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Abstract

Guiding mechanisms guide the motion of a rigid body along a precisely
defined path. For small motions flexible elements are well suited to act as
joints of a guiding mechanism. Such joints must have high compliance in
one, or more, direction(s), while simultaneously having high stiffness in the
other directions. Plate springs meet this requirement, but the support
stiffness varies per direction. For micro systems such as gyroscopes,
microactuators for hard disk drives, and sample stages for high resolution
microscopy, it is desirable to have the highest stiffness perpendicular to the
direction, or plane, of motion. This increases the accuracy of the motion and
makes the device more robust. In this work we present a fabrication method
for such high out-of-plane stiffness plate springs. These high aspect ratio
springs are designed and fabricated in silicon using a combination of two
technologies: dual-side wafer stepper alignment and deep reactive ion
etching. The plate springs are characterized by resonance frequency
measurements. A model of the plate spring is fitted to the measurement data
to discriminate tolerances of the two technologies used in the fabrication

process.

1. Introduction

In precision engineering, plate springs are commonly used
construction elements for accurate guiding mechanisms. Upon
actuation, such mechanisms guide the motion of a rigid body
along a precisely defined path. In situations where only small
relative motions are required, flexible elements (e.g., springs)
are good alternatives as the joints of a guiding mechanism.
These flexure mechanisms are ideal for monolithic fabrication
and do not suffer from friction and backlash. Since the
required constraints and freedoms are in different directions,
the flexible joint must have a high compliance in one, or more,
direction(s), while simultaneously having high stiffness in the
other directions. Plate springs (figure 1) are useful flexible
joints, because they have high stiffness for translations in the
x- and z-directions and for rotations around the y-axis, while at
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the same time having high compliance for translation in the
y-direction and rotations around the x- and z-axis.

With the silicon-based miniaturization of sensors and
actuators, the use of flexible guiding mechanisms has been
extended to the silicon micro domain. Many examples
of micro systems based on plate springs, or comparable
flexible joints, can be found in literature, for instance a
gyroscope [1], an optical switch [2], a tuning element for
an external cavity laser [3], an electro-thermal micromotor
[4], a microactuator for hard disk drives [5], and a positioning
stage for high resolution microscopy [6]. For these examples
it is important to constrain undesired motion directions
with high stiffness, for instance to avoid cross-talk in a
gyroscope or to prevent alignment errors in an optical switch.
Also, high suspension stiffness makes the device more
robust for external forces (reduced strain), such as the air
bearing force in a hard disk drive, or the forces that work
on a microscope positioning stage when (dis-)mounting a
sample.
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Figure 1. In-plane plate spring.

A plate spring is generally thin, long and /2 < /. Modeling
the plate spring (figure 1) as a slender beam, the stiffness in
the x-, y-, and z-directions can be approximated by [7]
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Here E, h, t, and / are Young’s modulus, the spring height,
the spring thickness and the spring length, respectively. When
we compare the ratios k/k, and k_/k, (compliance versus
support stiffness), we see that k,/k, = 42/ and k. /k, =
h?/f*. By increasing & the ratio k./k, can be increased, but
at the price of reducing the compliance. On the other hand,
by increasing / both the ratio ,/k, and the compliance can be
increased. In theory k., k, and k. can be fixed independently,
but when k, has to be higher than k, the resulting spring would
have no practical use. Thus we conclude that the stiffness
in the x-direction (k,) is inherently higher than that in the z-
direction (k;). Therefore, in cases were the most stringent
requirements are placed on the z-stiffness, a plate spring
in the upright position (i.e., rotated 90° around the y-axis)
should be used. The above-mentioned micro systems could
profit from such an upright plate spring and an example of a
parallel guiding system with upright plate springs is shown in
figure 2(a). In this work, we will focus on the fabrication and
characterization of a plate spring orientated upright in a silicon
wafer. Using dual-side bulk micromachining, mass—spring
systems like that shown in figure 2(b) are fabricated. The
mass—spring resonance frequencies are used to characterize
the performance of the plate springs. The characterization of
a multi-parameter deep reactive ion etching (DRIE) process
is well documented, for instance, by [8]. The same applies
on the influence of the non-uniformity and etch profile shape
on mechanical performance of bulk micromachined devices
[9, 10]. Therefore, we only focus on the issues specific to the
dual-sided fabrication process described in this paper. As will
be explained in section 4, the sets of reference and mirrored
single plate spring—mass systems allow us to discriminate dual-
side etch errors from dual-side lithographic alignment errors.
In fact, the sets of reference and mirrored devices can be
used, not only as a basic element but also as a process control
module in the study of basic construction elements. Our aim is
to research such basic elements and form a generic component

S198

—

@ Upright plate spring

. 200
Ly
£, h=150um
4{ lI viass | |2 1=460pm
w)
. S t=6.8,..20m
A\
®) St

Figure 2. Schematic view of (a) an application example of upright
plate springs, a parallel guiding with two such springs and (b) the
device fabricated in this work to characterize upright plate springs.

library for silicon-based flexible guiding mechanisms. This
library should increase the design freedom and it will greatly
simplify the future development of a large variety of micro
systems.

2. Mechanical characterization

Resonance frequency measurements are used to determine
the stiffness of the plate springs, which is an important
device parameter. From the stiffness the corresponding
spring thickness can be calculated. The relation between the
resonance frequency (w) and stiffness (k) is given by

==, @)

where m is the mass attached to the spring. To measure the
resonance frequencies of the devices, the dies are mounted on a
shaker. The mechanical response of our plate spring system to
the shaker excitation is measured with a laser vibrometer. By
determining the smallest frequency step which still resulted
in a noticeable difference in amplitude, it was found that
the frequency can be measured with an accuracy better than
10 ppm. This measurement accuracy is higher than required,
since model simplifications, temperature-dependent material
properties and fabrication tolerances will result in a larger
mismatch between resonance frequencies predicted by the
model and the measured values.

We only consider the resonance mode where the mass
is moving more or less linear along the x-axis, because
this mode shape is similar to that of a plate spring in a
parallel guiding. With the beam equations from [7], we can
derive the equations describing the motion of the system, and
analytically calculate the resonance frequency. We find that
in this particular resonance mode the rotation of the mass is
neglectable, and thus the same applies to its influence on the
resonance frequency. After rewriting the appropriate stiffness
is approximated by

k=——. (5)

The resonance frequency is a function of m, h, [ and .
However, in our test device, the mass and the stiffness both
linearly depend on /4, and thus cancel out each other. The
values for /2 and those that determine m are determined by mask
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Figure 3. Schematic 3D view of the mass—spring system with
upright springs.

layout, wafer thickness and DRIE under-etching. The value
for /is determined by the DRIE etch rate. DRIE processes may
vary over the wafer but in a close range, in the order of mm,
these variations are negligible. Therefore it is assumed that
the values for m, h and [ are similar for a set of closely spaced
devices. Furthermore, the dimensions of the mask layout and
[ are relatively large (>150 um) compared to ¢ (620 pm)
and consequently ¢ is the most sensitive parameter for process
variations. This means that the resonance frequency of a set
of closely spaced devices depends on a constant factor and the
actual thickness. Rewriting the resonance equation,
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In this paper, the mass—spring systems are characterized in
groups. Within one group, the closely spaced devices have
similar dimensions, such as spring height, spring length and
mass and only the spring thickness is varied. Resonance
frequency measurements of devices in one group are measured
and equation (6) used is to calculate the corresponding
thickness. However, in the case of non-uniform plate springs,
this calculated thickness must be considered as an effective
thickness, rather than a physical thickness.

= o*=B"r (6)

with

3. Process description

The fabrication of an upright plate mass—spring system as
given in figure 2(bh) requires two technologies: ASML*
3D-align™ and deep reactive ion etching. 3D-align™ is an
extension of the sub-micron alignment capabilities of an
ASML wafer stepper that allows front-to-backside wafer
alignment (FTBA). DRIE is used to etch deep cavities, aligned
and etched on both sides of the wafer to form the upright plate
spring as schematically depicted in figure 3.

Three lithographic masking layers are required to
fabricate the upright plate spring—mass system: one layer to
define the front-side cavity (FC), and the second layer to define
the backside cavity (BC). The third layer, the device release

4 ASML is a manufacturer of lithographic equipment for integrated circuit
manufacturing (www.asml.com).
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Figure 4. Device fabrication process flow; expose and etch the DRC
1.5 pum into the PECVD oxide hard mask (a). Expose the FC and
BC masks. Next etch the oxide until it is completely removed at the
BC and DRC, but 1 um is left at the FC (b). DRIE of the silicon to
give the BC and deposit 6 um lining oxide on the backside of the
wafer (c¢). The DRC is etched 100 um into the silicon (d). Remove
the remaining FC oxide and DRIE of silicon to create the FC and to
continue the etching of the DRC areas (e). Remove the remaining
lining and masking oxide to release the device (f).

cavity (DRC), is used to etch through the wafer in order to
release the device from its surrounding silicon.

An overview of the process flow is given in figure 4 where
the cross section A—A (see figure 3) is shown in different stages
in the process. The fabrication starts with the deposition of
6 um plasma enhanced chemical vapor deposition (PECVD)
silicon oxide on both sides of a 525 um thick, 100 mm
diameter, double-sided polished silicon wafer (see figure 4(a)).
This oxide serves as a hard mask for the DRIE process. First
only the DRC mask is exposed and 1.5 um of oxide is etched
(figure 4(a)). After exposing the BC and FC masks, the BC
layer is etched through the oxide. The remaining oxide is
removed at the DRC with a shorter oxide etch (5 wm), which
leaves 1 um of oxide at the FC layer (figure 4()). All the
required masking layers are etched in the masking oxide before
any DRIE cavity is processed. This allows all the lithography
steps to be completed using conventional wafer handling.

As mentioned before, DRIE is used to etch cavities deep
into the silicon or even through the whole wafer. A high
silicon etch rate requires high plasma power level in the DRIE
etcher. Consequently, the thermal load on the wafer is high
and enhanced wafer cooling is a prerequisite. Backwafer
He gas cooling is commonly used to remove the heat from
the wafer (see figure 5(a)). In fact, the wafer seals off the
He cooling channels in the wafer chuck. Loss of He pressure
will result in loss of temperature control and a reduced DRIE
process performance. Therefore, a gastight wafer without
open through wafer holes is mandatory throughout the whole
process flow. Particularly the DRC etch needs attention on
this point. To prevent He leakage a DRC etch-stop oxide
and a BC lining oxide are needed in this process step. In
figure 5(b) these oxide layers are drawn in the cross section
B-B (see figure 3).
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Figure 5. The principle of He backside cooling in a high power DRIE tool (@) and the use of BC lining oxide and DRC etch-stop oxide to

prevent He leakage (b).
(This figure is in colour only in the electronic version)
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Figure 6. A SEM picture of a set of springs showing both the
reference (left) and mirrored (right) devices. The drawing is added
to the SEM picture to clarify the position of the spring.

Table 1. Process parameters used for the fabrication of upright plate
springs.

Process Parameters

PECVD hard mask TEOS, 1.8 sccm, 2.9 mBar, 350 °C,
RF power 500 W, LF power 500 W at
280 kHz

Hard mask oxide etch C,Fg 36 sccm, CHF; 144 sccm, 16 mBar,
RF power 300 W

DRIE (Bosch process) SF6 700 sccm 7 s, C4F8 250 sccm 2 s,
ICP power 2000 W

The BC areas are etched 480 um deep into the backside
of the wafer followed by a BC lining oxide deposition using
PECVD (see figures 4(c) and 5(b)). Next the DRC is etched
100 pum into the silicon; the remaining FC oxide blocks the
silicon etch in the FC areas (figure 4(d)). After the DRC silicon
etch, the remaining FC oxide is removed using a maskless
oxide RIE. In the next step, both the FC and DRC areas
are further etched. This etch is continued until all the DRC
silicon is removed (figure 4(e¢)). The BC masking oxide at the
backside of the wafer serves as a etch-stop layer for the DRC
etch. After the DRC etch, about 30 um silicon is left in the
FC areas to connect mass to the upright plate spring. Finally,
the remaining oxide is removed using wet chemical etching to
release the devices (figure 4(f)). Details on the etch recipes
used are given in table 1. A set of fabricated springs are shown
in figure 6.

4. Fabrication technology

FTBA accuracy plays a crucial role in the process described
in the previous section. The designed thickness of the spring
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(o, see figure 7(a)) is directly affected by the front-to-backside
alignment error (¢, see figure 7(b)). The FTBA accuracy has
been investigated in the previous work [11] and is verified
using FTBA calibration procedures [12]. The current FTBA
accuracy on the ASML PAS5000/50 wafer stepper, used in
this work, is better than 500 nm.

The effect of the DRIE process on the spring thickness
is more complicated. In the first place the spring thickness
is affected by the shape of the DRIE profile. For example,
a positive side-wall slope results in an increased thickness
(see figure 8(«)); nevertheless, the thickness is constant over
the entire length of the spring. Second, a non-perpendicular
direction of the DRIE profiles can affect the spring thickness
in a non-uniform way (see figure 8(b)).

Although DRIE offers high anisotropy for very deep
structures, the profile direction might deviate from the ideal
perpendicular direction. In our case, the etch depth is 480 pum.
Consequently, a deviation of the ideal perpendicular direction
of only £0.1° will result in a displacement of +0.8 pm at this
depth.

The direction of the DRIE process can be investigated
using electrical overlay measurements [13]. With this method,
the front-to-backside overlay in a through wafer DRIE etch
process is measured in the x-direction (see figure 9). Compared
to the target spring thickness (10-20 pm), the measured
overlay error is significant. Consequently the direction of the
DRIE profile will have a significant influence on the thickness
and shape of the plate spring.

The effect of FTBA errors, DRIE profile inclination and
DRIE profile shape on the resonance frequency is simulated
using ANSYS®; the overall dimensions of the mass—spring
system are given in figure 2(b). For FTBA errors, the results
are summarized in figure 10.

As expected, the variations in spring thickness correspond
with the change in the resonance frequency; for example,
a 10 um nominal width spring with an alignment error of
2 pm yields the same frequency as a 12 pum spring with O um
alignment error.

The effect of DRIE profile shape and inclination is
summarized in figure 11. Four different DRIE profiles
are considered (see figure 11(a)); positive taper (device 1),
negative taper (device 2) and inclined profiles (device 3
and 4). The corresponding resonance frequencies are given
in figure 11(b).

Tapered DRIE profiles (devices 1 and 2) will either
increase or decrease the spring thickness but will result in
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Figure 10. Calculated resonance frequencies for devices with
different nominal spring thicknesses and FTBA alignment errors.

a uniform spring thickness, while inclined DRIE profiles
will result in a non-uniform spring thickness either with the
smallest part at the bottom or at the top. This does not lead
to a large difference in device performance; the resonance
frequencies of devices 3 and 4 do not differ that much. For

example, the resonance frequency for devices with 10 pum
nominal thickness is 12629 Hz and 12369 Hz for devices 3
and 4, respectively. Furthermore, the resonance frequency for
a device with 10 um uniform spring thickness is 12407 Hz,
close to the values of devices 3 and 4. Apparently non-uniform
plate springs such as devices 3 and 4 behave as a uniform device
with the corresponding average spring thickness.

To discriminate the effect of FTBA and DRIE on the final
spring thickness, the mass—spring devices are fabricated in
closely spaced sets of mirrored and non-mirrored (reference)
devices. The devices are mirrored in the x-direction (see
figure 12). Within one set, the distance between the two
devices is less than 1 mm. Therefore we may assume that
for both devices, the BC and FC DRIE profiles are similar.
Hence, for both devices, the influence of the DRIE process on
the spring thickness is the same.

However, within one set, a shift in the alignment error will
introduce an asymmetrical change in the spring thickness (see
figure 10). Thus the spring thickness of a set of mirrored and
reference devices can be described by two equations with two
variables:

Reference: ] = to + Atereh + Atmisatign

®)
&)

Here tg, Ateich and Atyisalign are the nominal spring thickness,
the error caused by DRIE and the error caused by FTBA
misalignment, respectively.

Considering equations (6), (8) and (9), the resonance
frequencies for the reference and mirrored devices can be
expressed as follows:

Mirrored:  t; = fo + Atleen — Atmisaligw

reference:  w*? = B(t + Alereh — Almisalign) (10)

a1

The factor B is inverse proportional to the spring length (see
equation (7)) and the actual value of / depends on the DRIE etch
rate. Consequently B might vary from its theoretical value,
due to etch rate non-uniformity, so it is best calculated from
the measurement results. However, the three unknowns, B,
Ateien and Afpigalign, cannot be solved with only two equations.
Therefore, a number of identical mass—spring systems with
different #, are grouped together with the corresponding
mirrored devices. The devices in a group are closely spaced;
hence the process variations are very small within one group
and a least-squares fit can be used to extract the average
values of B, Afeich and Atpyigalign- The results are discussed in
section 5.

mirrored:  w*? = B(fg + Aterch + Afmisalign)-
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Figure 13. SEM cross section of a device without release cavity (a). The angles show the taper and the inclination of the etch profile. The
close-ups ((b) and (c)) show the difference in the spring width at the top and the bottom due to the inclined etch profile.

5. Result and discussion

Three groups with sets of mirrored and reference devices are
measured on three different locations across the wafer center
(see figure 9). The dimensions of the spring within one group
are [ = 460 pum, h = 150 um and 7y = 10-20 pm in steps of
2 um. The results are summarized in table 2.

The variations in B are caused by the DRIE etch rate
non-uniformity. The silicon etch rate of groups I and III are
0.6% higher compared with group II, which corresponds with
the higher value for B for group II. The fitted Afyigalign <
0.4 pm which is within the specifications of the wafer stepper;
however Aty varies considerably.

Most likely, DRIE under-etching and/or tapered DRIE
profiles, as shown in figure 11(«) (device 1), are responsible
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Table 2. Fitted model parameters of three identical groups at
different positions across the wafer center.

Wafer
Group position Atpisation  Aleten
number  (mm) B(@m's™?%  (um) (um)
1 —12 1.79 x 108 0.15 —1.91
11 3 1.87 x 108 0.38 —0.30
111 18 1.80 x 108 0.08 —2.94

for the relative large value of Afeh. Figure 13(a) shows a cross
section of a device fabricated without release cavity (otherwise
the spring would not survive). The measured angles show that
the etch profile is tapered and slightly inclined. Figures 13(b)
and (c) are close-ups of the top and bottom of the spring. The
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Table 3. Measured resonance frequencies, calculated stiffness and effective thickness for resonance in the x-direction of the devices from

group II.
Nominal Resonance Calculated Calculated Thickness
thickness (um)  frequency (Hz) stiffness (N m~')  thickness (um) error (%)
20 36414 1921 19.98 —0.10
18 30952 1388 17.93 —0.39
16 26703 1033 16.25 1.56
14 22501 733 14.49 3.50
12 17170 427 12.10 0.83
10 12873 240 9.99 0.10
8 9186 122 7.98 —0.25
6 5610 46 5.74 4.33
spring is wider at the bottom than at the top, which is caused ~Aknowledgments

by the inclined etch profile.

For the second group the calculated spring stiffness
and effective thickness are shown in table 3. In the case
where Afyiglign compensates Afen, the calculated effective
thicknesses are very close to the nominal thickness. This is
demonstrated by the mirrored devices of group II (see table 3).
The largest found error is only about 4%. This demonstrates
that at least the devices close to the center of the wafer are
fabricated with low tolerances, and their stiffness is close to
the designed value.

6. Conclusions

High aspect ratio dual-side processed upright plate springs
are successfully fabricated using a combination of two
technologies: FTBA and DRIE. The plate springs are
characterized by the resonance frequency measurement of the
mass—spring system as shown in figure 2(»). Furthermore, a
novel method that employs the asymmetry of reference and
mirrored mass—spring systems is presented to discriminate
align and etch errors; as such this method can be used as a
process control module in the fabrication of more complex
devices.

Using this method, we found that FTBA accuracy is not
the limiting factor. Most likely, under-etching and the shape
of the DRIE profile are mainly responsible for deviations of
the spring thickness across the wafer. The inclination of the
DRIE profile will result in a non-uniform spring thickness,
but ANSYS® simulations showed that the effective spring
thickness is close to the nominal value. However, the reduced
thickness at one side of the spring might affect the device
reliability due to, for example, stress concentrations. This was
not yet investigated, but will be considered in future work.

Devices with close to nominal dimensions are fabricated
near the wafer center, particularly for the case where the
Atmisalign compensates Afgen. This demonstrates the ability
of this technology to fabricate a parallel guiding system with
upright plate springs (for an example, see figure 1) with low
tolerances. This is a necessity for the successful development
and application of such guiding mechanism in high precision
positioning systems. Particularly this class of positioning
systems can benefit strongly from the high stiffness of the
upright plate spring. However, future improvement of the
DRIE process is required to fabricate good devices across
the whole wafer.

The authors would like to thank Dr H Krikhaar and W de Laat
from ASML for their support.
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