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ABSTRACT

We report on, to our best knowledge the first, protrud-
ing electrostatic microgripper with force amplification and
parallel jaw motion for in-situ manipulation of sub-mi-
crometer thick membranes in combined Scanning Electron
Microscopy (SEM) / Focussed Ion Beam (FIB) machines.
The gripper is used “upside-down” such that the highly
doped silicon substrate shields the electrical fields resulting
from the electrostatic actuation.  Mechanical amplification
is used to attain 3 µm jaw-displacement with up to 195 µN
force from a comb-drive actuator array consisting of 1320
finger-pairs.  Gripper movement was tested ex- and in-situ.
The griper-jaws moved several microns in both cases.  FIB
images shifted slightly at 40 V actuation voltage but were
undistorted showing the effectiveness of shielding

Figure 1: Schematic dual-beam configuration

INTRODUCTION

Commonly, fault diagnostics in IC production is carried
out in a dual beam SEM/FIB system (Figure 1).  Such
systems allow for the creation of thin membranes (~100 nm
thick) by ion-milling from the IC-dies with the purpose to
consecutively be studied in Transmission Electron Micro-
scopes (Figure 2).  The dies are scanned by SEM and at a
fault-location a membrane is milled by FIB.  Then a micro
device is used to attach to the membrane.  Once held, the
attachment points of the membrane are reduced by FIB and
consecutively the membrane is broken out the die and
transported.  Typical membrane sizes are 15 µm x 5 µm x
0.1 µm with “handles” of 5 µm x 5 µm x 2 µm for gripping.

Handling of the membranes requires delicate attach-
ment, which can be obtained in several ways.  When using
a gripper small gripper-jaws fitting into ~5 µm space along-
side the samples (Figures 1 and 11) are required.  The grip-
per-carrier needs a shape allowing for sample maneuvering
near the die.  Operation conditions require that parts at high
potentials be shielded from the beams in order to prevent

deterioration of SEM images or FIB milling operations.
Charging of the actuator needs to be avoided in order to
prevent unintended displacements and the gripper should
not obscure the sight of the beams since this would disable
any proper operation at all (Figure 3).

Figure 2: Example of a membrane ion-milled by FIB.

In this work we have created protruding grippers by a
combination of surface micromachining of electrostatic
actuators and gripper structures and bulk-micromachining
for the creation of slanted substrates.  Overhanging electro-
static microgrippers have been reported before [1] but
without force amplification, parallel jaw motion and elec-
trical shielding.  Many other reported microgrippers had
considerably larger, non-protruding gripper jaws, used dif-
ferent actuation principles and/or were not suited for use in
SEM/FIB [2,3,4,5].

DESIGN

The actuation principle for the microgripper was chosen
to be electrostatic combined with electrical shielding by the
highly doped substrates put "upside down", see Figure 3.
Thermal actuation would have been rather difficult due to
the lack of sufficient temperature control in vacuum and
magnetic or piezoelectric actuation would have required
shielding as well in order to prevent beam deterioration.
Since there is only limited room alongside the membrane-
attachments the gripper needed only a limited stroke of 2-3
µm.  The force required by the microgripper to succesfully
break out the membrane was estimated to be 195 µN.  Since
actuation voltage had to be kept low it was decided to use
tenfold force amplification. Comb-drives [6] with 1320
finger-pairs are arranged in 22 arrays with 11 arrays at
either side of a central beam.  The height of the poly-silicon
fingers (as well as all poly-silicon parts) is 5 µm.  The
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fingers are 2 µm thick, 34 µm long and have a gap of 2 µm
and an initial overlap of 2 µm.  The force obtainable by this
comb-drive is 54 µN at 40 V driving voltage.

Membrane
Jaws

E/I beam

Slanted
substrate

Shielding

Comb-drive
actuator

Figure 3: Schematic gripper geometry.

The guiding system consists of four folded flexures each
flexures containing 4 beams with reduced width near the
joints and the anchor points.  The entire guiding system has
a composite stiffness in the direction of movement of 0.42
N/m resulting in a restoring force of 12.6 µN at a maximum
displacement of 30 µm.  Side-instability voltage [7] for the
combination of comb-drives and folded flexures is
calculated 54 V.  A 10 times mechanical reduction yields 3
µm jaw-displacement with effective gripper force of about
195 µN at 31 V actuation voltage.  Moving jaws are
connected to hinged beams to obtain parallel displacement
(Figure 4).  The total area occupied by the design is 1.5 by
3 mm2.
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Figure 4: Schematic representation of the gripper design.

FABRICATION
For the fabrication of the microgripper a double sided

wafer process is developed: a standard poly-silicon surface
micromachining process [7] at the front side combined with
a KOH/DRIE bulk micromachining process at the backside.
The fabrication steps are shown in Figure 5.

The starting material is a 380 micron thick highly boron
doped (100) silicon substrate (0.01-0.02 Ω.cm).  After the

deposition of a 0.5 µm low stress LPCVD silicon nitride
insulation layer, a 1.5 µm PECVD sacrificial silicon oxide
layer is deposited and patterned in two separate masking
steps.  The first is a timed etch to create ‘bumps’
(mechanical anti stiction stand-offs).  The second masking
step etches with BHF through the PECVD SiO2 layer in
windows, which define the anchors of the microgripper, as
shown in Figure 5a.  Next a 5 µm thick LPCVD poly-sili-
con is deposited and heavily doped with boron by solid
source indiffusion.  After stripping the poly-silicon from the
backside (b) a 0.5 µm low stress LPCVD silicon nitride is
applied.  This layer protects the poly-silicon during back-
side processing.  The LPCVD silicon nitride layer at the
backside is patterned (c) and the silicon substrate is wet
chemical etched anisotropically in 25 wt% KOH at 75 °C to
a depth of about 350 µm, leaving a silicon membrane of 30
µm in thickness (d).  Processing continues at the front side:
removal of the LPCVD silicon nitride protection layer by
dry etching, standard lithography and directional poly-sili-
con etching using a cryogenic SF6/O2 based DRIE process
(e).

a)

b)

c)

d)

e)

f)

g)

Figure 5: Condensed processing sequence

The backside processes shown in Figure 5f consist of
three plasma etching steps: 1) LPCVD silicon nitride strip-
ping in CHF3/O2 based RIE plasma with a high selectivity
with respect to silicon.  2) Maskless directional silicon
etching using a cryogenic SF6/O2 based DRIE, to remove
the remaining 30 µm of silicon and to transfer the slanted
‘KOH’ sidewall to the front side.  This process stops on the
LPCVD silicon nitride layer at the front side.  3) Removal
of the LPCVD silicon nitride layer using a highly selective
RIE process.  The silicon substrate acts in this step as mask.
Finally the sacrificial layer is etched in 50% HF during 6.5
min.  This is followed by dilution rinsing in DI water, rins-
ing in isopropanol and rinsing in cyclohexane while pre-
venting the wafer from drying.  Freeze drying is used to
remove the cyclohexane at a temperature of –10 °C under a
high N2 flow in order to prevent stiction problems.  (Figure
5g)
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Slanted, pyramidal shaped substrate

In order to fabricate a slanted, pyramidal shaped sub-
strate, which is necessary for the microgripper to have am-
ple manipulation room in all directions, a 45° in-plane ro-
tation of the microgripper design with respect to the <110>
direction of the (100) wafer was chosen.  Then it is possible
to align the gripper jaws in such a way that their position is
just above the intersection of two slanted ‘KOH-etched’
sidewalls, see Figure 6.  This intersection line has a tilt an-
gle of 45° with respect to the gripper jaws.  Compared with
a slanted ‘KOH-etched’ sidewall, which has a tilt angle of
54.7°, the micro gripper can be operated at larger tilt angles
(up to 45 °), before obscuring the sight of the SEM/FIB
beams (Figure 3)

Slanted KOH sidewall

Gripper jaws

Silicon substrate

Slanted KOH sidewall

Figure 6: Schematic representation of the bottom view (top)

and side view (bottom) of the slanted gripper tip

To etch convex corners in KOH in such a way that in-
deed the intersection line will appear, a so-called corner
compensation structure has to be added at the specific cor-
ner.  When properly dimensioned, this structure has com-
pletely disappeared when the desired etch depth is reached
(350 µm).  A simple corner compensation structure is one
oriented along the <100 >direction [8].  Because the etch-
rate in the <100> direction is the same as in the <001>
direction, the width of the beam has to be twice the desired
etch depth.  To compensate for a depth of 350 µm, a width
of the beam of 700 µm has to be chosen.  The length is not
critical, but should be at least 3.6 times the etch depth
(>1260 µm)[8].

Etchdepth = 0µm Etchdepth = 250µm

Etchdepth = 330 µm Etchdepth = 350µm

Figure 7: Schematic representation of the KOH etching for

fabrication of the protruding gripper.

Figure 7 shows the KOH etching process in time using
the corner compensation structure.  Advantages of this
compensation method over others are the fact that the
complete theoretical intersection line is reached in depth
when the etch-depth is 350µm and that the compensation is
in principle independent of the etch rate of the <100>
direction. A result of the etch-process is shown in figure 8.

Figure 8: Slanted tip after KOH-etching seen from below.

Interfacing

To facilitate FIB experiments the gripper structures
were mounted on a PCB board.  For good shielding the
substrate was mechanically attached and electrically con-
nected to the PCB by gluing its backside with silver glue.
Subsequently stator and rotor of the actuator were wire
bonded to the PCB.  The PCB-microgripper assembly was
mounted on an (x,y,z) manipulator to facilitate movement
in the FIB.
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EXPERIMENTAL

Figures 9 shows a top view of a realized microgripper.
Figure 10 shows gripper and its slanted substrate indicating
the maneuverability of the gripper.

Figure 9: Photograph of realised microgripper with

actuator, mechanical transformation and jaws.

First tests were made on wafer-scale using an optical
microscope.  Voltage was applied by probe-pens connect-
ing to the bond pads.  Measurement of the resistances of the
poly-silicon showed that no structures had electrical barri-
ers and separate structures had good electrical isolation
from each other.  This was also concluded from gripper ob-
servations in a FIB microscope with applied voltage: rotor
and stator fingers clearly turned up as lighter and darker
parts.

Figure10: SEM micrograph of gripper jaws.

Gripper movement was tested ex- and in-situ.  Gripper
jaws moved several microns in both cases.  The movement
of the grippers turned out not to be very reliable.  Within a
single test the movement was quite good sometimes, while
at other times no or irregular movement could be observed.
Sometimes also only partly return to the rest position was
found.  We attribute these findings to charging of the in-
termediate silicon-nitride layer but have not been able to
determine the cause exclusively.  Using the gripper in the
FIB showed that FIB images shifted slightly at 40 V ac-
tuation voltage but were undistorted showing the effective-
ness of shielding.  Gripper-jaws could successfully enclose
a membrane, indicating sufficient gripper-maneuverability
(Figure 11).

Figure 11: Jaws manipulated into holes (FIB-micrograph).

CONCLUSIONS

We have reported on a microgripper with protruding
jaws for use in SEM / FIB systems.  Electrostatic actuation
by means of comb-drive actuators was successfully ob-
tained whilst shielding of the comb-drives by the highly
doped substrate resulted in acceptable beam deformation
and beam shift.  A combination of surface- and bulk micro-
machining was used in order to make 45 degrees pyramid
like structures with protruding jaws on the base.  10-fold
stroke reduction / force multiplication was obtained by a
built-in lever and jaw motion was quasi parallel by hinged
parallel beams.
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