USA.

L
∼
t
t

d

450 600 n/a
0.2 4 n/a

nly a cross-section of one finger was chosen for modelling.
i was used as the metal layer for a bilayer structure with
= 12.7 × 10−6 K−1, while Al was used as the heating element

or the trilayer structure with α = 21.3 × 10−6 K−1. The material
roperties used in the simulation are listed in Table 1.

For the trilayer structure, it was found that the curvature of
he structure is unaffected by the presence of an SU8 layer less
han 100 nm thick if the Ni layer is much thicker than 100 nm.
his implies that a thin polymer can be used as a coating layer to
inimize the heat loss from the surface of a bilayer microcage as

he thermal conductivity of polymers is normally more than two
rders of magnitude smaller than those of metals and the DLC
ayer. As the polymer thickness increases, it becomes an effec-
ive active blocking layer to modify the curvature of the trilayer
tructure, and eventually becomes the dominant force to balance
he DLC layer, and forms the curled trilayer structure. At an
ptimized thickness ratio and finger length, a closed microcage
sing a polymer/Al/DLC trilayer can be formed. Fig. 3(a) and
b) show the curvature of a polymer/Al/DLC trilayer structure
t room temperature for two different DLC stresses. The thick-
esses of the DLC, Al and SU8 layers are 85 nm, 100 nm and
�m, respectively, and the finger length is 200 �m. For a DLC

ayer with a stress of 1 GPa, the finger only curls slightly. Increas-
ng the stress in the DLC layer to 6 GPa causes the fingers to
url by nearly 180◦ at room temperature—similar to that of the
i/DLC bilayer structure. Fig. 4 shows the dependence of the

adius of curvature on the compressive stress of the DLC layer
or devices with a finger length of 200 �m. The curvature of
he finger is a linear function of stress, in agreement with the
nalytical model (see Eq. (1)).

As the temperature rises, the top SU8 layer expands much
ore than that of the DLC layer, and generates a compres-

ive thermal stress on the topside of the trilayer, leading to the
pening of the fingers. Fig. 3(c) and (d) show the opening of
he trilayer structure at 400 and 500 K, respectively. The device
pens by 90◦ at 400 K, a much lower temperature than the 700 K
equired for the Ni/DLC bilayer structure [7]. Fig. 5 shows the
urvature angle of the microcages as a function of operation
emperature for the measured and simulated results. The cir-
les with error bars were previously measured for a Ni/DLC
icrocage with L = 200 �m [7], and the line with triangles is

he FEA modelling results for the same bilayer structure with
= 160 �m. The measured temperature for an opening angle of
90◦ is 700 K for this Ni/DLC microcage, and is consistent with
he simulation results. This indicates the FEA model used for
he simulation is accurate and applicable to the trilayer device.

For the polymer/Al/DLC trilayer microcage with the same
evice dimensions as for Fig. 3(b), the curvature angle of the
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the trilayer structure. The analytical model of Eq. (1) for a simple
ig. 3. The curvature of SU8/Al/DLC trilayer structures with DLC stress of (a)
nd (d) 500 K for a 6 GPa DLC layer.

rilayer, initially 180◦, decreases rapidly with increasing tem-
erature, and reaches ∼90◦ at a temperature of 400 K, and ∼12◦
t a temperature of 500 K—a much lower temperature than that
sed for the bilayer structure. In combination with the pulse cur-

ent operation, the opening temperature of 400 K is more suitable
or practical biological applications.

In order to obtain a microcage with small dimensions, the
hickness of each layer has to be reduced accordingly. But to

ig. 4. The dependence of the radius of curvature on the compressive stress of
he DLC layer.

b
a
F

F
t

a and (b) 6 GPa at room temperature, and at elevated temperature of (c) 400 K

btain a reasonable resistance for Joule heating, the Al thickness
hould remain at a similar level, e.g. 40 nm. The relatively thick
l layer will affect the curvature and operation temperature of
ilayer is no longer suitable for this structure, and the curvature
nd performance of the trilayer structure can only be assessed by
EA modelling. Fig. 6(a) shows the curvature of a microcage

ig. 5. The curvature angle as a function of temperature for the bilayer and
rilayer structures. The dotted line is the measured results for a bilayer microcage.
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Fig. 6. The curvature of the SU8/Al/DLC trilayer structure with a finger length
of 70 �m at (a) room temperature and (b) 400 K.
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Fig. 7. SEM images of SU8/DLC microcages with L of
tors A 132 (2006) 346–353

ith a device finger length of 70 �m and SU8/Al/DLC thick-
esses of 250/40/40 nm. The structure is also in the closed state
f 180◦ at room temperature. Note that without the Al layer,
he angular deflection of the same bilayer structure is ∼220◦ –

uch larger than 180◦ – but it does not have sufficient force to
pen the bilayer structure. Fig. 6(b) is the curvature of the same
evice at 400 K, showing an opening of the structure by ∼90◦.
he curvature of this device as a function of temperature is also
hown in Fig. 5, in a similar way to that of the trilayer structure
ith different layer thickness, further indicating that the open-

ng temperature is determined by the TEC of the materials rather
han the finger length.

. Fabrication and characterisation

The fabrication of the microcage devices was divided into
wo parts. The first part was to confirm whether an SU8/DLC
ilayer can form an effective closed microcage, and the second
art was to investigate the trilayer structure with the Al electrode
ncluded for the heater. The first simplified SU8/DLC bilayer
evices were made using a single mask process detailed previ-
usly in Ref. [7]. The process flow is as follows: the DLC was
rown on a bare crystalline silicon substrate using an S-bend
ltered cathodic vacuum arc (FCVA) which produces a highly

ure C+ ion beam. The typical base pressure prior to deposition
as ∼1.5 × 10−6 Torr, and the growth rate was ∼10 nm/min

12–14]. The DLC film is very smooth with a surface roughness
ess than 2 nm with no visible macro-particles. A 1.5 �m thick

(a) 20 �m, (b) 30 �m, (c) 40 �m, and (d) 50 �m.
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ig. 8. Process flow for the trilayer structure microcage with an Al heating
lement.

U8-2 was then spin coated onto the DLC layer at a speed of
500 rpm, and patterned using standard photolithography. The
xposed DLC was etched in an oxygen plasma with the SU8 as
n etch mask. The etch gas was then switched to SF6 to reac-
ively etch the silicon from under the fingers. This step was time
ontrolled etch to ensure release of the fingers only, leaving
he middle parts of the microcage still attached to the silicon
ubstrate. Fig. 7 shows scanning electron microscope (SEM)
mages of the SU8/DLC (∼500/40 nm) microcages after release
rom the substrate with finger lengths between 20 and 50 �m.
ince the radius of curvature of the fingers is fixed (R ∼ 22 �m)
or all devices with the same thickness ratio, the microcage with
= 20 �m is only half-closed, while that with L = 40 �m is fully

losed, and that with L = 50 �m is ‘over curled’. The bilayer
tructures show that polymers can be used together with DLC
o form fully closed microcages with small dimensions.

For a trilayer microcage with a heating element, an extra mask
tep is required to form the electrode bond pads. The two-mask,
elf-alignment process flow is highlighted in Fig. 8. Al (100 nm)
nd Cr (10 nm) were deposited on a 3′′ diameter crystalline sil-
con wafer by thermal evaporation. The Cr layer was used as
n etch mask for the Al bond pads. Patterns were formed by

hotolithography, and followed by Cr and Al etch in Cr- and
l-etchant, respectively, with the positive photoresist AZ5214E

s the soft etching mask. After rinsing in DI water and dry-
ng in N2, the wafer with the photoresist remaining on top of

p
<
t
t

ig. 9. Optical microscope image of a microcage made by a two mask process
efore release with L = 120 �m.

he Cr/Al electrodes was transferred to the S-bend FCVA to
row the DLC layer. The thickness of the DLC layer grown was
40 nm. The FCVA deposition is a directional growth; hence

he residual AZ5214E photoresist prevents DLC growth on the
lectrodes. After the DLC growth, the AZ5214E photoresist was
emoved by immersing the wafer in acetone. An Al layer with
thickness of ∼40 nm was then deposited by thermal evapo-

ation, and followed by an SU8-2 spin coating at a speed of
1500 rpm. The SU8 was photolithographically patterned, and

he exposed Al was then etched in a proprietary etchant with
he SU8 structure acting as an etch mask. The Cr layer on
op of the Al bond pads was then removed by proprietary Cr
tchant without affecting the other layers. The remaining finger
elease etch process is the same as for the simplified SU8/DLC
tructures. Fig. 9 shows an optical microscope image of a six-
nger microcage made by this two-mask process before release
tch.

Fig. 10 is the SEM image of the released devices. The
icrocage with L = 30 �m is nearly closed, while that with
= 40 �m is curled more than 180◦. These devices have again

hown that a polymer with a low Young’s modulus can be used
ogether with DLC to make fully closed microcages with small
imensions.

The SU8 has thus been used as both a structural element and
lso as an etch mask to remove the DLC on the outside of the
ctive area. The key issues for these processes are the hardening
f the SU8 layer and the etch selectivity of the DLC relative
o the SU8 as the latter material can also be removed partially
y an O2 plasma. The DLC has a higher etch rate in the O2
lasma etch than that the SU8, and the etch time is typically

60 s only. As the SU8 is relatively thick, a short time etching in

he O2 plasma only removes a small part of the SU8 layer, and
he remaining SU8 becomes part of the trilayer structure. The
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Fig. 10. SEM pictures of SU8/Al/DLC microcages with L of (a) 30 �m and (b) 40 �m.
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ig. 11. Optical photograph of a trilayer microcage (a) and opening state of
emperature estimated is ∼150 ◦C.

lasma etch rate of SU8 can be modified by the SU8 curing con-
itions. Two extra process steps were added to enhance the SU8
ardness: an extra UV light exposure of up to 30 s after develop-
ent, and post-development curing at >150 ◦C for 20 min. These

dditional process steps effectively reduced the SU8 etch rate in
he O2 plasma from ∼200 to ∼60 nm/min. It was found that
U8 can be etched in an SF6 plasma at a rate of ∼100 nm/min,
hich leads to a thinning of the SU8 layer to ∼500 nm after the

eleasing process. This is entirely suitable for the polymer/DLC
tructure.

The fabricated microcages have been electrically tested on
afer using a probe station with a CCD camera to measure the
isplacement of the devices. Current was applied to the device
rom a Keithly source (model 240), and the voltage was moni-
ored. The initial test showed that the microcages can be opened
y ∼90◦ at an average temperature of 100–150 ◦C, which was
stimated from the resistance change. Fig. 11(a) is an optical
hotograph of a six-finger microcage before applying the cur-
ent. When a current of 2.5 mA (the measured voltage was 3.2 V)
as applied to the device, the fingers opened with an angu-
ar deflection of ∼80◦. The estimated average temperature is
150 ◦C, in agreement with the theoretical analysis. A relatively

arge device with a finger length of 110 �m was used for the test
ue to the limited magnification of the microscope. However,

s
s
a
a

vice (b) at an input power of <9 mW. The curvature angle is ∼80◦, and the

he opening temperature of the microcage is independent of the
nger length as discussed above.

. Summary

Multi-finger, ‘normally closed’ microcages consisting of
metal/DLC bilayer or a polymer/metal/DLC trilayer struc-

ure were modelled and fabricated. Finite element analysis-
ased modelling revealed that an optimal thickness ratio exists
or a DLC layer stress of 6 GPa, causing the fingers of the
icrocage to curl by 180◦, forming a normally closed struc-

ure with small dimensions. The temperature to open the
ngers of a polymer/DLC bilayer structure by 90◦ is only
400 K, which is much lower than the 700 K required to open
Ni/DLC bilayer structure previously reported. The open-

ng temperature is determined by the relative thermal expan-
ion coefficient of the materials used, and is independent of
he geometrical dimensions of the devices. This low open-
ng temperature makes the polymer devices more suitable
or practical biological applications. Microcages with trilayer

tructure have been fabricated and initial electrical tests have
howed these devices open by more than 90◦ at a temper-
ture lower than 150 ◦C, in agreement with the theoretical
nalysis.
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