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Abstract

A study was conducted to measure and characterize the reliability of
polysilicon cantilever beams with electroplated gold pads for use in a
high-density biomedical connector. In this design, an array of beams is
brought into contact with a corresponding array of 30 m high gold bumps,
forming electrical connection. Analytical computations of multi-layer
beams were performed, including the effects of residual stresses. Beam
leads of various lengths and widths with electroplated gold contact pads on
their ends were tested over 1000 cycles to determine their mechanical
reliability, and to measure their contact resistance with gold bumps on a
separate substrate. The dimensions of the polysilicon beam that produce the
least breakage were determined to be 400 um long by 125 um wide. For a
beam having a calculated contact force of ~100 uN, the initial contact
resistance was 764 mQ2. After 1000 connect/disconnect cycles, beams of
this type had an average final contact resistance of 1.598 2. These results
demonstrate that very high-density connectors with high mechanical

reliability and low-contact resistance can be fabricated.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

For many biomedical and microsystems applications, areliable
connector is needed to provide an interface between an
implanted device and external electronics. In biomedical
systems, the connector is used to link internally implanted
microsensors such as micromachined neural probes to the
outside world. These applications are particularly demanding
due to the limitations presented by animal size and the
biological environment. A connector must be small (on

0960-1317/04/070957+12$30.00 © 2004 IOP Publishing Ltd Printed in the UK

the order of a few millimeters), have many interconnect
leads, tolerate exposure to biological fluids and debris,
withstand repeated connect/disconnect cycles, and have a low-
contact resistance and cross-talk between channels. ‘Pin-and-
hole’ connectors such as those produced by Microtek, Inc.
(Chicopee, MA, USA) or Omnetics Connector Corporation
(Minneapolis, MN, USA) have been the standard for neural
probes in the past. Although mechanically strong and
electrically stable, they are large and cannot be scaled down in
size easily.
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Figure 1. Schematic of a high-density connector using polysilicon cantilever beams.

As an alternative, we have approached the problem of
reducing connector size by utilizing technology found in
micromachined probe cards. Probe cards are capable of
simultaneously forming thousands of electrical contacts to
various test points on a silicon chip, allowing a circuit to
be quickly tested. One version of a micromachined probe
card uses a flexible polyimide diaphragm with metal contact
pads on it. The polyimide diaphragm is lowered on top
of the circuit and deflected downward using air pressure
[1]. Other versions use micromachined cantilever beams to
probe the circuit. Most designs simply lower the beams onto
the structure [2, 3], while others have fabricated thermally
actuated beams for independent control over forming electrical
contacts [4].

We previously reported a high-density connector similar
to [1], where a polyimide diaphragm with 32 gold pads
was forced to contact corresponding pads on the backend
of an implantable microprobe using an external vacuum
[5]. The advantage of this design was that it was produced
using microfabrication techniques, allowing the production
of a much smaller connector. In this design the pads were
mechanically coupled together by the diaphragm however.
Any irregularities in the mating surface (e.g., dust, epoxy)
would keep several adjacent channels from making contact.
Furthermore, the need for the external vacuum line for pressure
actuation complicated the connector.

A new connector system under development is similar to
that used by Park er al [3] in that an electrical connection
between the two components is formed by bringing an array
of conductive cantilever beams in contact with pads on the
opposing surface. In [3] these beams are machined out of
(111)-orientation bulk silicon. In our design, the cantilever
beams are made out of phosphorous-doped polysilicon, and
are brought into contact with a corresponding array of gold
bumps approximately 30 «m high on the other connector half,
shown in figure 1 [6]. The advantage of this design is that the

958

polysilicon beams are much more flexible than bulk silicon
beams, and may therefore be made much smaller without
breakage occurring during deflection.

This design will use a cantilever array chip (CAC)
containing 32 polysilicon cantilever beams with electroplated
gold contacts on their ends. The gold-bump array may be
placed on the backend of any micromachined neural probe
[7, 8]. An external connector assembly containing the CAC
is manually attached to the titanium base using a clip. Then a
screw is used to mechanically lower the CAC down on top
of the probe backend. This allows for better control and
reduces the chance that the beams may be broken by rough
handling. As the two pieces are brought together, the bumps
force the beams to deflect, and form an electrical connection
between each bump-beam pair. Electrical signals may pass
to or from the gold bumps, through the cantilever beams to
bond pads on the backend of the CAC, where a polyimide
ribbon cable may be attached for access to external electronics
using gold rivet bonds [9]. When a testing session is complete,
the CAC is simply removed and a protective cover is placed
over the gold-bump array. A connector housing containing a
micromachined alignment chip lines up the CAC to the probe
during attachment and holds the two pieces together during
testing.

This design has the advantage of being unaffected by
unevenness in the mating surface, since the beams may
deflect independently. This design is also beneficial to
micromachined neural probe users. Current research in
probe technology emphasizes integrating active circuits on
the backends of probes [10, 11]. This is advantageous because
relatively weak neural signals may be amplified close to their
source, thus reducing noise. Multiplexers may also be used
to increase probe functionality. However, integrating active
circuits on silicon probes complicates the fabrication process
and typically reduces their yield. Furthermore, if an on-probe
circuit should fail while implanted, the probe and headcap
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Figure 2. Top view and cross-sectional diagram of the cantilever beam showing some of the dimensions used in fabrication. Each beam has
two polysilicon leads for 4-point measurement of the contact resistance (opposing connector half also had two leads at its contact). The
larger of the two leads supplied current and the smaller one was used to measure the voltage drop across the contact.

Table 1. Properties of the materials used for the beams in this study. Properties marked with an asterisk (*) were measured at the UM

Solid-State Electronics Laboratory.

Young’s modulus  Internal stress Density Poisson’s
Material (GPa) (MPa) Fracture strength (kg m—3) ratio
Silicon dioxide (SiO,) 75 [29] —193 (O)* 486.08 MPa [30] 2200 [31] 0.17 [32]
Silicon nitride (SizN;) 290 [33] +1000 (T)* 14.06 GPa [29] 3100 [31] 0.24 [30]
Polysilicon 165.6 [34] —316 (O)* 1.20GPa [23] 2330[30] 0.22[23]

must be replaced or the experiment must be terminated. As
an alternative, the active circuitry may be integrated on the
cantilever array chip, or added as part of a multi-chip module.
This simplifies the probe fabrication process and, should a
circuit fail on the CAC, it may be easily replaced without
affecting the animal subject.

This paper discusses the design and testing of polysilicon
cantilever beams for use in a high-density connector. To
minimize connector size, we desire beams as small as possible.
However, the beams must not be so short that they will break
when deflected by the gold ball bumps. In addition, the axial
contact force generated by the deflection of the beam should
be great enough to achieve a quality metallic contact to the
gold bump. An analytical model was developed to predict
the stresses and the resultant force in a composite beam for a
given deflection. Furthermore, the reliability of the polysilicon
beams was examined empirically after repeated usage. The
contact resistance of the gold pads was also studied as a
function of both usage and force.

2. Polysilicon beam design

The cantilever beams used in the high-density connector are
designed to be compatible with the University of Michigan
passive neural probe process, described in [12]. Compatibility
with this process is important since this makes it possible to
fabricate both cantilever array chips and neural probes at the
same time. These neural probes consist of a thin silicon body
3—15 pm thick, defined by a heavy boron diffusion. On top
there exists a patterned layer of conductive polysilicon leads,
insulated on top and bottom by three layers of dielectrics
(silicon dioxide/silicon nitride/silicon dioxide). Recording

sites are created by etching through the top layer of dielectrics
to the polysilicon, then coating the sites with a suitable
electrode material such as iridium. The beams on the CAC,
which are supported on a silicon wafer substrate, are identical
to the flexible neural probes in that they consist of a conductive
polysilicon layer surrounded by three insulating layers of
silicon dioxide, silicon nitride and silicon dioxide on both
sides (figure 2). The main difference is that the beams do not
have a boron-diffused silicon region underneath. Although the
CAC is not intended to be in continuous contact with bodily
fluids, it is reasonable to assume that it will be incidentally
exposed to some fluids during normal usage, and that these
fluids will remain there until they dry or are cleaned off. The
dielectric triple layer has been shown to sufficiently insulate
neural probes in long-term saline soak tests [13, 14] and should
be more than sufficient to protect the polysilicon beams and
interconnects during this brief exposure.

The materials used in the fabrication of the cantilever
array will typically have significant residual stresses remaining
from fabrication. Ideally these stresses are minimized,
but they can never be completely eliminated. In general
silicon dioxide is compressive, while silicon nitride is tensile
(table 1). The thickness of each layer may be chosen so that the
stresses are balanced, and the dielectric layer as a whole exerts
no net tensile or compressive forces on the beam. Silicon
nitride has a tensile stress approximately five times greater
in magnitude than the compressive stress in silicon dioxide.
As a consequence, the current University of Michigan passive
probe process calls for the net oxide thickness to be five times
greater than the nitride layer thickness (table 2).

Failure mechanisms for the beams must be considered
as well. Schweitz and co-workers have described how the
effective fracture strength of a material in a beam may vary
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Table 2. Dimensions used for the beams in this study. Total width for the polysilicon layer represents the sum of the two leads in the beam

(figure 2).
Layer Thickness (A) Total widths (um) Lengths (;um)
LPCVD oxide (top of beam) 3000
LPCVD nitride 1500 55 100 160 250
LPCVD oxide 4500
LPCVD polysilicon (n-doped) 7500 35 80 140 230 50 100 200 300 500 700
LPCVD oxide 3000
LPCVD nitride 1500 55 100 160 250
LPCVD oxide (bottom of beam) 4500

based on the origin of the crack and the properties of the
material used to coat the beam [15, 16]. They demonstrated
that oxide-coated beams will actually have significantly higher
fracture strengths than uncoated beams. It will be assumed
in this study that the coatings have no positive effect on the
fracture strength of the underlying layer however. This results
in a conservative estimate of the fracture strength, suitable
for design purposes. Schmitt et al have also investigated
failures due to mechanical stress (cracking, delamination, etc)
as well as chemical reactions with the surrounding liquid
(adsorption/desorption, corrosion, etc) [17]. As mentioned
above, it is not expected that the beams on the CAC will be
exposed to biological fluids for any period long enough to
cause any deterioration in the beam. Only mechanical failure
modes are therefore considered. Furthermore, the materials
used in the cantilever beams are brittle and tend to be weaker
in tension than compression. For modeling purposes, we
will only consider beam failure due to the tensile stress in
each layer. That is, once the material is stressed beyond its
tensile fracture strength, micro-cracks may form. As these
cracks propagate, the beam weakens and total failure usually
follows. While this is an over-simplification of the beam
failure mechanism, it gives us a general idea about how the
beams will behave when deflected.

Despite efforts to balance the stresses in the beam, each
layer will still have some residual stress after the beams have
been released. These residual stresses reduce the overall
amount of bending a beam will tolerate before breaking.
Therefore, it is important to develop a relationship between
the minimum length of the beam and the deflection of the
beam, given the presence of residual stresses. Analysis of
the stresses in the beam was performed using the principles
outlined in [18]. When the beam is fabricated, residual stresses
will form in each layer. Once released, the beam will relax
in such a way that there will be no net force acting along the
length of the beam, and no net moment on the beam. For a
beam with N layers:

N N

Y F =Z/a,-(z)dA=0
v
ZMi :Z/oi(z)sz:O

where o;(z) is the stress in layer i of the beam, and z is the
distance from the neutral axis. The relaxation of the beam can
be considered as a two-step process. It first relaxes along the
lengthwise direction, redistributing the stresses so that (1a)

(la)

(1b)
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is satisfied. Then the beam will curl, further modifying the
stresses so that (1b) is satisfied.

Stress due to relaxation in the longitudinal direction only.
Prior to release, the residual stress in layer i may be written as

L LEI-,
Ores,i = — 2
Lo,i Ores,i T E,‘

where L is the designed beam length and L, ; is the length layer
i would have if it were allowed to completely relax so that it
had no stress in it, independent of the other layers. Young’s
modulus (E;) has been modified for biaxial stress:

g =5 G)
! 1-— Vi
where v;is Poisson’s ratio for layer i. Biaxial stress is assumed
since the residual stress acts in the x and y directions.
The stress in the beam after it has relaxed longitudinally
to a length of L, is
— 1:| E'.

L
o = [ i @)

Substitution of this equation into (1a), and substituting for L, ;
with (2) gives the longitudinally relaxed stress of each layer in
the beam:

—1:|El.’—>L0,,»:

Otes, i Z_/ AJE; - E,/ Zj Ajares,j
Zj Aj(ares,j + E;)
where A| is the cross-sectional area of layer j.

®

01 =

Stress due to bending. For a beam with an applied force F
on the end of the beam, length L, and already having stresses
o, in each layer, (1b) gives

ZMi = F(L—x)"'zﬂz,iZcm,iAi _KZEiIi =0 (6

where z.,, ; is the distance of the centroid of layer / from the
neutral axis. The third term in the middle of the equation is
the product of the beam curvature « and the flexural rigidity.
Note that the unmodified Young’s modulus is used here since
the beam is considered to bend in only one direction (no biaxial
strain caused by bending). The moment of inertia for layer i (/;)
is taken with respect to the neutral axis of the beam. Solving
for k gives

_F(L=x)+),01iZem,iAi

B Zi Eil;

The stress due to bending in layer 7 is simply

EA
0p; = —Eikz = ZilEZ] [Fx —FL— ZO'],iZcm.iAi] .
i it X

®)

)
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Total stress. The total stress at the base of the beam (x = 0)
in each layer i of the beam is the sum of the longitudinally
relaxed stress and the bending stress:

EiZ
Oot,i = O01,i tOpi =01i — =07 FL+ZGziZcmiAi .
i it i

&)

Substitution of (9) into (1a) and (1b) confirms that there is no
net force or moment acting on the beam once the beam has
completely relaxed.

Force versus deflection. The curvature of the beam is simply
the second derivative of the beam deflection. Thus, the
deflection of the beam end may be found by integrating the
equation for curvature twice, or

Smax = // deZ = FL3 + Zi Ul,in;n,iAi L2
32;’ E;: [; 221- E; I

(forx = L). (10)
Solving (10) for F yields
38 JEil; 3) 01iZem,i Ai
F o S i Eili 32 0i%m, (an

L3 2L
which represents the force a composite beam develops when
it is deflected by a known amount, 8.

Stress versus deflection.  Finally, the stress in each layer
versus the beam deflection may be determined by substitution
of (11) into (9):

. o — Eoy | 30 2 01 jZem, jAj Y
tot,i — Ol,i — Lj - fract,i
L2 2y Ejl

12)

where o,cr; 1 the tensile fracture strength for the material in
layer i (a positive value). It is assumed that the materials in
this beam are not plastic. The first term in (12) gives the stress
after the beam has been allowed to relax longitudinally (no
bending). The first term in the brackets gives the contribution
of stress due to deflection of the beam. The last term in the
brackets is the modification of the stress due to relaxation by

curling.
Solving (12) for L gives
35max
L > (13)
Zj (71,_/'Zcm,jAj O1,i — Ofract,i
2> Ejl; Eiz

Equation (13) gives the minimum length a specific layer in a
beam may have before the fensile stress in that layer exceeds
its fracture point for a given deflection. The materials used in
these beams are brittle and assumed to fail in tension rather than
compression. The layer i whose parameters (E;, 07, Ofract.i »
etc) yield the longest minimum length will determine the
minimum overall length of the beam.

The beams used in this study are multi-layered, consisting
of 7500 A n-doped polysilicon with insulating dielectric layers
of LPCVD silicon oxide/nitride/oxide (4500 A/1500 A/
3000 A) on both the top and bottom of each beam. As
mentioned above, these materials were chosen for their
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Figure 3. Calculated stresses versus beam length for each layer in
the beam, assuming a —30 um deflection (downward). Stresses are
normalized with respect to the fracture strength of the material in
each layer. The calculated stress in a layer exceeds the fracture point
at the length indicated by the arrow. Positive percentages indicate
tensile stresses; negative percentages, compressive stresses.

compatibility with the University of Michigan neural probe
fabrication process [12]. Tables 1 and 2 give some of the
material properties and dimensions of the beams used in this
study. When possible, material properties were obtained
from our own facility. Otherwise, we chose values based
on materials that had been prepared in as similar a fashion as
possible to those used in this study (see fabrication procedure
in the following section and table 1). When this was done,
attempts were made to choose values representative of the
materials over the entire range of preparation conditions.

The beams used in this connector design must deflect
downward (into the plane of the CAC) by —30 pm.
Equation (12) may be used to calculate the stress in each layer
as a function of beam length and deflection. As mentioned
above, beam fracture is assumed to occur when one or more
of the layers reaches its maximum stress limit. This results
in a conservative estimate of beam length, acceptable for our
purposes. For a downward deflection of —30 um, figure 3
shows that as the length of the beam is decreased, the first
layer to reach 100% of its fracture strength will be the top oxide
layer. Calculations show that it reaches its tensile stress limit
of +486 MPa when the beam length goes below 116.8 pm.
Using the assumption stated above, breakage of the entire
beam may soon follow if this layer were to fracture. Thus,
the minimum length of the beam should be greater than
116.8 pum.

Equation (11) predicts the contact force that will develop
for downward deflection of —30 um, as a function of beam
length. According to [19], a force of 100 uN should give
a contact resistance of approximately 80-200 m€2, sufficient
for most connector applications. Table 3 gives calculated
contact forces as a function of beam length. It shows that the
beams must be shorter than 200-300 pm to generate a contact
force greater than 100 uN. However, this assumes that the
contacts are clean and free of debris. The contact resistance
may therefore be much higher in a biomedical connector that
has been subjected to biological fluids.
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Figure 4. SEM micrographs of the polysilicon cantilever array (),
corresponding glass piece with gold bumps (), and close-ups of the
cantilever beams and gold bump ((¢) and (d ), respectively).

Table 3. Contact forces (mN) generated at the end of the beams
having various lengths and widths for a —30 um (downward)
deflection. Values were calculated analytically. Values greater than
100 N are given in bold type.

Poly width (um) 35 80 140 230
Total width (um) 55 100 160 250
Length (um) Forces in mN
50 5.988 10926 17.509 27.384
100 0.767 1.400 2.243 3.508
200 0.105 0.192 0.307 0.481
300 0.036 0.065 0.105 0.163
500 0.011 0.020 0.032 0.050
700 0.006 0.010 0.017 0.026

3. Experimental details

3.1. Polysilicon beams

A test structure consisting of an array of polysilicon
beams having different lengths and widths (figures 4(a) and
(¢)) was fabricated on a (100)-oriented silicon substrate
(cantilever array chip) to determine the appropriate size for
the beams used in the connector, as well as investigate
how they function.  Each beam consists of 7500 A
n-doped polysilicon with insulating dielectric layers of
LPCVD silicon oxide/nitride/oxide (4500 A/1500 A/
3000 A) on both the top and bottom. The oxide was deposited
at 920 4+ 10 °C, 450 mTorr, with a 2:1 ratio of nitrous oxide
to dichlorosilane. The nitride was deposited at 820 £ 10 °C,
250 mTorr, with a 4:1 ratio of ammonia to dichlorosilane. The
polysilicon was deposited at 588 °C in 140 mTorr SiHy, and
doped using POCl; at 950 °C (30 min diffusion, 1 h drive-
in). The end of the beam has a 2 um-thick electroplated gold
pad for electrical contact to the opposing connector piece.
The size of this contact was not included in the length of
the beam, since the gold pad typically does not bend. In
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the test structure used in this paper, each beam has two
separate polysilicon leads running up its length (figure 2).
These leads merged at the gold contact pad. The opposing
connector half also had two leads running up to the gold
ball bump. Together, these leads were used for a 4-point
contact resistance measurement between the electroplated
gold pad and the gold bump. This is necessary since the
resistance of the interconnects and the polysilicon beams
leading up to the pads was relatively large. The resistance
of the beams themselves ranges from 3.5 © (50 um long x
230 um wide polysilicon) to 320 2 (700 um long x 35 um
wide polysilicon).

After the pads were electroplated, the beam edges and
the area for the underlying trench were defined by etching
the dielectrics surrounding the beams, exposing the silicon
substrate underneath. The beams were released by etching
the wafer with ethylenediamine pyrocatechol (EDP). EDP
etches any silicon on the wafer that has not been protected
by dielectrics. Furthermore, it will undercut the beams and
release them. EDP etches silicon anisotropically, showing
preference to the (100) and (110) directions, but not etching
in the (111) direction [20]. This process creates a rectangular
trench in the substrate, having sloped sidewalls formed by the
{111} planes. This process is also used to release silicon neural
probes [12].

Some upward curvature may be seen in figure 4(c). This
is due to uneven stresses in the dielectric films surrounding the
beam. Equation (10) shows that, even with no applied force,
a 200 pum long beam will curve upward by 4.0 um due to the
residual stresses. The curvature appears to be somewhat larger
for these structures, indicating that the stress imbalance in the
beam is greater than expected. This curvature is advantageous
because it allows the beams to easily contact the bumps on
the opposing piece. However, these stresses can increase the
overall likelihood of fracture in the beam. Care was therefore
taken to ensure these stresses were not too great in the final
structure by modifying the LPCVD deposition recipes for the
materials. A matching glass piece had a similar arrangement
of gold pads patterned on it (figures 4(b) and (d)). A gold bump
was formed on top of these pads with a ball-bonder. The tops
of the bumps were then flattened using a coining attachment
on the bonder, making the bumps 33 + 4 pm high.

A test setup was constructed that allowed the glass piece to
be aligned to the CAC and then repeatedly raised and lowered
to form electrical connection between the two pieces. The
glass piece was raised and lowered onto the CAC 1000 times,
representing a usage of four times a day, 5 days a week, for
nearly 1 year. The expected duration of an implanted probe
in our studies is typically a few days to roughly 6 months.
Electrical connection was determined for each channel by
applying a 10 mV (~10 pA) signal across the terminals
and viewing the output. A frequency of 1 kHz was chosen
for the applied voltage because this is the primary frequency
component of most neural signals. The voltage was applied
prior to making the connection and left on after disconnection.
Three CAC’s were tested, having beams of each length and
width represented twice on each chip.

In addition to determining electrical contact on each trial,
the contact resistance at 1 kHz was measured on trials 1, 2,
5, 10, etc. As mentioned above, each pad on both pieces
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Figure 5. Reliability as a function of length and width of the beam.

had two leads connected to it. After making contact between
the two pieces, one lead-pair was used for passing a current
through the contact. The other pair of leads was used for
measuring the resulting voltage drop across the contact. This
allowed measurement of the contact resistance in each channel,
eliminating the effects of line resistance. To test the ability
of the connector to withstand biological fluids getting on the
beams and the subsequent cleaning necessary, the CAC was
rinsed with a bovine albumin solution. This was allowed to
dry thoroughly, rinsed three times with de-ionized water, and
completely dried prior to each contact resistance measurement.

4. Results and discussion

Beam reliability (the fraction of beams lasting 1000 trials)
was measured as a function of length and width (figure 5). As
expected, the longer, wider beams had a greater reliability than
the shorter, narrow beams. The reliability seems to drop off
considerably as the beams become less than 300 um long and
less than 100 um wide, representing two observed modes of
failure.

In the first mode, failure was ultimately because the beam
was too short and the stress developed during the normal
deflection of —30 wm was too great for the beam to withstand.
The predicted minimum length was only 116.8 um however,
somewhat less than the observed value of 300 um. There
are several possible explanations for this difference. As
previously mentioned, material properties listed in table 1 may
be different from the actual properties of the materials used in
this study, due to differing preparation conditions. The larger-
than-predicted upward curvature of the beams further indicates
that the actual properties of these beams differ from values
reported in the literature. When possible, measurements were
taken from monitor wafers that were adjacent to the device
wafers during material deposition. Still, these values may
vary from run to run.

Much variance has been reported in the literature as
well, based on differing deposition conditions, measurement
methods, etc. For instance, the fracture strength of LPCVD

polysilicon has been reported as: 2650 + 150 MPa [21],
566 MPa [22] and 1200 4 150 MPa [23]. We ultimately
chose to use the last reference, as it was for n-doped
LPCVD polysilicon, doped using PSG, and annealed at
1050 °C for 1 h. The second reference also closely matched
our process parameters, except the polysilicon was doped
by ion implantation, which gives a different doping profile
than standard diffusion/drive-in doping. Furthermore, stress
gradients may develop through the thickness of the materials
themselves [24, 25], accounting for significant variations
in the breakage of the beams. However, this effect was
not considered in the model described in this work. For
the purposes of future designs, a correction factor could be
assumed when determining the beam length. This would help
us to account for any variations in the material properties. In
this case, the results suggest that the minimum beam length
should be approximately 2.6 times longer than the calculated
minimum length.

The second mode of failure was due to large surface
tension forces generated during the rinsing and drying of the
CAC during testing. These forces tended to pull all of the
beams down into the trench of the CAC as the liquid dried
around them. For a given length, the wider beams were stiffer
and could overcome the surface tension, freeing themselves.
The narrow beams, however, were pulled well beyond the
design limit of a 30 um deflection and tended to break during
this process. This has importance because it is very likely
that the beams in the proposed connector will be subjected
to fluids. They must be robust enough to withstand these
conditions. From these data it appears that a beam 400 um
long and 125 pm wide would be the smallest possible beam
size to use without it breaking during normal usage.

Ultimately, the beam breaks because the stress is too great
for it to bear. Both modes of failure described above give the
manner in which this stress was created. However, it is also
important to determine how this stress brings about a failure.
That is, where are the cracks initiated, and in what way? An
inspection of the CAC was performed after 1000 trials to better
determine the nature of the failure. Breakage of the beam at
the point where it joins the substrate appears to be typical
for all beams investigated, regardless of their width or length.
This of course is where the analytical model predicts that the
stress is maximized. Closer examination shows that the beams
tended to break ~20 pum inward from the point where the beam
begins (figure 6). This is because the underlying trench in the
silicon substrate was slightly over etched during the EDP step,
causing the trench to be ~20 pum wider than expected on each
side. Although EDP etches silicon in other directions much
faster, it still etches silicon in the (111) direction very slowly,
making some over etch unavoidable. The result of this over
etch is that the dielectrics that define the perimeter of the trench
have an overhang of ~20 pum. The crack in each beam appears
to curve inward from the edge of the dielectric overhang, and
cross the beam laterally at the point where the beam meets the
edge of the underlying trench.

Scanning electron microscopy shows that there also exist
cracks that run lengthwise along the beam, located at the step
in the top dielectric triple layer created by the underlying
polysilicon (figure 7). Schmitt et al have suggested that
intrinsic stresses can be induced by substrate topography
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~_ dielectric
overhang

Figure 6. A polysilicon cantilever beam that failed before 1000
trials. Note the inward curvature of the crack from the dielectric
overhang.

Figure 7. Scanning electron micrograph of a broken beam (same
beam as shown in figure 6). Inset: a close-up showing a lengthwise
crack running along the edge of polysilicon lead.

[17]. At the edge of the polysilicon, where the dielectrics
are deposited over the step, the localized stress may be greater
due to variations in growth morphology. It is also possible
that the dielectrics at the polysilicon step have a lower fracture
strength due to localized deposition variations. The increased
residual stress and reduced fracture strength would have the
combined effect of allowing the beam to fracture at lower stress
levels. This would result in a greater minimum length for a
30 um downward deflection. This may explain why the
predicted minimum length of 116.8 um for the beams was
less than the observed minimum length of 300 pm.

In one beam, there was a lateral crack across the base of
the beam, but it was incomplete and the beam did not break off
(figure 8). This allowed us to gain a better understanding of
the fracture mechanism. Figure 8(a) shows a possible particle
inclusion near the base of the beam. This may weaken one
of the layers and result in a fracture. It is not clear if this is
truly a defect in the dielectrics, or simply a piece of debris
lying on the top surface. Figure 8(b) shows both the lateral
crack and a lengthwise crack along the polysilicon edge as
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Figure 8. Possible failure mechanisms for the polysilicon cantilever
beams. (a) Top view of beam shows partial crack running across
beam width. Inset shows a possible particle inclusion. (b) The crack
extends past the polysilicon (seen at top left), into the dielectrics,
and terminates at the edge of the overhang. Inset shows intersection
of lateral and lengthwise cracks at the edge of the polysilicon layer.

well. It is apparent that the lateral crack was greatest in
width at the point where it crossed the step formed by the
polysilicon, and where the two cracks intersected. The lateral
crack continues on across the beam and disappears before it
reaches the other side. In the other direction, the crack spreads
through the dielectric overhang to its edge. The fact that the
crack is widest at the point where it crosses the polysilicon
border suggests that the stresses are greatest at that point, and
possibly that the crack initiated at that point as well, spreading
in both directions. Although this seems like the most likely
reason for failure, other crack initiation points are also possible
(e.g., at the edge of the dielectric overhang). Further study is
necessary to accurately determine the crack’s true origin.
Contact resistance at 1 kHz (i.e., the magnitude of the
contact impedance) was measured as a function of completed
trials, and as a function of beam contact force (calculated),
shown in figure 9. The phase angle of the measured impedance
was nearly zero, indicating an ohmic connection. Figure 9(a)
shows that despite the treatment with the bovine albumen
solution, the resistance was on the order of 1 2 and there was
no significant change in resistance over time. In fact, SEM
photographs show that the surface roughness of the contact
actually decreased with time. This may be seen in figure 10,
which shows the electroplated gold pad before and after 1000
trials. The reduced roughness increases the effective contact
area and may therefore decrease the resistance. However, it
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Figure 9. Contact resistance at 1 kHz. (a) Contact resistance as a
function of number of trials performed, averaged over all beams.
(b) Initial contact resistance as a function of applied force (force is
calculated).

is suspected that this effect was either negligible, or that the
decrease in resistance it provided was offset by other effects
(debris, contamination, etc).

The contact surfaces were studied in more detail to
determine what effect the repeated testing had on them.
The observed decrease in roughness on the electroplated pad
appears to be due to flattening of the gold asperities on the
surface. This is interesting since the roughness of a contact
typically tends to increase with usage due to mechanisms such
as fretting and metal debris formation [26]. On the other
hand, the corresponding gold bumps are initially very smooth
(surface roughness: R, = 81 nm), but their roughness increases
slightly after 1000 trials (R, = 100 nm) (figure 11). It is
possible that during the first 1000 trials, the gold bump is
sufficiently smooth and hard enough to flatten out many of the
irregularities on the electroplated gold pad, while some of the
roughness of the pad is transferred to the surface of the gold
bump. Continued testing may show that as the gold bump
becomes even rougher, the roughness of the gold pad may
actually start to increase as well. Thickness measurements on
several electroplated pads were also performed before and after
testing was done using a surface profilometer. It is possible
that there could be some material loss due to friction, reducing
the overall lifetime of the connector. A change in thickness
of —0.2 + 0.3 um was measured, which is to say that there
was no statistically significant decrease in the electroplated
gold thickness. This agrees with results others have obtained,

Figure 10. SEM micrographs of the electroplated gold pad on the
cantilever beam, before and after 1000 trials.

which suggest that below 1000-10 000 contact cycles there is
no measurable deterioration [27, 28].

As mentioned earlier, a force of about 100 uN was
predicted to give a contact resistance of roughly 80-200 mS2
[19]. For comparison, the average initial contact resistance
for beams 300 um long and 160 um wide (calculated force:
105uN) was 764 mS2. After 1000 trials, beams of this type had
an average final contact resistance of 1.598 . This value is
higher than expected, probably due to surface contamination.
It is still quite low however, and remained low for all 1000
trials. Figure 9(b) gives a plot of the contact resistances as
a function of the (calculated) force, after 1000 trials. An
approximate fit of the data shows an inverse relationship
between force and resistance. The overall resistance appears
to level out at 883 mS2 for 27.4 mN. For a beam size of
400 pum long by 125 um wide, deflected 30 um, the contact
force is calculated to be 40.7 uN. Using the equation in
figure 9(b), this gives a contact resistance of 1.13 €2, sufficient
for use in biomedical connector applications.

Future designs may incorporate even smaller beams. This
could be made possible by insulating the beams with a single
layer of LPCVD nitride on either side of the beam rather
than the thicker, triple layer of dielectrics used on the beams
described above. Thinner layers would make the beam more
flexible and reduce stresses, ultimately allowing a shorter beam
to deflect the required distance without fracturing. Currently,
the minimum width of the contact pads and their minimum

965



S Nikles et al

Figure 11. SEM micrographs of flattened gold ball bumps, before and after 1000 trials.
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Figure 12. The minimum beam length and contact force at that length for a cantilever beam consisting of only nitride/poly /nitride, plotted
as a function of polysilicon thickness. The thickness of each nitride layer is given at the bottom of each plot. Properties were calculated for
beams having three widths: 60 xm (50 wm poly), 110 m (100 pm poly) and 210 pm (200 pm poly).

spacing is limited to 60 um and 60 um, respectively. This is
due to the method of aligning the two halves of the connector
together in the proposed connector housing. For a beam
60 um wide, the width of the doped polysilicon should be
50 um. The thicknesses of the layers must be chosen such
that: (1) the minimum length of the beam is sufficiently
small, preferably below 200 um, (2) the contact force is
greater than 100 uN and (3) the resistance of the beam
is not too large. Equations (11) and (13) were used to
calculate the contact force and minimum length (respectively)
for a nitride/poly/nitride beam, assuming a 30 um deflection
(figure 12). If a polysilicon thickness of 3000 A and a nitride
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thickness of 2000 A (each side) were chosen, the calculated
force would be 3.17 mN. The minimum calculated length
would be 27.6 um. Figure 13 shows the resistance of the
beam as a function of polysilicon thickness. The resistance of
the beam would be 33.1 2 for the given dimensions (assuming
a resistivity of 1.2 x 1073 € cm). If the correction factor of
2.6 were applied, the minimum length of the beam should
be 70.8 um. At this length the applied force for a 30 um
deflection would be 187.2 uN and the resistance would
be 84.9 Q. These beams exceed the above criteria and
should be sufficient for high-density biomedical connector
applications.
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Figure 13. The resistance of a cantilever beam consisting of only
nitride/poly /nitride, plotted as a function of polysilicon thickness,
and assuming the thickness of each nitride layer is 2000 A.
Resistance was calculated for beams having three widths: 60 um
(50 pm poly), 110 pm (100 pm poly) and 210 pm (200 pm poly).

5. Conclusion

A high-density connector for use in biomedical applications
has been proposed and a test was performed to determine the
size of polysilicon beams that should be used. The data show
that if the beams are to be compatible with the University
of Michigan neural probe fabrication process, a choice of
beam dimensions 400 um long by 125 um wide would give
the smallest possible beam size (maximum density), while
sufficiently ensuring that the beam will not break during its
normal lifetime. However, beams may be safely made as
small as 71 um long by 60 um wide if fewer dielectric layers
were used. Furthermore, the contacts were shown to be low
resistance having very little drift or deterioration with time,
despite the presence of biological fluids. If the connector were
used four times a day, 5 days a week, the beams should last
roughly one year, sufficient for most chronically implanted
probe preparations.
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