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1
THROUGH-WAFER INTERCONNECTS FOR
MEMS DOUBLE-SIDED FABRICATION
PROCESS (TWIDS)

GOVERNMENT SUPPORT

This invention was made with government support under
N66001-13-1-4021, funded by DARPA/MTO and con-
tracted by Navy, Space & Naval Warfare Systems Com-
mand, the government has certain rights in the invention.

RELATED APPLICATIONS

This application is related to provisional patent applica-
tion, entitled, “THROUGH-WAFER INTERCONNECTS
FOR MEMS DOUBLE-SIDED FABRICATION PROCESS
(TWIDS)”, Ser. No. 62/063,559, filed on Oct. 14, 2014,
under 35 USC 119, which is incorporated herein by refer-
ence.

BACKGROUND

Field of the Technology

The disclosure relates to the field of micro-electro-me-
chanical systems (MEMS), and more particularly to
through-wafer interconnects for three dimensional packag-
ing of MEMS devices

Description of the Prior Art

High-aspect ratio through-wafer interconnects technology
has a wide spectrum of applications, ranging from multi-
layer interconnects in integrated circuits to three dimen-
sional packaging of MEMS sensors. The through-wafer
interconnects are typically intended to allow for co-integra-
tion of MEMS and integrated circuits by utilizing the front
and back side of a wafer. The main challenges for through-
wafer interconnect for three dimensional MEMS structures
include reduction of via size, low resistance and compat-
ibility with standard semiconductor processing. Via diam-
eter is limited by the electrical contact pad size, which
should not exceed 100-200 um for most MEMS sensors
applications. Several approaches have been developed in
literature for fabrication of through wafer interconnects, and
the strategy for making the via can be divided into two
groups. In the first group, through-wafer interconnects are
formed by the wafer material, e.g. a doped silicon via. US
Patent Pub. 2013/0146994 discloses the method for manu-
facturing a hermetically sealed structure with silicon
through-wafer interconnects. The method for forming ver-
tical via comprises the steps of: patterning and partially
etching through the silicon wafer; filling the recesses with an
insulator material, like glass or silicon dioxide; removing
excess silicon; and depositing a thin metal layer, such as
titanium or aluminum, on the silicon parts.

An article entitled “High Density Through Wafer Via
Technology”, by T. Bauer, NSTINanotech 2007, Vol. 3,
2007, proposes an idea to isolate a section of a low resistivity
silicon wafer laterally by incorporating a trench filled with
an isolating material. This isolating trench will most often
have the shape of a square or a circle but could also take
other shapes if necessary as long as it constitutes a closed
loop. The process begins with the formation of the trench
using a DRIE process, achieving the necessary high aspect
ratio features in up to 600 um thick substrates. Typical trench
width is on the order of 10 to 15 um. Following the trench
etch, the wafer is subject to a high temperature filling of the
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trenches by a dielectric material. Finally, a chemical-me-
chanical planarization (CMP) process is applied to the
backside of the wafer.

In the second group of prior techniques, a vertical via hole
is formed in the wafer using, for example, the Bosch
process, followed by an insulating layer and conductive
layer deposition. In some cases the conductive layer, like
highly doped polysilicon is applied to serve as a via elec-
trical connection itself. In other cases the conductive layer
provides a seed for subsequent metal electroplating process.
An electroplating process is then used to fill the vertical vias
with metal, e.g. copper. In some cases a conductive seed
layer is not applied to the via wafer, and then the electro-
plating process requires using a sacrificial wafer bonded to
the through hole via wafer. A sacrificial wafer is usually
covered with a thin metal layer to serve for initiating the
plating process.

US Pat. Pub. 2010/0052107 teaches the method for fab-
ricating through-wafer interconnects using a molten material
with low resistivity drawn into the via holes. The method
starts with DRIE etching of via holes in the silicon wafer.
After having provided the holes of the desired configuration,
the substrate is subjected to a process such that the substrate
surface will exhibit a lower wettability than the side walls
inside the hole. This can be done by first depositing an oxide
layer and then depositing a wetting material. The substrate
is then exposed to a molten material having a suitable low
resistivity, such as a metal or metal alloys. The difference in
wetting capacity of the surface and the side walls in the
holes, respectively, will cause the molten metal to be drawn
into the holes. The described method is suitable for elec-
tronic packaging applications, comprising low resistivity,
closely spaced vias. However, this approach is difficult to
implement for co-fabrication of vias and silicon on insulator
(Sol) sensors on the same wafer. The described approach
involves creating through-wafer holes with two openings:
one is on the top side of the wafer, another is on the bottom
side. Having the second opening is critical to allow gas (air)
to exit from the hole, while the molten metal is penetrating
inside the hole. In order to adapt the discussed method for
the process of co-fabricated SOI sensors with vias, where
through holes are not etched, but only blind via holes in the
handle substrate are fabricated, significant technology
changes are required.

Through-wafer interconnects of the first group mostly
have a relatively high resistance as compared to through-
wafer interconnects of the second group due to the lower
conductivity of silicon as compared to metal. The technol-
ogy for manufacturing through-wafer interconnects of the
second group has a number of limitations. Although
through-watfer vias of this kind, reported earlier, have shown
satisfactory performance, fabrication of high aspect ratio
(better than 10:1) and ultra-low resistance (lower than 200
milli-ohm) interconnects remains problematic.

The four main challenges in the fabrication of metal, e.g.
copper electroplated interconnects is uneven filling of the
narrow and deep holes due to nonuniform deposition of a
seed layer and insufficient wetting of the surface with copper
electrolyte, leading to void formation. Besides that, most
fabrication processes demonstrated previously are complex,
require rather sophisticated fabrication steps, e.g. they either
re quire deposition of multiple layers (like insulating layer/
seed layer/conductive layer or insulating layer/wetting layer/
conductive layer) or bonding a sacrificial wafer. High com-
plexity of the fabrication process in many cases leads to
significantly decreased yield.
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BRIEF SUMMARY

It is therefore desirable to introduce new designs of
through wafer interconnects to simplify the fabrication pro-
cess and improve performance. Our approach addresses the
challenges of interconnects assuring continuity, high aspect
ratio, electrical isolation, and void-free features.

The illustrated embodiments include a high-aspect ratio
low resistance through-wafer interconnect for double-sided
(TWIDS) fabrication of microelectromechanical systems
(MEMS). The embodiments relate to an interconnection
technique for co-integration of MEMS and integrated cir-
cuits or other microcomponents utilizing both sides of the
wafer. TWIDS technology is compatible with standard semi-
conductor processing and suitable for co-integration with
released silicon-on-insulator SOI sensors, such as MEMS
accelerometers, gyroscopes, and clocks. TWIDS is devel-
oped for a three dimensional folded TIMU (timing inertial
measurement unit) to provide a path for electrical signals
from sensors on the front side of the SOI wafer to electronic
components on the back side of the wafer, while enabling
folding of an array of sensors in a three dimensional shape.
The spectrum of applications of this technology is broad.
TWIDS process is particularly appropriate for three dimen-
sional packaging of MEMS devices.

A batch wafer-level fabrication process for TWIDS is
developed and the performance of interconnects is charac-
terized below. The interconnects are formed by etching blind
via holes in the handle substrate of a SOI wafer, followed by
filling the holes with copper. The tubular-shaped or cylin-
drical gaps are etched around the copper filled vias to
provide insulation of interconnects.

The method is directed to filling the high aspect ratio via
holes with a high-conductivity material. The method is
based on a sonic-assisted seedless copper electroplating
process. This technique does not require additional conduc-
tive layer deposition, but utilizes a highly doped silicon
device layer as a seed. TWIDS technology allows efficient
utilization of the front and back side of a wafer for co-
fabrication of released SOI sensors and through-wafer inter-
connects on wafer level in one process. Moreover, through-
wafer interconnects can be incorporated while avoiding
deposition of multiple layers (like insulating layer/seed
layer/conductive layer or insulating layer/wetting layer/con-
ductive layer) as well as avoiding bonding a sacrificial
wafer.

Experimental analysis of an array of 22 interconnects
demonstrated that the resistance values as low as 160
milli-ohms can be achieved. Parasitic capacitance of inter-
connects was analytically calculated and the distortion of the
MEMS resonator transduction spectrum was predicted using
an equivalent circuit model. Signal amplitude and phase
distortion due to the parasitic capacitance are estimated to be
1.15 dB and 5.96 degrees, respectively, for the optimum 60
um diameter via with 35 um insulating gap.

In summary, the illustrated embodiments include a
method for fabricating a through-wafer interconnect for
double sided fabrication of micromechanical systems com-
prising the steps of providing a prepared handle wafer
having a device layer formed thereon; selectively defining a
blind via into an adjacent portion of the handle wafer
adjacent to the device layer, the blind via extending through
the adjacent portion of the handle wafer up to the device
layer and having a longitudinal axis; filling the blind via with
metal by seedless metal electroplating; selectively disposing
a first polyimide hinge layer on the adjacent portion handle
wafer; selectively disposing metal traces on the first poly-
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4
imide hinge layer; disposing a second polyimide hinge layer
on the metal traces and under first polyimide layer; selec-
tively defining a cylindrical gap into the adjacent portion of
the handle wafer coaxially aligned with the longitudinal axis
of the blind via; disposing a carrier layer onto the second
polyimide hinge layer; selectively forming at least one
device feature into the device layer, handle wafer or both;
and removing the second polyimide layer and carrier layer.

The step of defining a blind via into a prepared handle
wafer having a device layer formed thereon, the blind via
extending through the handle wafer to the device layer and
having a longitudinal axis comprises defining the blind via
into handle wafer having a buried oxide layer disposed in the
handle wafer and between the device layer and a remaining
portion of the handle wafer, the blind via being defined
through the handle wafer through the remaining portion of
the handle wafer up to the oxide layer.

The method further includes the steps of selectively
disposing a silicon nitride/silicon dioxide hard mask on the
device layer, fast reactive ion etching (FDRIE) the device
layer, and selectively removing any oxide layer (TOX) using
a wet etch to at least partially define a sensor in the device
layer.

The method includes the steps of selectively disposing a
protective photoresist layer on the silicon nitride/silicon
dioxide hard mask, and etching the device layer and adjacent
portion of the handle wafer to define a MEMS device
feature.

The method includes the steps of removing the protective
photoresist layer and etching the device layer using the
previously disposed silicon nitride/silicon dioxide hard
mask to complete definition of the sensor in the device layer.

The method of includes the steps of completing the
etching of the adjacent portion of the handle wafer to define
a MEMS device feature simultaneously with the etching the
device layer using the previously disposed silicon nitride/
silicon dioxide hard mask.

The method includes the steps of removing the carrier
layer and second polyimide layer, and releasing the sensor in
the device layer using a vapor HF process.

The step of filling the blind via with metal by seedless
metal electroplating comprises filling the blind via with a
conductive material using sonic-assisted seedless electro-
plating, where the handle wafer has a surface adjacent the
filled blind via, and further comprising polishing the surface
adjacent the filled blind via to remove excess electroplated
material.

The step of selectively defining a blind via into an
adjacent portion of the handle wafer comprises defining the
blind via with anisotropic dry etching.

The step of selectively defining a cylindrical gap into the
adjacent portion of the handle wafer comprises defining the
cylindrical gap by anisotropic dry etching.

The step of etching the device layer using the previously
disposed silicon nitride/silicon dioxide hard mask to com-
plete definition of the sensor in the device layer and releas-
ing the sensor in the device layer comprises patterning and
releasing the sensor structure by anisotropic dry etching.

The step of selectively defining a blind via into an
adjacent portion of the handle wafer adjacent to the device
layer up to the device layer comprises removing a buried
oxide layer inside the via by wet chemical etching, vapor
chemical etching, or plasma etching.

The step of selectively defining a blind via into an
adjacent portion of the handle wafer comprises disposing a
mask on the adjacent portion of the handle wafer using
low-pressure chemical vapor deposition (LPCVD) silicon
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nitride, disposing a masking layer comprised of an insulat-
ing material with a wet chemical etch rate that is lower than
the etch rate of silicon dioxide, disposing a masking layer
comprised of an insulating material with a vapor chemical
etch rate that is lower than the etch rate of silicon dioxide,
or disposing a masking layer comprised of an insulating
material with a plasma etch rate that is lower than the etch
rate of silicon dioxide.

The step of filling the blind via with metal by seedless
metal electroplating comprises utilizing the device layer of
the handle wafer as a seed without any deposit of any
additional seed layer inside the via.

The step of filling the blind via with metal by seedless
metal electroplating comprises using sonication during elec-
troplating.

The step of filling the blind via with metal by seedless
metal electroplating comprises using sonic-assisted seedless
electroplating with copper, gold, nickel, or silver.

The step of polishing the surface adjacent the filled blind
via to remove excess electroplated material comprises lap-
ping, chemical mechanical polishing (CMP), or etching the
surface adjacent the filled blind via.

The method further includes the step of filling the cylin-
drical gap into the adjacent portion of the handle wafer with
an insulating material.

The illustrated embodiments also include within their
scope an apparatus made according to any one of the
embodiments of the method described above.

While the apparatus and method has or will be described
for the sake of grammatical fluidity with functional expla-
nations, it is to be expressly understood that the claims,
unless expressly formulated under 35 USC 112, are not to be
construed as necessarily limited in any way by the construc-
tion of “means” or “‘steps” limitations, but are to be accorded
the full scope of the meaning and equivalents of the defi-
nition provided by the claims under the judicial doctrine of
equivalents, and in the case where the claims are expressly
formulated under 35 USC 112 are to be accorded full
statutory equivalents under 35 USC 112. The disclosure can
be better visualized by turning now to the following draw-
ings wherein like elements are referenced by like numerals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a three dimensional depiction of a prior art
MEMS single-sided folded IMU.

FIGS. 2a-2d are photographic depictions of a MEMS
double-sided folded TIMU integrated with a TWIDS pro-
cess. FIG. 2a is a two dimensional depiction which shows
the unfolded structure (device side), FIG. 25 is a two
dimensional depiction which shows the unfolded structure
(signal processing side), and FIG. 2c¢ is a three dimensional
depiction which shows a partially assembled structure with
one side folded down to show both the device and signal
processing sides. FIG. 2d is three dimensional side cross-
sectional view of a via fabricated according to the illustrated
embodiments positioned at the locations of the device side
and signal processing side of the wafer indicated by the
arrows from the inset of FIG. 2d to FIGS. 24 and 2b.

FIGS. 3a-3/ are side cross-sectional flow diagrams show-
ing the steps of the process for fabricating a double-sided
folded TIMU with TWIDS {fabrication.

FIGS. 4a-4f are three dimensional photographic flow
diagrams of the TWIDS fabrication process steps, showing
in FIG. 4a the SOI wafer, FIG. 45 the LPCVD silicon nitride
deposition, FIG. 4¢ defining through-wafer holes, FIG. 4d
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6

seedless copper electroplating and lapping, FIG. 4e defining
insulating gaps, and FIG. 4f defining sensor features.

FIGS. 5a and 56 show the effect of using sonication in a
seedless copper electroplating process: FIG. 5a the via hole
is electroplated in a silent mode, and FIG. 556 shows the via
hole electroplated in the presence of sonication.

FIG. 6 is a graph showing the dependence of the copper
electroplating rate, namely the electroplated height as a
function of plating time, on the via hole diameter.

FIG. 7 is a graph showing the dependence of electroplat-
ing height on the plating time for various mask conditions.

FIG. 8 is a SEM microphotograph of a MEMS inertial
sensor with co-fabricated TWIDS.

FIG. 9 is a table showing the resistance measurement for
22 interconnects, showing resistance less than 164 milli-
ohms for 100 pm copper filled via.

FIG. 10 is a side cross-sectional diagram and measure-
ment of an equivalent circuit model whose performance is
graphed in FIGS. 11a and 115.

FIGS. 11a and 115 are graphs showing the amplitude and
phase distortion respectively as a function of frequency for
an electrostatically driven microsensor, as predicted by its
equivalent circuit model of FIG. 10, for an ideal case,
probe-to probe parasitic capacitance, substrate capacitance,
and TWIDS capacitance.

FIGS. 12a and 125 are graphs which show the amplitude
and phase distortion respectively due to parasitic currents, as
predicted by equivalent circuit model.

The disclosure and its various embodiments can now be
better understood by turning to the following detailed
description of the preferred embodiments which are pre-
sented as illustrated examples of the embodiments defined in
the claims. It is expressly understood that the embodiments
as defined by the claims may be broader than the illustrated
embodiments described below.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The current state of the art is compatible with a folded
MEMS fabrication process and may enable three dimen-
sional folded TIMU (timing and inertial measurement unit)
structures 10 with through-wafer interconnects 14 such as
depicted in FIG. 1 In folded TIMU structures 10, through-
wafer inter connects 14 provide a path for electrical signals
from sensors 19 on the device side 15 of the wafer 17 to
ASIC (application-specific integrated circuit) components
23 on the back side or signal processing side 13 of the wafer,
and allow at the same time for assembly of the integrated
MEMS sensor cluster in a three dimensional configuration,
or folding it in a three dimensional shape shown in FIG. 1.

Consider a single-sided approach for folded TIMU fab-
rication. U.S. Pat. No. 8,368,154, incorporated herein by
reference, describes a method to implement a 6-axis IMU
(inertial measurement unit) on a single substrate using a
folded MEMS approach. The proposed method utilizes a
three dimensional foldable silicon-on-insulator (SOI) struc-
ture with in-situ fabricated inertial sensors on side 15 as
shown in the prior art diagram of FIG. 1. A planar structure
is fabricated and subsequently folded in a pyramidal shape,
forming a compact IMU 10. The high aspect-ratio single-
axis sensors are fabricated on wafer level on the top side 13
of the wafer, followed by fabrication of flexible hinges 12
that allow the dies to fold together and lock in place.
Electrical interconnects 14 are formed on the same side 13
of'the wafer and serve to transmit signals from each sidewall
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to a base of the structure, and serve as an interface between
a plurality of sensors and external signal conditioning cir-
cuitry.

In the first step of the fabrication process for the folded
IMU pyramid of FIG. 1, the flexible hinges 12 are formed.
Photo-definable polyimide is deposited onto a substrate and
then a pattern is photolithographically defined. Once the
polyimide is cured, the metal traces are formed on top of the
polyimide using an e-beam evaporation process and lift-off
technique. Next, individual SOI sensors are defined on the
same side of the SOI wafer, and the DRIE process is used to
etch through the entire device layer using the photoresist as
an etch mask. The next step of the process includes protect-
ing of the top surface with photoresist and a blue tape, and
then bonding the SOI wafer to the carrier. Backside etching
is then performed using DRIE until the handle wafer is
completely etched in the defined trenches.

In the next step of the fabrication process, the carrier
wafer is removed and the sensors are released into 20%
hydrofiuoric acid (HF). After successfully releasing all sen-
sors, fabrication of the folded MEMS IMU structures is
complete and the devices are ready for packaging. The
folded IMU approach allows for wafer-level manufacturing
of IMUs with in situ SOI sensors. Along with all the
advantages of the single-sided folded IMU approach, includ-
ing a relatively simple 4-mask fabrication process, IMU
small size and structural rigidity, as well as compatibility
with wafer-level packaging process, several challenges still
should be considered.

First, the thick layer of polyimide on the top surface limits
the lithography accuracy and the performance of the inertial
sensors. A second issue is the difficulty of completely
eliminating the photoresist layer from the sensors after the
fabrication is finished. During the backside etch process, the
temperature of the wafer is elevated to approximately 100°
C. or greater, and thus baking the photoresist layer during
the entire backside etch. None of the commonly used
aggressive cleaning methods can be used because of the
delamination of the metal traces and polyimide that occurs.
This significantly decreases the yield of the overall process.
Additionally, the inner volume of the folded structure cannot
be used for co-integration with signal processing electronics
since all the metal traces are located on the front side and
through-wafer interconnects are not available.

Therefore, it is desired to develop an alternative double-
sided TIMU approach, providing the following advantages:
improved sensor performance, increased process yield, and
wafer-level integration with signal processing electronics.

Turn now to a double-sided method for folded TIMU
fabrication with TWIDS as included in the illustrated
embodiments of the invention. In order to improve the
performance of the sensors 19 and increase the overall yield
of the TIMU devices 10 shown generally in FIGS. 2a-2¢, a
novel double-sided approach for fabricating a folded TIMU
with through-wafer interconnects 14 for double-sided
(TWIDS) use is presented. The illustrated method is based
on wafer-level fabrication of the flat TIMU structures with
inertial sensors 19 on one side of the wafer (a device side 15)
and metal traces 21 on the opposing side (a signal processing
side 13) for further integration with electronics. TWIDS use
technology enables electrical interfacing of the sensors 19
on the front or device side 15 side via through-wafer
interconnects 14 to electronic components 23 disposed on
signal processing side 13 and inside an exemplary folded
three dimensional structure of the folded TIMU 10 as shown
in FIG. 2¢.
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The process flow for a folded TIMU 10 with TWIDS is
shown in FIGS. 3a-3%. The process flow starts with depo-
sition of a masking layer 42 of 1 pum thick low stress LPCVD
silicon nitride layer 42 under a handle wafer 16 and a top
oxide layer, TOX, as seen in FIG. 3a. The silicon nitride
layer 42 serves as an insulating layer for vias fabrication,
preventing parasitic copper deposition on the surface of the
handle wafer 16. Next, through-wafer copper vias 18 are
fabricated using a seedless copper electroplating method as
seen in FIGS. 35 and 3¢, as well as in the process of FIGS.
4a-4f. In FIG. 3b, a plurality of vias 18 are first defined using
a 500 um DRIE etch followed by an HF etch of a buried
oxide layer 46 disposed between the top portion of the
handle wafer 16 and the device layer 30. A plurality of
electroplated copper pieces 20 are then inserted using elec-
troplating into the plurality of via holes 18 as seen in FIG.
3c¢. Next a plurality of polyimide flexible hinge layers 22 are
deposited beneath the layer of silicon nitride 42. A plurality
of'gold traces 24 are in turn deposited beneath the polyimide
flexible hinge layer 22 using a lift off technique to be
produce the production step seen in FIG. 3d. Specifically, a
layer of solid photoresist (not shown) is applied and litho-
graphically patterned to define metal traces features. Next,
physical vapor deposition (PVD) is performed using elec-
tron beam evaporation to create the desired metal layers 24.
The metal layers 24 comprise a 500 A adhesion layer of
chrome followed by a 5000 A layer of gold as seen in FIG.
3d. Following via fabrication, a second polyimide layer 26
is deposited beneath the flexible hinges 22 and gold traces 24
in FIG. 3e. A plurality of insulating gaps 28 are then defined
in the handle wafer 16 with a 500 um DRIE etch on either
side of each electroplated copper piece 20 as seen in FIG. 3e.
Next, a carrier wafer 32 is bonded to the second polyimide
layer 26. Then in the first step to process the device layer 30,
the features 38 of the foldable TIMU 10 are defined. This is
specifically done by creating a silicon nitride/silicon dioxide
hard mask 34, then etching the device layer 30 using fast
reactive ion etching (FDRIE) and then removing buried
oxide using a wet etch to produce the fabrication step seen
in FIG. 3f. A photoresist protective layer 36 is deposited over
the hard mask 34. The device layer 30 and handle wafer 16
are etched to produce MEMS, CMOS or other device
features 38 as seen and FIG. 3g. In the next step, the
photoresist layer 36 is removed and the device layer 30 is
etched using the hard mask 34 which was previously defined
in a previous fabrication step. The last 100 um of the handle
wafer 16 then are etched in parallel. Finally, the carrier wafer
32 and second polyimide layer 26 are removed and a
plurality of sensors 40 in the device layer 30 are released
using a vapor HF process to produce the fabrication step
seen in FIG. 3A.

The main advantages of new approach for double-sided
folded TIMU 10 with TWIDS compared to a single-sided
approach include:

1. The process steps for fabricating the through-wafer
interconnects enable connection to interface devices on
the front surface to the internal volume occupied by the
CMOS signal detection electronics. This approach pro-
vides a path for the further miniaturization of the TIMU
with signal processing electronics.

2. Deposition of the polyimide layer(s) on backside of the
fabrication wafer enables an accurate lithography and
hence the higher performance of the inertial sensors

3. Subsequently deposing the photoresist layer, etching
the hard mask for the sensors, and removing the pho-
toresist prior to the subsequent device layer etch elimi-
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nates the problem of backing the resist during DRIE
and cleaning the sensors after the etch is complete

4. The step of etching the sensor is moved to the end of

the process in order to eliminate covering sensors with
photoresist during the etching of the top surface.

Once the fabrication process is complete, the TIMU
devices 10 are assembled into a three dimensional system
seen in FIG. 2¢ providing the spatial orientation required for
inertial measurement along multiple independent axes. The
internal volume of the three dimensional TIMU structure 10
is equipped with signal detection electronics. TWIDS fab-
rication enables higher performance of the TIMU inertial
sensors, higher yield and allows for further system minia-
turization by efficient utilization of the inner volume.

Greater understanding of the through-wafer interconnects
for double-sided (TWIDS) fabrication of microelectrome-
chanical systems may be had be turning to FIGS. 4a-4f,
where the process of fabricating the TIMU 10 is illustrated
in a depiction inverted from what is shown in FIGS. 3A-3H.
FIG. 4a shows a 600 pum thick handle wafer 16 which serves
as the substrate of the TIMU 10. The fabrication of the
TIMU 10 with TWIDS begins with the deposition of a 1 um
thick layer of low stress LPCVD silicon nitride layer 42 on
the surface of the handle wafer 16 as seen in FIG. 45. 40, 60
and 80 pum diameter blind via holes 18 are sequentially
etched in the handle wafer 16 using deep reactive ion etching
(DRIE). The etching is followed by removal of 5 um buried
oxide layer as best seen in FIG. 4¢. The via holes 18 are
filled with copper using seedless copper electroplating 20
that does not require additional conductive layer deposition,
but utilizes a highly doped silicon device layer 30 as a seed
in FIG. 4d. The wafers 16 are lapped to prepare for the next
lithography step where 30 um insulating gaps 28 are etched
around the copper filled vias 18 in FIG. 4e. Finally, as seen
in FIG. 4f, the sensor’s features 34 are defined on the top side
of the wafer 16.

To improve the quality of the copper filled TIMU 10 with
TWIDS, different conditions for copper electroplating were
explored. FIGS. 5a and 55 illustrate a cross-sectional view
of the via holes 18 of the TIMU 10 with TWIDS electro-
plated without sonication and with sonication, respectively.
SEM analysis reveals that in a silent mode the electroplating
solution could not penetrate into the high-aspect ratio via
holes 18. As the result, the via holes 18 were not completely
filled with copper as seen in FIG. 5a. We observed in our
experiments that the sonication at a frequency of 37 kHz
during the electroplating process significantly improved the
filling, allowing for high aspect ratio voids-free intercon-
nects as seen in FIG. 5b.

FIG. 6 illustrates the dependence of the electroplating rate
on the via hole 18 diameter. During the electroplating
experiments the effect of parasitic copper growing on the
surface of the handle wafer 16 was observed. The handle
handle wafer 16 had a resistivity of 1 ohm-cm, which was
1000 times higher than the resistivity of the device layer 30
(0.001-0.003 ohm-cm). However, after about a 30 mm of
plating more than a 5 pum thick layer of copper 20 was
deposited on the bottom of the via holes 18 and the handle
wafer 16 became electrically connected to the device layer
30. At this point copper 20 started growing on the surface of
the handle wafer 16. Different strategies for protecting the
surface of the wafer 16 from parasitic copper growing were
explored. The simplest way is to use photoresist as a
masking layer. A thick layer of photoresist 36 was used as a
mask for the DRIE etching of via holes 18. After the etching
was completed we did not strip the photoresist 36 but instead
used it for the copper plating process. However the photo-
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resist 36 was partially destroyed during the wet HF etching
of buried oxide. In addition, sonication caused some micro-
cracks in the photoresist layer 36. As a result, the amount of
copper 20 growing on the wafer 16 surface was decreased
but the effect of parasitic copper growing was not com-
pletely eliminated. Another option is to use a silicon nitride
mask 34 as a masking layer for copper plating. This method
allowed to significantly improve the electroplating process.
No parasitic copper growth was observed outside the via
holes 18.

The plot in the graph of FIG. 7 represents the measured
electroplated height as a function of time for samples with
and without a mask 34. A silicon nitride hard mask 34
appeared to be the best solution to prevent parasitic copper
deposition on the surface of the handle wafer 16. The
uniform filling was achieved at a significantly reduced
plating time.

A magnified view of a TIMU 10 with co-fabricated
TWIDS is shown in FIG. 8. Probe tests revealed that the
sensor contact pads 44 were insulated. Experimental analy-
sis of 22 interconnects of the diameters ranging from 40 to
80 microns showed resistance values as low as 160 milli-
ohm as shown in the graph of FIG. 9. Parasitic capacitance
may have a detrimental effect on the performance of MEMS
inertial sensors with TWIDS. Implementation of an open-
loop characterization technique for a microsensor is a chal-
lenging task mainly because a relatively tiny motional
current of the sensor is masked by parasitic feedthrough
currents. There are a number of sources contributing to
parasitic capacitance, including probe-to-probe capacitive
feedthrough, pad-to-substrate capacitance, fringing field
capacitance, and TWIDS capacitance as schematically illus-
trated in the equivalent circuit model of FIG. 10. TWIDS
parasitic currents arise from through-wafer silicon vias 18,
which are surrounded by insulating gaps 28 and form
capacitors with the silicon substrate 16.

Simulation in LTspice using the equivalent circuit ele-
ments for a microsensor, biased and excited as seen in FIG.
10, yields the transduction spectrums shown in FIGS. 11A
and 11B. Based on the simulation, the transduction spectrum
of a MEMS sensor was plotted under ideal conditions and
with consideration of different sources contributing to para-
sitic feed through. In order to optimize the parameters of the
TWIDS process, the through-wafer interconnects parasitic
capacitance was estimated for different widths of insulating
gaps 28 in the range of 15-55 pm and the contact pads in the
range of 170-250 um. FIGS. 12a and 126 show that the
signal distortion due to via parasitic capacitance increases
with the decrease of the insulating gap 28 and achieves 2.25
dB for amplitude and 10 degree for phase distortion in the
case of 15 pum insulating gap.

The design of the TWIDS involves a series of trade-off
decisions, such as insulating gap 28 width, via hole diameter,
silicon dioxide undercut area, and electrical contact pad size.
The electrical contact pad size should not exceed 100-250
um for most MEMS sensors applications. In order to mini-
mize the size of the contact pad 44, the via hole 18,
insulating gap 28, and the silicon dioxide undercut area
should be minimized. However, these parameters are limited
by the existing MEMS manufacturing tolerances. The via
hole diameter and an insulating gap size are limited by the
DRIE technology with an aspect ratio of in the order of 20:1
in our implementation. Silicon dioxide undercut area should
be larger than 30 pm to allow for the successtul release of
the sensors 40. The optimum parameters for TWIDS 10 are
summarized in Table 1 below.
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TABLE 1

Optimum parameters for TWIDS

Parameter Symbol Value Unit
Contact pad size D 210 um
Handle wafer thickness L 500 um
Device layer thickness I 100 um
Via hole diameter d 60 um
Insulating gap g 35 um
Silicon dioxide undercut area s 30 um
TWIDS resistance across R 0.71  Ohm
vertical connection

Signal amplitude distortion due AA rpins 0.65 dB
to TWIDS parasitic capacitance

Signal phase distortion due to APrwins 206 dB
TWIDS parasitic capacitance

Signal amplitude distortion AA 1.15 dB
due to parasitic capacitance

Signal phase distortion due Ap 596 dB

to parasitic capacitance

For the optimum electrical contact pad 44 of 210 pum with
a 60 um via hole diameter and a 35 um insulating gap 28, the
TWIDS resistance across the vertical interconnects was
experimentally demonstrated to be better than 710 milli-
ohms. The signal distortion due to TWIDS parasitics was
estimated analytically not to exceed 0.65 dB for amplitude
and 2.06 degrees for phase, which is suitable for MEMS
applications. This is a good compromise compared with
signal distortion due to other sources of parasitics, including
pad-to-substrate capacitance, probe-to-probe capacitance
and fringing field capacitance (0.5 dB for amplitude and 3.9
degree for phase).

ATWIDS technology for fabrication of high density array
of through-wafer interconnects with resistance better than
710 milli-ohm for a 60 pm diameter via 18 and better than
164 milli-ohm for a 100 um diameter via 18 has been
presented. The TWIDS process is compatible with standard
semiconductor processing, and suitable for co-integration
with silicon sensors, such as MEMS accelerometers, gyro-
scopes, and clocks. TWIDS was developed for the three
dimensional folded TIMU 10 to provide a path for electrical
signals from sensors 40 on the front side 12 of the SOI wafer
to electronic components on the back side 14 of the wafer.
The spectrum of applications of this technology is broad,
and the TWIDS process is particularly appropriate for three
dimensional packaging of MEMS devices. As a demonstra-
tion of using the TWIDS technology, MEMS sensors with
210 pm contact pads have been integrated on a silicon wafer.

Many alterations and modifications may be made by those
having ordinary skill in the art without departing from the
spirit and scope of the embodiments. Therefore, it must be
understood that the illustrated embodiment has been set
forth only for the purposes of example and that it should not
be taken as limiting the embodiments as defined by the
following embodiments and its various embodiments.

Therefore, it must be understood that the illustrated
embodiment has been set forth only for the purposes of
example and that it should not be taken as limiting the
embodiments as defined by the following claims. For
example, notwithstanding the fact that the elements of a
claim are set forth below in a certain combination, it must be
expressly understood that the embodiments includes other
combinations of fewer, more or different elements, which
are disclosed in above even when not initially claimed in
such combinations. A teaching that two elements are com-
bined in a claimed combination is further to be understood
as also allowing for a claimed combination in which the two
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elements are not combined with each other, but may be used
alone or combined in other combinations. The excision of
any disclosed element of the embodiments is explicitly
contemplated as within the scope of the embodiments.

The words used in this specification to describe the
various embodiments are to be understood not only in the
sense of their commonly defined meanings, but to include by
special definition in this specification structure, material or
acts beyond the scope of the commonly defined meanings.
Thus if an element can be understood in the context of this
specification as including more than one meaning, then its
use in a claim must be understood as being generic to all
possible meanings supported by the specification and by the
word itself.

The definitions of the words or elements of the following
claims are, therefore, defined in this specification to include
not only the combination of elements which are literally set
forth, but all equivalent structure, material or acts for
performing substantially the same function in substantially
the same way to obtain substantially the same result. In this
sense it is therefore contemplated that an equivalent substi-
tution of two or more elements may be made for any one of
the elements in the claims below or that a single element
may be substituted for two or more elements in a claim.
Although elements may be described above as acting in
certain combinations and even initially claimed as such, it is
to be expressly understood that one or more elements from
a claimed combination can in some cases be excised from
the combination and that the claimed combination may be
directed to a subcombination or variation of a subcombina-
tion.

Insubstantial changes from the claimed subject matter as
viewed by a person with ordinary skill in the art, now known
or later devised, are expressly contemplated as being equiva-
lently within the scope of the claims. Therefore, obvious
substitutions now or later known to one with ordinary skill
in the art are defined to be within the scope of the defined
elements.

The claims are thus to be understood to include what is
specifically illustrated and described above, what is concep-
tionally equivalent, what can be obviously substituted and
also what essentially incorporates the essential idea of the
embodiments.

We claim:

1. A method for fabricating a through-wafer interconnect
for double sided fabrication of micromechanical systems
comprising:

providing a prepared handle wafer having a device layer

formed thereon;

selectively defining a blind via into portion of the handle

wafer that is adjacent to the device layer, the blind via
extending through of the handle wafer up to the device
layer and having a longitudinal axis;

filling the blind via with metal by seedless metal electro-

plating;

selectively disposing a polyimide hinge layer on the

handle wafer;

selectively disposing metal traces on the polyimide hinge

layer;

disposing a photoresist protection layer on the metal

traces on the polyimide hinge layer;

selectively defining a cylindrical gap into the portion of

the handle wafer that is adjacent to the device layer, the
cylindrical gap being coaxially aligned with the longi-
tudinal axis of the blind via;

disposing a carrier layer onto the photoresist protection

layer;
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selectively forming at least one device feature into the

device layer, handle wafer or both; and

removing the photoresist protective layer and carrier

layer.

2. The method of claim 1 where defining a blind via into
a prepared handle wafer having a device layer formed
thereon, the blind via extending through the handle wafer to
the device layer and having a longitudinal axis comprises
defining the blind via into handle wafer having a buried
oxide layer disposed in the handle wafer and between the
device layer and a remaining portion of the handle wafer, the
blind via being defined through the handle wafer through the
remaining portion of the handle wafer up to the oxide layer.

3. The method of claim 1 further comprising selectively
disposing a silicon nitride/silicon dioxide hard mask on the
device layer, fast reactive ion etching (FDRIE) the device
layer, and selectively removing any oxide layer (TOX) using
a wet etch to at least partially define a sensor in the device
layer.

4. The method of claim 3 further comprising etching the
device layer and the portion of the handle wafer that is
adjacent to the device layer to define a MEMS device
feature.

5. The method of claim 4 further comprising etching the
device layer using the previously disposed silicon nitride/
silicon dioxide hard mask to complete definition of the
sensor in the device layer.

6. The method of claim 5 further comprising completing
the etching of the handle wafer to define a MEMS device
feature simultaneously with the etching the device layer
using the previously disposed silicon nitride/silicon dioxide
hard mask.

7. The method of claim 6 further comprising releasing the
sensor in the device layer using a vapor HF process.

8. The method of claim 6 where etching the device layer
using the previously disposed silicon nitride/silicon dioxide
hard mask comprises patterning and etching the sensor by
anisotropic dry etching.

9. The method of claim 1 where filling the blind via with
metal by seedless metal electroplating comprises filling the
blind via with a conductive material using sonic-assisted
seedless electroplating, where the handle wafer has a surface
adjacent the filled blind via, and further comprising polish-
ing the surface adjacent the filled blind via to remove excess
electroplated material.

10. The method of claim 9 where polishing the surface
adjacent the filled blind via to remove excess electroplated
material comprises lapping, chemical mechanical polishing
(CMP), or etching the surface adjacent the filled blind via.

11. The method of claim 1 where selectively defining a
blind via into portion of the handle wafer that is adjacent to
the device layer comprises defining the blind via with
anisotropic dry etching.

12. The method of claim 1 where selectively defining a
cylindrical gap into the portion of the handle wafer that is
adjacent to the device layer comprises defining the cylin-
drical gap by anisotropic dry etching.
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13. The method of claim 1 where selectively defining a
blind via into portion of the handle wafer that is adjacent to
the device layer up to the device layer comprises removing
a buried oxide layer inside the via by wet chemical etching,
vapor chemical etching, or plasma etching.

14. The method of claim 1 where selectively defining a
blind via into portion of the handle wafer that is adjacent to
the device layer comprises disposing a mask on the portion
of the handle wafer that is adjacent to the device layer using
low-pressure chemical vapor deposition (LPCVD) silicon
nitride, disposing a masking layer comprised of an insulat-
ing material with a wet chemical etch rate that is lower than
the etch rate of silicon dioxide, disposing a masking layer
comprised of an insulating material with a vapor chemical
etch rate that is lower than the etch rate of silicon dioxide,
or disposing a masking layer comprised of an insulating
material with a plasma etch rate that is lower than the etch
rate of silicon dioxide.

15. The method of claim 1 where filling the blind via with
metal by seedless metal electroplating comprises utilizing
the device layer of the handle wafer as a seed without any
deposit of any additional seed layer inside the via.

16. The method of claim 1 where filling the blind via with
metal by seedless metal electroplating comprises using
sonication during electroplating.

17. The method of claim 1 where filling the blind via with
metal by seedless metal electroplating comprises using
sonic-assisted seedless electroplating with copper, gold,
nickel, or silver.

18. The method of claim 1 further comprising filling the
cylindrical gap into the portion of the handle wafer that is
adjacent to the device layer with an insulating material.

19. An apparatus made by the method comprising:

providing a prepared handle wafer having a device layer

formed thereon;

selectively defining a blind via into portion of the handle

wafer that is adjacent to the device layer, the blind via
extending through of the handle wafer up to the device
layer and having a longitudinal axis;

filling the blind via with metal by seedless metal electro-

plating;

selectively disposing a polyimide hinge layer on the

handle wafer;

selectively disposing metal traces on the first polyimide

hinge layer;

disposing a hinge photoresist protection layer on the metal

traces on the polyimide hinge layer;

selectively defining a cylindrical gap into the portion of

the handle wafer that is adjacent to the device layer, the
cylindrical gap being coaxially aligned with the longi-
tudinal axis of the blind via;

disposing a carrier layer onto the photoresist protection

layer;

selectively forming at least one device feature into the

device layer, handle wafer or both; and

removing the photoresist protective layer and carrier

layer.



