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Precision Hand Assembly of MEMS Subsystems
Using DRIE-Patterned Deflection Spring Structures:
An Example of an Out-of-Plane Substrate Assembly
Luis Fernando Velásquez-García, Akintunde Ibitayo Akinwande, Member, IEEE, and Manuel Martínez–Sánchez

Abstract—This paper describes a packaging concept for pre-
cise hand-assembly of microelectromechanical systems (MEMS)
subsystems that uses mesoscaled deep-reactive ion etching (DRIE)
patterned passive deflection spring clusters. The method is in-
tended for applications that require decoupling of subsystem
process flows to simplify device fabrication in order to attain
macro three-dimensionality, or for cases where the device requires
spatially referenced macro- and microfeatures with good precision.
The design considerations for the deflection springs are presented,
and a simple reduced-order model of the expected elastic behavior
is proposed. The assembly concept is demonstrated with an
electrospray array test structure. This test structure assembles
perpendicularly two wafer substrates. The performance of the test
structure is benchmarked using finite-element simulations and by
measurements of the misalignment introduced by the assembly. A
floor for the ultimate alignment accuracy of the assembly concept
is proposed. [1456]

Index Terms—Deep-reactive ion etching (DRIE) patterned
springs, low-pressure low-temperature die-level packaging,
out-of-plane wafer assembly, passive deflection spring assembly,
system integration.

I. INTRODUCTION, GOAL, AND MOTIVATION

MICROELECTROMECHANICAL systems (MEMS)
take advantage of the set of technologies developed

by the semiconductor industry. In the majority of cases, these
technologies imply the deposition or removal of layers of
material where a planar layout is directly involved via a pho-
tolithographic process [1], [2]. The use of in-plane layouts to
build structures restricts the range of geometries that can be
implemented as part of a micromachine, in particular the aspect
ratio and three-dimensionality of MEMS parts. Most of the
efforts for photolithographic processes focus on reduction of
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Fig. 1. A linear array of microfabricated electrospray emitters. The device has
a system of mesoscaled DRIE-pattered deflection springs to assemble the main
body (hydraulics) to the electrodes (extractor and accelerator), in an out-of-plane
fashion. The maximum allowed misalignment is set at 60 �m for an electrode
with an aperture 300 �m wide, separated 250 �m from the emitter tips.

the minimum feature size (MFS) but still use in-plane feature
transfer [3], [4]. A number of techniques have been proposed
to give three-dimensionality and/or high aspect ratio to MEMS,
including wet/dry etching with some degree of isotropy [5], [6],
lattice-oriented etching [7], LIGA (a German acronym for x-ray
photolithography, electrodeposition, and molding) [8], SU–8
[9], [10], polymethylmethacrylate [11], and electrochemically
welded metallic structures [12].

Also, the range of devices that can be microfabricated would
be extended if subsystems of the same device that have in-
compatible process flows could be built on different substrates,
i.e., decoupled, and assembled later. In particular, some device
subsystems are incompatible with high temperature, large
forces, and/or electric fields because of their thermal budget
or change of phase/electrical constraints. In these instances,
standard assembly techniques such as fusion bonding [13] and
anodic bonding [14] are not viable. Assembly methods that do
not include high pressure, temperature, or electric fields have
been reported, in particular, a microfabricated velcro [15], and
mating convex and concave microfabricated elements [16]. The
benefits of process flow decoupling include i) the reduction
of parasitic effects between the two pieces of hardware that
are joined and/or ii) the implementation of efficient tradeoffs
between the device fabrication and its performance [17]. The
design decision to decouple the process flows also allows us to
optimize the substrate selection for each subsystem.

Another active area of MEMS integration research involves
MEMS devices that have subsystems with different character-
istic lengths, where these subsystems are intended to be assem-
bled in a specific spatial configuration with adequate precision.
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For example, it could be required to input the signal of an op-
tical fiber to a MEMS chip, and precise alignment of the optical
fiber axis with respect to the sensing area of the MEMS is re-
quired. For this particular example, both silicon and silicon ni-
tride springs have been reported [18], [19].

We present a novel assembly technique that addresses the
three-dimensionality of MEMS, the choice to decouple sub-
system process flows, and the integration of subsystems that
have characteristic lengths of different order of magnitude. The
technique involves the use of clusters of mesoscaled passive
deflection springs patterned with deep-reactive ion etching
(DRIE) and takes advantage of the structural high-performance
of single-crystal silicon. The dimensions and specifications
of these springs are such that they allow hand assembly of
the different substrates in a preestablished spatial relation and
precision. We believe that this assembly technique will help
expand the range of MEMS that can be implemented. We have
demonstrated several MEMS that use a system of deflection
springs in their assembly. These MEMS are a linear array of
internally fed electrospray emitters (Fig. 1), a linear quadrupole
part of a micro gas analyzer (Fig. 2), and a test structure for a
planar array of externally fed electrospray emitters [20].

In all three cases, we believe that the introduction of a set of
mesoscaled deflection springs simplified the process flows and
the packaging/assembly of the devices. The following are brief
descriptions of how the specific requirements of these MEMS
benefited from the mesoscaled spring system that we propose.

• The electrospray arrays that we developed are intended for
space. The working environment includes high vacuum
and large temperature differences due to the day/light
cycle of an object orbiting around the Earth. Also, these
devices could see voltages up to 5000 V [21]. These
devices require electrical integrity against ordinary break-
down at high voltage, and robustness against shorting
via surface layers of contaminants. Several research
teams have pointed out that providing electrodes to dense
electrospray emitter arrays is a challenging problem be-
cause of the dimensional range (features with different
order of magnitude), electrical breakdown requirements,
and the high voltage levels that are involved [22], [23].
An ideal electrical insulation should include mesoscale
gaps (250 m to 2 mm) between the electrodes and the
emitters, thick dielectric films/dielectric substrates, and
minimal physical contact between the electrode and the
emitter substrate, far from the emitter area (for practical
purposes the emitters then would be hovering right in
front of the emitter tips, without physical contact that
could eventually produce an electrical short if covered
with debris). Materials such as plastics are not desirable
for space applications because they outgas, and they have
high sputtering yield; this restriction makes unfeasible
many of the packaging processes that are available to
MEMS. Furthermore, some researchers have reportedly
not been successful in using extractor grids as part of
the macrosized package of electrospray MEMS arrays
[24]. Because of all of the above, we decided to make the
MEMS devices with integrated packages and integrate as

many subsystems as possible at the chip level. For an array
of electrospray emitters, it is desirable to have good preci-
sion during the assembly because we can make the emitter
array denser. For the particular case of the linear array that
we developed, the maximum misalignment will lead to
electrode particle interception is 60 m. For the particular
case of the planar array, the maximum misalignment
before particle interception is set at 25 m. In both cases,
any misalignment on the emitter-electrode setup will in-
troduce aberration effects to the emitted stream. In order to
minimize the aberration effects, it is important to align as
well as possible the electrodes with respect to the emitters,
ideally implemented as a self-aligned structure [25], [26].
The design selection of having electrodes supported in a
few points with dielectric standoffs is common to many
electric propulsion space engines [27]. Also, it is desirable
to have a constant separation between the emitter tips and
the extractor because the startup voltage of an electrospray
engine is dependent on the emitter-to-electrode distance,
and we would like to have the emitters activated at the
same voltage level while avoiding multicone emission
from any spout.

• Linear quadrupoles are devices that filter species based on
their specific charge and are often used in mass spectrom-
etry. Depending on the stability region where they operate,
linear quadrupoles could require electrode aspect ratios as
large as 60 or more to be able to resolve light ions (20 amu
or less) with good resolution (1% or better) [28]. The reso-
lution and ion transmission of these devices is greatly influ-
enced by the misalignment in the relative positions of the
rods, as well as its taper [29]. Work has been reported on the
development of linear quadrupoles that use KOH grooves
to support macrofabricated electrode rods [30]. We have
implemented a MEMS linear quadrupole that can use elec-
trodes with aspect ratios of 60 or more and diameters down
to 500 m. This quadrupole uses a system of mesoscaled
DRIE-patterned springs that allow an alignment precision
that we estimate equal to 5 m or better for the electrodes.
The precision of the electrode diameter is also 5 m.1 The
advantage of this quadrupole concept over the KOH ap-
proaches that have been reported is its manual assembly
and the fact that the rods can be mounted and dismounted
as desired, making the same “spring head” (MEMS struc-
ture that has the mesoscaled springs, whose function is to
grab, align, and lock the electrode rods) reusable with dif-
ferent aspect ratios to be able to perform under different
conditions of pressure, voltages, frequencies, etc.

The following section presents the design considerations for
the mesoscaled DRIE-patterned deflection springs. Sections III
and IV will focus on the test structure that we developed for the
spring system of the linear array of electrospray emitters. This
test structure was selected to illustrate the assembly technique
because of the extensive modeling and experimental validation
we conducted. In Section V, we discuss the alignment precision
limits of the assembly technique.

1The rods were supplied by Small Parts, Miami Lakes, FL.
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Fig. 2. A linear quadrupole, part of a microfabricated gas analyzer. The device has a system of mesoscaled DRIE-pattered deflection springs that assemble the
stainless steel rods. The quadrupole base is integrated with a substrate that has field ionizers .On the left, there is a picture of an assembled quadrupole (quadrupole
rod diameter is 0.5 mm), On the right, there is a collage of infrared microscope pictures that show the deflection spring system that was implemented. The quadrupole
rods are intended to (A) occupy the four circular cavities (B) surrounding the active area of the quadrupole. The maximum acceptable misalignment is set at 5 �m
or better.

II. DESIGN CONSIDERATIONS FOR SILICON DRIE-PATTERNED

DEFLECTION SPRINGS

The proposed guidelines for this assembly technology are as
follows.

• It should be possible to manually assemble the two sub-
strates while preserving good alignment. The alignment
requirement is deeply related to the application and the de-
vice that implements the spring technology. Good align-
ment is achieved by taking advantage of the magnitude of
the dimensional uncertainty of the microfabrication tech-
niques, in particular contact photolithography and DRIE,
compared to the dimensions of the springs.

• The roughness of the surfaces that interact in the assembly
should be small enough to prevent the springs from “jam-
ming” at a point different from their final positions. Closed-
loop feedback of the assembly operation relies on being
able to differentiate when the springs are sliding from when
the springs reached their final assembly position by using
tactile sense.

• The spring design should incorporate the dimensional vari-
ations of the substrates that take part in the assembly, that
is, the thickness variation of the springs and the substrates
that are clamped by the springs. The spring elastic perfor-
mance should provide for activation at a range of displace-
ments compatible to this substrate variation.

• The displacement springs are slender, and the spring de-
formation is smaller that any of their characteristic dimen-
sions (width, height, and length). As a rule of thumb, the
length-to-height ratio should be at least ten and the dis-
placement should be at most equal to the height value [31].

• The frictional force that the two pieces produce when
sliding is used as feedback for the assembly. We suggest
keeping the clamping force on the order of 1 N in order to
have friction forces on the order of a fraction of a newton.
This frictional force level is large enough to be discernible
from noise sources by the tactile sense of human hands
and from the final position of the assembly (the springs
get jammed).

The material of the mesoscaled deflection springs is silicon.
Silicon can be modeled assuming an isotropic, elastic behavior
with a Young’s modulus equal to about 145.5 GPa [31]. It is

Fig. 3. �=L versus H=L for silicon. The dimensionless parameters can be at
either axis because they are inversely proportional. As a rule of thumb, both di-
mensionless parameters should be smaller than 0.1 in order to satisfy the slender
body/small deflection requirements of the model.

stated in the literature that this approximation shows good agree-
ment with modeling of silicon as a cubic lattice [32]. The high
aspect ratio and small deflection of the mesoscaled springs allow
us to model their elastic behavior using the beam equation [33]

(1)

where is the displacement perpendicular to the beam neu-
tral fiber, is a variable along this direction, is Young’s mod-
ulus, is the bending moment, and is the area moment of the
beam. The springs are modeled as a cantilever beam of uniform
cross-section with a point load applied at the beam tip, sepa-
rated a distance from the fully constrained end. Each spring is
assumed to be decoupled from the influence of any of the other
springs. The maximum deflection (the beam tip) is then

(2)
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Fig. 4. Etching sidewall angle versus etching window width for DRIE-patterned features that use oxide as etching mask. A plasma confinement effect takes place
when the etching window is narrow enough (< 100 �m), enabling us to pattern straight walls.

For a beam with rectangular cross-section, the relationship
between applied force and maximum defection is

(3)

where is the beam width and is the beam height. On the
other hand, the relationship between the maximum stress
and the maximum deflection for the same beam and load
situation is

(4)

The last two equations can be used to design the deflection
springs. The spring design problem is underconstrained; there-
fore, there is no unique solution for (3) and (4) for the actual
beam dimensions. As a matter of fact, there are a number of
spring geometries that can achieve the same criteria (deflection,
stress levels below a certain value, buckling resistance, etc.),
which encompass substantial variations in the spring length,
width, and height.

The criterion for stress failure in a brittle material is the
maximum principal stress [34]. Ceramics withstand far better
compressive loads than tensile loads, reinforcing the fact
that the failure criterion is the existence of tensile stresses
larger than a given threshold value; also, ceramics show a
probabilistic behavior. The allowed stress level is proportional
to the processing-induced flaw population, in particular the
roughness present in sharp changes of topography [35]. For a
DRIE-patterned part whose roughness was smoothened, the
maximum allowed tensile stress is around 1 GPA, with a failure
probability of 0.5% and a confidence of 95% [32], [35].

The dimensionless expression [see (4)] has an upper
bound for a given material. In the case of silicon, this value

is 4.6 10 . Fig. 3 shows the relationship between and
using this upper bound value.

The spring patterning should have sidewalls as straight as
possible to dimensionally control the spring geometries. This
paper reports the implementation of this assembly technique
using DRIE-patterned springs. DRIE has a dependence of the
sidewall slope with respect to the etching window width for a
given set of plasma conditions.

Fig. 4 summarizes our experimental findings on this regard,
using a particular recipe that the Microsystems Technologies
Laboratories, Massachusetts Institute of Technology, has devel-
oped. The experimental data suggest that for DRIE patterning
using oxide etching masks, etching windows smaller than 100

m give sidewall slopes to first order equal to 90 . However,
the concept of using mesoscaled springs could be extended to
other substrate materials and spring patterning techniques such
as laser etching.

There is a third criterion to take into account when designing
the mesoscaled springs: during the assembly, the springs should
be in tension to avoid the possibility of buckling. In the event
of a need to disassemble, or the case of an assembly proce-
dure that requires back-and-forth sliding, it should be possible to
compress the springs. The model for buckling that most closely
matches the real situation is when one end is totally constrained
while the other end is just restricted in displacement in the di-
rection of the deflection , as shown in Fig. 5.

For this buckling mode , the maximum compressive force
before buckling is expressed by [33]

(5)

The compressive load acting on one of these mesoscaled
spring is, to first order, due to the friction produced by the
applied force (the spring force acts as the normal force
that generates the frictional load), the ratio between the two
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Fig. 5. Schematic of a beam under buckling conditions similar to the ones faced
by the spring system when (a) dismounting and (b) free body diagram of the
setup.R is the shear force at the fully constrained end andF is the compression
force acting on the beam.

forces must be larger than the static friction coefficient to
be buckling-safe. The ratio between the two forces turns out
to be a geometrical criterion between the beam length and the
maximum deflection

(6)

Static friction coefficients are smaller than one [36]. There-
fore, the criterion imposed by (6) is already satisfied for a spring
designed with the beam equation. Finally, it is important to em-
phasize that DRIE-patterned structures increase their structural
performance if they receive a smoothening posttreatment, in
particular with an plasma [32]. In the case of out-of-plane
assemblies, the use of double-side-polished wafers provides
very smooth surfaces to the spring tips for assembly interaction.

The springs should have a smooth geometry in order to avoid
stress concentrators. The spring geometry should also take into
consideration some inlet features, that is, a set of shapes that
facilitates the initial approach between the two parts to make
contact.

III. DESIGN EXAMPLE: A SPRING SYSTEM TO ASSEMBLE

MICROFABRICATED ELECTRODES TO AN ELECTROSPRAY ARRAY

Fig. 6 shows one of the test structures implemented to analyze
the spring assembly system of the electrospray linear array that
we developed [21].

The design of this particular linear array requires an
out-of-plane substrate assembly between two microfabricated
electrodes and the device hydraulics with precision equal to
60 m or better, while providing 250 m of separation between
the emitter tips and the closest electrode (extractor). Also, the
electrode-emitter setup should not implement a closed geom-
etry. That is, there should be minimal physical contact between
the electrodes and the hydraulics substrate, and the points of
contact between the electrodes and the hydraulics substrate
should be far from the emitters.

Fig. 6. Picture of an assembled test structure of the spring system a linear elec-
trospray array. The test structure is seen from the side. The perpendicularity of
the assembly is clear from this picture.

Fig. 7. (Top) 3-D model of the out-of-plane test structure that was implemented
and (bottom) zoom of the two kinds of spring clusters. In the electrospray linear
array, the spring cluster on the lower left is patterned in the electrode substrates,
while the spring cluster on the lower right is patterned in the hydraulics wafer
stack.

Fig. 7 shows a three-dimensional (3-D) model of the test
structure with closeup images of the two types of spring clusters
used. One set of spring clusters is patterned into the hydraulics
wafer stack, while the second set of spring clusters is patterned
into the electrode substrates. Table I summarizes the dimensions
of the two types of springs that are in the test structure.

The dimensions of the springs reflect the required perfor-
mance under the constraint of the available space on the mask.
With the exception of the substrate thickness (the beam width),
the test structure has the same geometry and dimensions that we
eventually implemented in the linear array. The wafer thickness
difference has no effect on the validation of the spring system
because the spring width does not affect the stress levels (planar
stress state is assumed). The spring width only changes the force
that the spring tips exert for a given deflection. This force scales
linearly with the spring width. The displacement value for the
main body test structure was set at 50 m to be one order of
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TABLE I
DIMENSIONS OF THE SPRINGS IMPLEMENTED IN THE OUT-OF-PLANE ASSEMBLY TEST STRUCTURE. THE FREE-LENGTH

IS DEFINED AS THE DISTANCE FROM THE SPRING TIP TO THE POINT OF MAXIMUM TENSILE STRESS

Fig. 8. 3-D model to illustrate the assembly of the test structure. The electrode
substrate (A) is first rotated 90 (B), so it can face perpendicularly the main
body. Then, the electrode substrate is pushed up to make contact with the main
body substrate (C). This last operation is made making sure that the spring clus-
ters of the main substrate pass through the cavities in front of the electrode spring
clusters (D). Finally, the electrode is pushed to one side to make the springs of
both substrates activate (E), until the edges of the two substrates make physical
contact (F). In this assembly procedure the springs are in tension. The arrows in-
dicate direction of movement of the electrode substrate with respect to the main
body substrate.

magnitude above the wafer thickness uncertainty ( 5 m). The
displacement value for the electrode test structure was set at
100 m because we had more room in the electrode mask, al-
lowing us to pattern larger spring geometries.

A. Fabrication

The process flow for the out-of-plane substrate assembly test
structure starts with double-side-polished silicon wafers, 600
5 m thick. Then, a layer of plasma-enhanced chemical vapor
deposited (PECVD) oxide 11.5 m thick is deposited on both
surfaces of the wafer (one film will be used as etching mask,
while the other film is used as etch stop and for wafer bow com-
pensation). The oxide thickness was determined with due con-
sideration for the etching selectivity of the DRIE and the elec-
trical insulation required for the electrospray array. After the
oxide films were deposited, they were annealed at 1050 C in a

nitrogen atmosphere for 1 h, in order to improve their quality.
After the annealing, 8 m of photoresist AZ 4620 was spun
on one of the sides, and the spring clusters were defined using
contact photolithography. Then, the spring cluster patterns were
transferred to the silicon oxide film using RIE in an Applied
Materials Etcher 5300. The thickness of the photoresist was se-
lected based on the selectivity of the RIE recipe that we used to
pattern the oxide. After the oxide film is patterned, the silicon
substrate is mounted to a quartz handle wafer using photore-
sist. The silicon wafer is then etched all the way through using
a Surface Technologies System DRIE tool. After the DRIE pat-
terning, the roughness of the structures is smoothed using an

-based plasma. Finally, the test substrates are released from
the handler wafer using acetone. The test structure substrates
are cleaned, dipped in HF 49% pure to strip the oxide films, and
then hand assembled using a pair of tweezers. The substrates
were first brought into close proximity and then slid until the
springs reach the end of the sliding paths. Fig. 8 shows a 3-D
model of the way the test structure substrates are assembled.

IV. RESULTS

A. Comparisons of Design Equations With Simulations

Equations (3) and (4) constitute a simple reduced-order
model of the structural performance of the mesoscaled
DRIE-patterned springs. In order to validate the usefulness of
the reduced-order model, 3-D finite-element simulations of the
spring clusters were conducted using the commercial software
package Ansys. The mesh was refined until the change in the
nodal solution of the stress field was smaller than 5%. The
geometry and dimensions of the spring clusters were mapped
as closely as possible to the real spring layouts using the
commercial software AutoCAD. The wafer thickness of the
substrates used in these models is 600 m. We encountered
stiffness problems with the Ansys simulations when we tried
to upload the geometry with dimensions declared using the
international system. We found that if we used as unit of length
a micrometer, the stiffness problems disappeared. If the mass
and time units are kept unchanged, then this change in units
makes the stress unit be equal to 1 MPa. Therefore, all results
from the software package will show stresses in MPa and
displacements in micrometers. Also, the displacement field in
the graphical results has been exaggerated to better illustrate it.
The simulations had four goals.

1) To demonstrate that each spring acts independent of the
stress state of the other springs. This was verified visu-
ally by looking at the solutions of the stress and displace-
ment fields when a portion of the springs is activated. As
an example, Fig. 9 shows the stress field and deflection of
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the set of springs that are patterned on the hydraulic sub-
strate that are intended to assemble the closer electrode to
the emitter tips. Nonzero stress levels and displacements
are restricted to only the spring bodies that were activated.
However, Fig. 9 also indicates that the material that is in-
tended to constrain the rotation and the displacement of
the spring root has a nonzero stress level. Therefore, the
boundary value at the root of the springs is not a true fully
constrained joint. Despite this, the maximum stress occurs
at the point of maximum bending moment, and it occurs at
about the spring free-length from the spring tip.

2) To determine the maximum principal tensile stress that is
present at the spring root of both spring geometries when
the deflection of the spring tips is the nominal deflection
value. The finite-element simulations used the spring tip
deflection as nonzero boundary value, while the farthest
nodes of the mesh were constrained both in displacement
and rotation. In this scheme, the forces at the spring tips
are part of the nodal solution. A summary of the simulation
findings is in Table II. The results demonstrate good agree-
ment between the reduced-order model and the finite-ele-
ment simulations. There is no monotonic tendency of the
reduced-order model to either underestimate or overesti-
mate the stress level.

3) To determine the force that has to be applied to the spring
tips of both spring geometries to produce a deflection
equal to the nominal deflection value. In order to establish
this force, we conducted a series of simulations where the
nonzero boundary values were the forces at the spring tips
(the farthest nodes were still constrained both in displace-
ment and rotation). These forces were augmented until
the displacement at the spring tips reached the nominal
displacement value. A summary of the simulation findings
is in Table II. As in the case of the stress-level simulations,
the displacement results demonstrate good agreement
between the reduced-order model and the finite-element
simulations. However, the results suggest that the re-
duced-order model tends to overestimate the clamping
force. We think that this discrepancy comes from the fact
that, in reality, the spring root is not fully constrained
because the spring root is connected to a piece of material
with finite stiffness, thus giving to the structure freedom
to rotate (there is a tradeoff between induced stress and
the deflection/rotation at the boundary of a beam), thus
making the spring less stiff than what the model predicts.

4) To determine whether or not the proposed assembly feed-
back is feasible. The proposed assembly technique relies
on a large contrast between the friction force and the reac-
tion force that the springs produce when pushed while they
are at their final positions. For two smooth surfaces (the
smoothed DRIE surface and the unperturbed silicon sur-
face), the friction force is at most of the magnitude of the
clamping force. A series of simulations were conducted to
determine what was the maximum force that either struc-
ture could withstand before failure. For springs on the hy-
draulics, the failure mode would be to create enough stress
at the root of the structure that holds the spring clusters
(Fig. 10). Using finite-element simulations, we determined

this value to be equal to 120 N for the inner spring set and
42 N for the outer spring set. The same considerations were
pondered for the springs on the electrodes. In this case,
the structural failure would occur at the frame that sur-
rounds the spring clusters. For the electrode spring cluster,
the maximum force at the point of failure is 128 N. In all
cases, the force that causes structural failure is at least an
order of magnitude larger than the frictional force, consis-
tent with the assumption that the two forces can be distin-
guished when assembling the two substrates.

B. Wafer Assembly

The assembly of the test structure was readily carried out
using a pair of tweezers, using as feedback the frictional force
produced when the two substrates are brought into contact.
Fig. 6 shows one of the test structures assembled using the
procedure described in Fig. 8. Fig. 11 shows two scanning
electron microscope (SEM) pictures of one of the assembly
joints, looking at the structure from both sides. Fig. 12 shows a
closeup view of the electrode root area and Fig. 13 shows the
interface between the electrode frame and one of the hydraulic
spring cluster roots.

Several key issues can be identified in this set of pictures.
• The springs are deflected, i.e., there is zero-gap between

the spring tips and the unperturbed reference surfaces.
Therefore, the pieces are making physical contact.

• The physical contact between the springs and the clamped
substrates is made exclusively at the spring tips. Given the
sidewall taper, this contact is made at a point instead of a
line. This does not represent a problem because we observe
experimentally that the springs make a stiff assembly.

• The assembly is made with two assembly joints. Each joint
is controlled with at least nine points of contact, spanning
the three degrees of freedom. Eight points of contact come
from the springs and control two axes. The presence of
a well-defined stopping point at the spring cluster roots
allows us to control the third degree of freedom (DOF) not
directly controlled by the spring clusters, and this adds up
to two additional points of contact to the assembly. The
number of points of contact is enough to assure the control
of the rotations and axial displacements.

• It is always possible to slide the electrodes down to the
spring cluster roots without causing structural failure. In a
few cases, we found an indentation produced at the point
of contact between the two substrates, along the degree
of freedom that is not controlled by the spring clusters
(Fig. 13). This fissure is related to the stress concentration
at the substrate edge due to the formation of an etching
taper. Based on our testing experience, and the results from
the finite-element simulations, we concluded that the pres-
ence of this crack does not substantially change the stress
level of the springs and thus, the safety factor of the as-
sembly is not sensibly diminished.

• There is no evidence of cracking in the spring structures.
Given the fact that silicon is a fragile material, the stress
levels of the springs are below failure values.

• Several test structures were assembled, and the test struc-
ture never failed during assembly. This validates the pro-
posal of hand assembly without any other auxiliary equip-
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Fig. 9. Graphical result of the finite-element analysis of the spring cluster carved on a main body test structure substrate. In this particular simulation, only the
internal springs are activated. The deflection at the emitter tip is 50 � and the maximum tensile stress is 468.7 MPa.

ment beyond a pair of tweezers (no sliding guides, other
than the actual spring cluster roots, are needed).

• Experimentally, it was found that the stiffness of the joint
is increased if the force exerted by the springs is increased;
this suggests setting larger nominal spring deflections but
keeping in mind that the friction forces should be distin-
guishable from the force produced by final position of the
assembly.

1) Metrology of the Assembly: After demonstrating the feasi-
bility of the proposed assembly technique, we conducted exper-
imental measurements of the relative position of the electrode
with respect to the hydraulic substrate to estimate the misalign-
ment. We processed six batches of devices, obtaining 12 devices
out of them that were subject to the battery of measurement pro-
cedures that are describes in this section.

Measuring the substrates before assembly (in-plane
metrology) became the first test conducted on the assembly. In
doing this, we checked key layout features to the corresponding
test structure values. Using an optical microscope, the dimen-
sions of the key features of the spring structures were within
4 m from the corresponding dimensions on the optical mask,
when measuring the side that directly received the photolitho-
graphic process. These values are consistent to what we were
expecting from contact photolithography and the RIE of the
oxide. We also die-sawed several devices to determine the taper
dependence on etching window. The results are summarized
in Fig. 4. In all cases the taper is negative, which means that
the cavity becomes wider the deeper it is. The conclusion from
the experimental characterization of the taper is that etching
windows smaller than 100 m should give etched sidewalls
that are to first order perpendicular.

Next, we measured the nonperpendicularity of the two
substrates (Fig. 14). To determine the misalignment of the

assembly, we measured the angle between the electrodes and
the hydraulic substrate using high-resolution digital pictures
of several assembled test structures and AutoCAD. A nonper-
pendicular assembly can lead a nonuniform field around the
emitter tip for electrospray arrays, causing nonaxial emission
of propellant. The trajectory of the emitted particles is tilted
more when the charged particles get closer to the electrode.
The emitted particles make a fan with a divergence angle due
to the Coulomb repulsion of the particles. The semiangle of
the emitted fan is estimated at 20 for formamide [21]. For an
electrode 300 m wide separated 250 m from the emitter tips,
the maximum tilting angle before particle interception is then
about 10 . Based on the data that we took, we concluded that
the average angle between the electrodes and the main substrate
is 89.86 with standard deviation equal to 0.45 . This result
demonstrates the feasibility to perpendicularly assemble two
substrates with mesoscaled DRIE springs.

The displacement misalignments were also estimated for
the 12 assembled devices using a Hawk three-axis optical
microscope from Vision Engineering, with a measurement
uncertainty of 0.5 m. It is important to keep in mind that
measurement of misalignment of the assembly is difficult
because the two substrates are on different planes, imposing
some experimental constraints. We will explain how we
carried out the measurements in each direction. Before in-
troducing the data, we would also like to explain how a
certain misalignment level in a particular direction affects
the performance of the device. The proposed misalignment
definitions are referenced to a linear electrospray array that
places the emitters at the interface of a two-wafer stack.

There are two independent sources of misalignment that in-
fluence the performance of the device. One source of misalign-
ment is the error introduced by the assembly; the other source is
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Fig. 10. Solution of the stress field main body test structure when an internal electrode is pushed with a downward force of 120 N.

TABLE II
BENCHMARKING OF THE REDUCED-ORDER MODEL WITH FINITE-ELEMENT SIMULATIONS. THE VARIATION IS DEFINED AS DIFFERENCE OF THE REDUCED-ORDER

VALUE WITH RESPECT TO THE FINITE-ELEMENT VALUE

the error due to the fabrication of the device, in particular by the
taper of the DRIE etching. It is clear that the shift in position
of the emitters because of the fabrication taper is not caused
by the assembly, but it influences the goal of having a set of
emitters uniformly separated from an electrode a given distance
(Fig. 15). In the test structure, the midpoint of the emitter is not a
specific feature; therefore, we estimated its position based on the
assembly and the assumption that the DRIE taper is a straight
line through the whole substrate thickness. The following are
the descriptions of the misalignment on each axial DOF of the
test structure assembly.

• : The -axis is defined as the direction perpendicular
to the plane defined by the electrode (Fig. 16). A misalign-
ment in this direction will produce a change in the emitter
starting voltage because it has a dependence of the form
[21]

(7)

where is the inner diameter of the emitter, is the
outer diameter of the emitter, is the emitter-to-electrode
separation, is the electrical permittivity of free space,

is the surface tension of the propellant that is used by
the electrospray array, and . The effect
of an offset in the -axis in the startup voltage is mild be-
cause of the logarithmic dependence of the startup voltage
with respect to the emitter-to-electrode separation. Also,
the shift in startup voltage is global;thus it does not perturb
the performance of the device as an array. When we de-
signed the electrospray array, we made a tradeoff between
small startup voltage ( 1000 V) and moderate sensitivity
to emitter-to-electrode separation offset. It is important to
point out that a variation in the startup voltage can be ad-
dressed by the power supply, provided it does not lead to
electrical breakdown. For the particular device, this value
is set at 2500 V if we assume good vacuum levels.

• : The -axis is defined as the direction in the plane de-
fined by the electrode test structure that is parallel to any
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(a) (b)

Fig. 11. SEM pictures showing the activation of a spring set that compose an assembly joint: (a) front view of the four springs and (b) closeup back view of a
spring tip. The electrode test structure (A) is completely slid down to make physical contact with the corresponding root of spring cluster carved on the main body
test structure (B). The arrow shows the relative sliding direction of the electrode respect to the engine hydraulics. In (b) there is visible change in shape in the
deflected spring (above) compared to the spring that has not been activated (below).

Fig. 12. SEM picture of an electrode spring cluster root and the deflected tip of
a spring from the corresponding a main body spring cluster. Looking at the root
notch (A), one can see a zero gap between the two substrates at the electrode
spring cluster root in the two in-plane independent directions. There is physical
contact between the spring tips and the clamped substrate just at the spring tip
(B).

Fig. 13. SEM picture showing three springheads of the same assembly joint
deflected and a defect caused by the assembly procedure. A small superficial
crack is present at the point of contact of the two substrates, in the direction
of the degree of freedom that is not directly controlled by the spring clusters
(arrow). The crack is believed to be produced by stress concentration at the
substrate wedges when brought into contact.

line that joins two emitter centers (Fig. 17). For an elec-
trode that provides an individual hole for each emitter, a

Fig. 14. Effects due to assembly nonperpendicularity. Ideally, the assembly is
perpendicular, so the emitter is surrounded by a uniform field, producing axial
emission (A). If the assembly is tilted, there are regions of the emitter that are
closer to the extractor, having a higher local electric field. This field enhance-
ment will produce the emitters to fire nonaxially (B). The nonaxial trajectory of
the emitted particles will be augmented by the effect of the electrode, as they
drift through.

misalignment in the -axis produces off-axis emission and
aberration of the electric lens. The electrode is a slot to
make the assembly insensitive, to first order, to misalign-
ments in the -axis.

• : The -axis is defined as the direction in the plane
defined by the electrode test structure that is perpendicular
to any line that joins two emitter centers (Fig. 18). For
any electrode (individual holes, slot), a misalignment
in the -axis produces off-axis emission and aberration
of the electric lens. The maximum misalignment for
a 300- m-wide electrode, separated 250 m from the
emitter tip, is set at 60 m. Any larger misalignment will
lead to particle interception by the electrode.

It is clear from the previous definitions that the most trou-
blesome of the emitter misalignments is . Fortunately, mea-
surement of the misalignment is straightforward metrology.
However, we also took measurements of and to obtain
a complete picture the performance of the assembly technique.
The following is a description of the way we conducted the
measurements, along with the data we obtained. In all measure-
ments, we optically verified beforehand that the springs were
deflected and are occupying their final positions.

• : Fig. 19 describes the testing procedure determining
the misalignment along the -axis. We used two tilt an-
gles on each side of the assembly to make sure we did not
have systematic measurement errors due to tilting the as-
sembly. We measured the assembly looking at the top and
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Fig. 15. Assembly offset versus fabrication offset. The goal is to fabricate an
array of emitters that are uniformly spaced from some electrode a distance L,
with the emitter tips centered with respect to the middle of the electrode aper-
ture (A). One possible departure from ideality is to have the electrode and the
emitters shifted because of the electrode-to-emitter assembly (B, Y -direction,
the electrode slot is shifted with respect to the emitter tips). Another possibility
is to have the setup shifted because of fabrication nonidealities of the emitters or
electrode (C, Z-direction, the emitter are blunt due to fabrication issues, setting
a different emitter-to-electrode separation L ).

(a) (b) (c)

Fig. 16. �Z offset. The schematic shows a two-emitter system. (a) and (b) The
side view and top view of an aligned system. (c) A misalignment on the z-axis.
The z-axis is defined as the direction perpendicular to the electrode plane. An
offset in this direction introduces a change in the emitter array startup voltage.

the bottom surfaces. If we assume that the assembly is per-
pendicular, the two sets of measurements (front side, back
side) should tell us the misalignment at the midpoint of
the substrate. The misalignment in the -direction has three
sources.
• We estimate that the misalignment due to the assembly is

smaller than 1 m because there was always a zero-gap
between the electrode and the main body and because of
the measured electrode-to-main body relative angle.

• The offset due to patterning undercut is estimated
at 13.25 m.

• The average offset due to emitter DRIE tilting is
estimated at 22.5 m.

Therefore, the average total is estimated at 38.75 m.
• : Fig. 20 describes the testing procedure for deter-

mining the misalignment in the -axis. The average offset
between midpoints of the substrates due to the taper
( ) was estimated at 37.31 m.

• : Fig. 21 describes the testing procedure for deter-
mining the misalignment in the -axis. The average offset
between midpoints of the electrode and the hydraulic sub-
strates ( ) was estimated at 16.34 m.

(a) (b) (c)

Fig. 17. �X offset. The schematic shows a two-emitter system. (a) and (b) The
side view and top view of an aligned system. (c) A misalignment on the x-axis.
The x-axis is defined as the direction in the plane defined by the electrode that
is parallel to any line that connects two emitter tips. An offset in this direction
introduces nonsymmetry to the emitter/electrode setup unless the electrode is
a continuous slot. This nonsymmetry produces aberration effects and off-axis
emission.

(a) (b) (c)

Fig. 18. �Y offset. The schematic shows a two-emitter system. (a) and (b) The
side view and top view of an aligned system. (c) A misalignment on the y-axis.
The y-axis is defined as the direction in the plane defined by the electrode that is
perpendicular to any line that connects two emitter tips. An offset in this direc-
tion introduces nonsymmetry to the emitter/electrode setup. This nonsymmetry
produces aberration effects and off-axis emission.

V. DISCUSSION

A. Sources of Misalignment

We believe that the following are the main sources of dimen-
sional variation that could influence the assembly accuracy of
the test structure.

• DRIE roughness. DRIE produces a substantial amount of
roughness compared to other shallower plasma etching
treatments. DRIE produces a bite-like pattern at the etched
surface because of the cycled nature of the process (pas-
sivation/nonpassivation) and the use of as etching
species. However, the experimental evidence that we
obtained suggests that the roughness of DRIE is better
described as striations parallel to the etch direction with
some characteristic wavelength. Depending on the actual
parameters of the etching recipe, the characteristic in-plane
wavelength and depth of the roughness are set. We found
that the upper bound for the striation depth is about 1 m.
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Fig. 19. �Zmeasurement. The assembled test structure brings together the hy-
draulics substrate (I) and the electrode (II). The assembled structure was mea-
sured using a three-axis microscope with resolution of 0.5 �m. First, the optics
are set looking at the top of the device. The testing assembly was then tilted 5
(B), and the interface between the two pieces (A) was aligned to one of the axis
of the microscope stage. Then, a measurement of the distance between the inter-
face line and the top of the emitter decoys (C) was carried out. The measurement
was repeated with an inclination of 45 (D). In both cases, a projection of the
measurement on the plane defined by the main body top surface was conducted.
The mismatch between the measurement and the layout values is�Z , a value
we believe is mainly related to undercut of the layout because of the DRIE pat-
terning. The same measurements were conducted on the backside, with device
inclinations equal to 0 (E) and 45 (F). The 0 inclination was used because,
if we look at the interface from the backside, the interface (A) is inside a trench.
In this case, the edge of the electrode substrate was used as reference line for the
misalignment. If the interface is looked at 45 from the backside, the interface
is not a line but two points at both ends of the trench. The distance between (A)
and the bottom of the array of decoy emitters (G) was measured. The mismatch
between the measurement and the value from the layout includes both the un-
dercut offset (�Z ) and the offset due to the DRIE taper (�Z ). The interface
between the two substrates (A) serves as pivot for the relative rotation between
the two substrates.

• DRIE taper. The DRIE etching taper is highly dependent
on the actual etching recipe that was used. MIT’s Mi-
crofabrication Technologies Laboratory has developed a
series of recipes that achieve good uniformity and steep
etching taper, recipes that we used to fabricate the assembly
test structure. We have found that the etching taper is sen-
sitive to the etching window width. An experimental plot
of the etching taper versus etching is shown in Fig. 4.

• RIE taper (etching mask). The plasma etching recipes that
were implemented in a high-density plasma etcher Ap-
plied Materials 5300 produced a sidewall of about 80 ,
even for the thick silicon oxide layers that we used in the
process flow of the assembly test structure. For the par-
ticular etching mask thickness that we used to pattern the
substrate ( 11.5 m), the offset is about 2.03 m.

• Photoresist taper. We measured the sidewall slope of the
thick resist 6 m thick that we used in the process flow
by die-sawing dummy wafers part of the process flow. We
found that the sidewall angle is about 65 . Therefore, the
offset due to photoresist taper is estimated at 2.8 m.

• Photoresist resolution. It is our experience that the MFS
uncertainty for a thick resist film like those we used for the
process flow of the assembly structure is about 2 –3 m
(contact photolithography)

Fig. 20. �X measurement. The assembled test structure brings together the
hydraulics substrate (I) and the electrode (II). First, the optics are set looking at
the top of the device at a 45 angle (A). We need to tilt the assembly to have
access to the tapered edges of both substrates from the same point of view. After
this is done, we aligned the assembly so that the x-axis was parallel to one of
the axes of the microscope stage. Then, we measured the distance between the
two edges of the tapered edges that are not making direct contact. This offset is
�X .

• Optical mask resolution. Our mask was made by Advanced
Reproductions (Andover, MA). This company certifies that
their contact photolithography optical masks, if master pat-
tern-generated, have a resolution of about 0.5 m.

Some of these effects occur randomly; some others occur
in a deterministic/systematic way. We believe that the resolu-
tion uncertainties and the DRIE roughness occur randomly. If a
Gaussian distribution is assumed, then the upper bound of these
combined effects is about 3.2 m (clearly dominated by the pho-
tolithography resolution). The RIE and photolithography tapers
add up to 4.8 m. Therefore, the combined effect is about 8 m.
What is left to estimate is the effect of the DRIE taper on the
offset. In order to estimate this effect, we ask the reader to keep
in mind that in measuring the misalignment of the assembly,
we used the particular definition that we described because of
the intended application, and that ideally we would like straight
sidewalls. As can be seen in Fig. 20, the -axis misalignment is
controlled by the DRIE sidewall angle of both substrates (this is
the only case of the three DOFs where a tapered wall interacts
with another tapered wall). One of the DRIE sidewall slopes is
equal to 87.5 , while the other sidewall slope is equal to 85.5 .
Given the dimensions of the test structure, the due to DRIE,
evaluated at the midpoint of the two substrates is bounded by

m (8)

This misalignment, combined with the other effects, makes the
upper bound to be 44.5 m for .

The DRIE processing does not affect the -axis misalign-
ment because the sidewall slope is the same on opposite surfaces
of the same trench (the electrode trench widens symmetrically
with respect to the electrode slot width). The upper bound of
misalignment is then 8 m, the estimate that we proposed for
all the other offset effects.

Finally, the DRIE-related -axis misalignment is controlled
by the springs patterned in the hydraulic body. The springs have
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Fig. 21. �Y measurement. The assembled test structure brings together the hydraulics substrate (I) and the electrode (II). For this particular measurement, the
assembly uses electrodes with a slot width larger than the main body substrate thickness w. We rotated the structure 90 , so that the optical axis of the microscope
was parallel to the normal of the plane defined by the electrode. We measured the thickness of the main body substrate with a micrometer, then the electrode slot
width (L ), and then the gap between the electrode slot boundary and the main body edge (L ). Based on these data, we can tell the offset between the midpoint
of the slot and the main body thickness. We made the assumption that the DRIE taper on both sides of the electrode slot (A, A’) is the same, so the offset does not
change through the electrode thickness. We verified this assumption by looking at the DRIE profiles of die-sawed samples.

a sidewall slope equal to 87.5 . Therefore, the misalignment
evaluated at the midpoint in the -direction is bounded by

m (9)

This misalignment, combined with the other effects, makes
the upper bound to be about 21 m. If the taper of the front side
of the spouts is taken into account, then the bound for the DRIE
misalignment in the -direction is given by (8) because the taper
of the front side of the spout is also 85.5 .

As a summary, the and estimates are about 15% off
from the measured values. There is a qualitative agreement on
the misalignment between our estimate and the measure-
ment (50% off). In any case, the test structure was successful
in assembling the two substrates within the requirements of the
device.

B. Misalignment Floor

We can reduce the effects of some of the sources of dimen-
sional uncertainty that we believe produce misalignment. The
following is a list of what we consider is the lower bound of
the misalignment of a structure that uses the same thickness of
wafers, implementing the idea of mesoscaled springs.

• DRIE roughness. We think that the order of magnitude of
the DRIE roughness should still be around 1 m.

• DRIE taper. If the etching window widths are reduced,
for example, by putting dummy features inside the etching
trenches (the etch uniformity would be improved as well
if a single window width is used in all the layout), then
the influence of the DRIE taper can be reduced. We have
experimental evidence that DRIE sidewalls can be as steep
as 89.5 , thus producing an offset of about 2.6 m for the
midpoint of a wafer 600 m thick.

• RIE taper (etching mask). If a thin aluminum etching mask
is used instead of thick oxide films, the DRIE patterning
should be feasible while substantially reducing the mag-
nitude of the etching mask taper. For a submicrometer
aluminum film, this value should be smaller than about
0.5 m.

• Photoresist taper. The aluminum film can be patterned
with wet etching, very selective to photoresist. Therefore,

we can use 1- m-thick resist to transfer the DRIE layout
to the aluminum film. The measured sidewall slope of a
1- m-thick resist film is 67 . Therefore, the offset due to
photoresist taper is estimated at 0.5 m.

• Photoresist resolution. It is our experience that the MFS
uncertainty for a thin resist film like the one we proposed
for patterning the aluminum film is about 1 m (contact
photolithography).

• Optical mask resolution. The magnitude of 0.5 m for a
contact photolithography optical mask should be kept con-
stant from the original analysis.

The randomly occurring dimensional variation sources add
up to 1.5 m; the systematic offsets add up to 3.6 m. We
suggest the lower bound of this assembly method to be around
5.1 m in one direction, or 7.2 m in two directions. This lower
bound seems to be consistent with the misalignment average
value of 10.2 m in two directions that we obtained on struc-
tures that implement in their processes all the resolution im-
provements that we proposed [20].

VI. CONCLUSION

We have introduced a novel hand-assembly technique that
relies on mesoscale DRIE patterned springs. The technique is
suitable for certain MEMS that require effective spatial inter-
facing between mesoscale and microscale features, or in cases
where the device is composed of subsystems whose process
flows are not compatible, and that can tolerate the level of mis-
alignment induced by the mesoscaled spring clusters. We have
illustrated the packaging technique with a test structure that
assembles two substrates perpendicularly to each other. The
proposed design example was modeled and tested. Agreement
between 3-D finite-element simulations and a simple reduced
order model has been shown. The test structure demonstrated
that the mesoscaled spring system can provide appropriate
alignment (less than 60 m of misalignment in a particular
direction) to the device that the test structure is intended. The
average misalignment in the particular direction that could
seriously threaten the performance of the device was estimated
at 16.34 m. Based on the metrology of the test structures, the
misalignment of the proposed technique is estimated to be a few
tens of micrometers along each principal direction, with a floor
around 5 m per axis—about 7 m of biaxial misalignment.
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