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FIG. 4

/42

FLOW A GAS CARRYING REACTANT MOLECULES -
INTO A CHEMICAL REACTION CHAMBER

PRODUCE AN ELECTRIC FIELD IN THE
CHEMICAL REACTION CHAMBER WITHOUT
CAUSING ELECTRICAL ARCHING THEREIN

REMOVE BYPRODUCT OF A CHEMICAL REACTION|
STIMULATED BY THE ELECTRIC FIELD
FROM THE CHEMICAL REACTION CHAMBER
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FIG. &

s 92

FABRICATE A STRUCTURE IN SILICON
WAFER SUBSTRATE

Vs 34

FABRICATE A STRUCTURE ON A
BOROSILICATE GLASS WAFER SUBSTRATE

56

ASSEMBLE THE PROCESSED SILICON AND
BOROSILICATE GLASS WAFER SUBSTRATES
10 PRODUCE A MICRO-CHEMICAL REACTOR

FIG. 6A

PERFORM A DRIE TO PRODUCC A STRUCTURL

FOR A CHEMICAL REACTION CHAMBER IN A
FRONTSIDE OF A SILICON WAFER SUBSTRATE

DEPOSIT A PROTECTIVE LAYER ON THE

FRONTSIDE OF THE SILICON WAFER SUBSTRATE

PERFORM A DRIE IN THE BACKSIDE OFf
THE SILICON WAFER SUBSTRATE TO
PRODUCE CROSS-WAFER VIAS THERCIN

3

STRIP THE PROTECTIVE LAYER FROM THE
RONTSIOE OF THE SILICON WAFER SUBSTRATE
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FiG. 68

PERFORM DEPOSITION OF A METAL FILM ON J 54
A SURFACE OF A BOROSILICATE GLASS WAFER

FORM A PATTERNED PHOTO RESIST MASK
ON THE METAL FILM

ETCH OF THE METAL FILM TO PRODUCE
CLOSCLY SPACED ELECTRODES FROM THE
FILM AND THEN, STRIP OFF THE MASK

DEPOSIT A DIELECTRIC LAYER OVER
THE ELECTRODES

FORM PATTERNED PHOTO RESIST MASK ON
THE DIELECTRIC LAYER

ETCH THE DIELECTRIC LAYER AND THEN,
STRIP OFF THE MASK

FIG. 6C

OPTICALLY ALIGN THE PROCESSED SILICON J’
AND BOROSILICATE GLASS WAFER SUBSTRATES
10 FORM A CHEMICAL REACTION CHAMBER

PERFORM AN ANODIC BONDING OF THE
PROCESSED SILICON WAFCR SUBSTRATE TO
THE BOROSILICATE GLASS WAFER SUBSTRATE

{ - M
J
FORM WIREBOND CONNECTIONS TG CONTACT

PADS OF THE INTERLEAVED ELECTRODES ON
THE BOROSILICATE GLASS SUBSTRATE
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ELECTRIC FIELD MEDIATED CHEMICAL
REACTORS

BACKGROUND

1. Field of the Invention

The invention relates to chemical reactors.

2. Discussion of the Related Art

A chemical reactor includes a substantially closed chemi-
cal reaction chamber (CRC) where a chemical reaction
occurs under controlled conditions. The CRC typically regu-
lates reaction conditions in a manner that controls the pro-
duction of byproducts. Regulating the reaction conditions
may enable control of the reaction rate. Regulating the reac-
tion conditions may enable selection of specific reaction path-
ways when competing reaction pathways exist.

Various chemical reactors have used heaters, spark genera-
tors, or light sources to initiate chemical reactions therein.
Using a heater or spark generator as a reaction initiator pro-
vides some control over chemical reaction rates. Neverthe-
less, such initiators typically provide less control over the
selection of a specific chemical reaction pathway when sev-
eral pathways compete for available reactant molecules.
Using a light source as a reaction initiator can improve the
selectivity for specific reaction pathways, but suitable light
sources are often expensive. For example, adding a mono-
chromatic laser source to a chemical reactor may significantly
increase the price of the chemical reactor.

BRIEF SUMMARY

Some embodiments provide chemical reactors configured
to produce electric fields of high intensity for stimulating
chemical reactions therein. The chemical reactors include
structures that are fabricated to produce electric fields of high
intensity without causing sparking or electrical arcing. In
some embodiments, the electric fields of high intensity may
be used to select specific reaction pathways in a chemical
reactor.

One embodiment features a chemical reactor that includes
two or more substrates joined along planar surfaces thereof, a
chemical reaction chamber located between the two or more
substrates, and a pair of electrodes on one of the substrates
and along a wall of the reaction chamber. Each substrate is a
substantially dielectric or semiconductor substrate. The
chemical reaction chamber has a hollow interior, one or more
input ports to transport a gas into the hollow interior, and an
output port to transport a byproduct out of the hollow interior.

Another embodiment features a process for operating a
chemical reactor. The process includes flowing a gas into a
chemical reaction chamber formed between two planar sub-
strates and producing a voltage across a pair of electrodes to
generate an electric field in the chamber such that the field
stimulates a chemical reaction in the flowing gas located in
the chamber. The substrates are dielectric and/or semiconduc-
tor substrates. The electrodes are located between the sub-
strates and are configured to impede electrical arcing in the
gas in response to the act of producing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is avertical cross-section through a micro-chemical
reactor (MCR) that is controlled by electric fields therein;

FIG. 2 is a top view of the planar top surface of one
substrate in an embodiment of the electric field-controlled
MCR of FIG. 1;
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FIG. 3 is a top view of the planar top surface of one
substrate in an alternate embodiment of the electric field-
controlled MCR of FIG. 1;

FIG. 4 is a flow chart for a method of operating an electric
field-controlled MCR, e.g., the MCRs illustrated in FIGS.
1-3;

FIG. 5 is a flow chart for a method of fabricating an
embodiment of the electric field-controlled MCR illustrated
in FIG. 1;

FIG. 6A is a flow chart illustrating the step of forming a
structure on the silicon wafer substrate in the method of FIG.
5;

FIG. 6B is a flow chart illustrating the step of forming a
structure on the borosilicate glass wafer substrate in the
method of FIG. 5;

FIG. 6C is a flow chart illustrating the step of assembling
the two substrates in the method of FIG. 5;

FIG. 7 is a top view of one surface of the processed silicon
wafer substrate produced by the step of FIG. 6A;

FIG. 8 is a cross-sectional view through the processed
silicon wafer substrate produced by the step of FIG. 6A;

FIG. 9 is a top view of one surface of the processed boro-
silicate glass substrate produced by the step of FIG. 6B;

FIG. 10 is a cross-sectional view of the processed borosili-
cate glass substrate produced by the step of FIG. 6B; and

FIG. 11 is a cross-sectional view through a stacked struc-
ture that includes multiple CRCs therein.

In the figures and description herein, the use of the same
reference numerals indicates elements having similar func-
tions.

In the figures, the dimensions of some features may be
exaggerated relative to others for the purpose of better illus-
trating the embodiments.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

FIGS. 1 shows one embodiment of an electric field-con-
trolled micro-chemical reactor (MCR) 1. The MCR 1
includes two or more adjacent planar substrates 2, 3. The
planar substrates 2, 3 are substantially formed of inorganic
dielectric, e.g., borosilicate glass, and/or inorganic semicon-
ductor, e.g., silicon. The planar substrates 2, 3 have surfaces 5,
6 that form a hollow chemical reaction cavity (CRC) 4
between the substrates 2, 3. In particular, the CRC 4 is formed
by walls of a trench along the bottom of the top substrate 2 and
adjacent portions of the top surface 6 of the bottom substrate
3. The substrates 2, 3 have continuous contact regions that
close lateral edges of the CRC 4 at the interface between the
surfaces 5, 6. Exemplary CRC 4 have widths and heights in
the range of 30 microns (um) to 300 um. These small widths
and heights enable such exemplary CRCs 4 to perform chemi-
cal reactions on small quantities of reactant molecules.

Inthe MCR 1, a plurality of channels 8, 9 vertically traverse
the entire thickness of the planar substrate 2. The channels 8
function as input ports to a first end 11 of the CRC 4. The
channels 8 enable pumping gases carrying chemical reactants
into the first end(s) 11 of the CRC 4, e.g., from delivery tubes
12 sealed to the external orifices of the channels 8. The chan-
nel 9 functions as an output port from the second end 13 of the
CRC 4. The channel 9 enables the removal of gases and/or
liquids containing reaction byproducts from the second end
13 of'the CRC 4. For example, the removal is via an extraction
tube 14 that seals around the external orifice of the channel 9.

FIG. 2 shows part of the top surface 6 of the substrate 3 for
one embodiment of the MCR 1 of FIG. 1. The shown portion
of'the top surface 6 includes the bottom wall of the CRC 4. A
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line 18 illustrates the location and shape of the CRC 4 that is
directly over the shown portion of the top surface 6. The line
18 shows the cross-sectional shape of the CRC 4. The line 18
also shows the placements of the first and second ends 11, 13
of the CRC 4.

FIG. 2 also illustrates paired metallic electrodes 15, 16 that
are located on the top surface 6 of the substrate 3. The metallic
electrodes 15, 16 have inter-digitized and closely spaced
members that form a dense covering over a contiguous region
of the bottom wall of the CRC 4. Exemplary members of the
metallic electrodes 15, 16 have widths and thicknesses of
about 0.1 micrometers (um) to 1.0 pm and may include plati-
num, tungsten, copper, gold, aluminum, and/or silver. In
exemplary embodiments, the members ofthe electrode 15 are
separated from neighboring members of the electrode 16 by
about 0.1 um to 1.0 um. A continuous dielectric layer 20 also
covers the members of the metallic electrodes 15, 16. An
exemplary dielectric layer 20 includes silicon dioxide, silicon
nitride, sputtered diamond, or aluminum nitride. The metallic
electrodes 15, 16 include contact pads 22 that are not covered
by the dielectric layer 20. The contact pads 22 are exposed
areas of the MCR 1. The contact pads 22 provide accesses for
conducting wires 26 that connect an AC or DC voltage source
28 across the metallic electrodes 15, 16 during operation of
the MCR 1. The contact pads 22 are accessible through vias or
windows that traverse the entire thickness of the top substrate
2. The voltage source 28 may be frequency, amplitude, and
phase tunable.

Due to the small spacing between neighboring members of
the metallic electrodes 15, 16, small-applied electric potential
differences can produce electric fields of high-intensity near
said members. Applied electric potential differences of about
1-10 volts may, e.g., produce electric fields with maximum
magnitudes of 500,000 or more volts per meter (V/m) or
1,000,000 or more V/m in part of the gas flowing through the
CRC 4. For example, maximum magnitudes of such electric
fields may be in the range of about 1,000,000 to 10,000,000
V/m. During the application of voltages across the metallic
electrodes 15, 16, the dielectric layer 20 functions as electri-
cal insulation between neighboring members of the metallic
electrodes 15, 16. In particular, the dielectric layer 20 lowers
the likelihood of electrical arcing and/or spark generation in
the gas that flows in the CRC 4 near the metallic electrodes 15,
16.

The metallic electrodes 15, 16 are located along and near
the bottom wall of the CRC 4. For that reason, the metallic
electrodes 15, 16 are able to create electric fields of high
intensity inside the hollow interior of the CRC 4. Neverthe-
less, the high intensity regions for the electric fields are typi-
cally localized near the metallic electrodes 15, 16. For that
reason, the CRC 4 typically only subjects a thin layer of gas
that passes near the electrodes 15, 16 to electric fields of high
intensity. To avoid having the electric fields stimulate chemi-
cal reactions in only this thin gas layer, the MCR 1 may be
configured to mix the gas or gases flowing through the CRC
4. For example, the CRC 4 may have a pattern of raised flow
obstructions 24 located along one or both of the surfaces 2, 3.
The flow obstructions 24 cause mixing of the gas or gases by
disrupting smooth flows in the CRC 4. Exemplary flow
obstructions 24 may be located before and/or after the loca-
tion of the metallic electrodes 15, 16 along the gas flow path
in the CRC 4. The flow obstructions 24 have heights and
widths that are fixed by the desired amount of mixing, the gas
viscosity, and desired flow rate in the CRC 4.

FIG. 3 shows the top surface 6 of the bottom substrate 3 in
an alternate embodiment of the MCR 1. In this embodiment,
the MCR 1 is again formed from the two planar substrates 2,
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3 and includes a CRC 4 located between the substrates 2, 3 as
shown in FIG. 1. In addition, the CRC 4 has input ports 8 for
gases containing chemical reactants and an output port 9 for
reaction byproducts. The CRC 4 also includes a pair of inter-
leaved metallic electrodes 15', 16' located along the top sur-
face 6 of the bottom substrate 3. The interleaved portions of
the metallic electrodes 15', 16' are located along the bottom
wall of the CRC 4. Exemplary interleaved portions of the
metallic electrodes 15', 16' have widths and thicknesses of
about 0.1 micrometers (Lun)to 1.0 pin. An exemplary spacing
between the adjacent spirals of the interleaved portions of the
metallic electrodes 15', 16' is about 0.1 um to 1.0 pm so that
applied electric potentials of about 1-10 volts can produce
strong electric fields near the electrodes 15', 16'. Also, the
electrodes 15', 16' are covered by a dielectric layer 20 to
impede electrical arcing in the gas flowing in the CRC 4
during operation of the MCR 1.

Referring to FIG. 3, the line 18' indicates the shape and
position of the edge of the bottom wall of the CRC 4 in this
alternate embodiment of the MCR 1 of FIG. 1. In this embodi-
ment, the CRC 4 has a cylindrical central cavity in which the
metallic electrodes 15, 16 form interleaved spirals. The CRC
4 has first and second ends 11, 13 that connect to edges of its
cylindrical central cavity. Thus, the shape of the CRC 4 and
the shape of the metallic electrodes 15', 16' in the embodiment
of FIG. 3 differ from the shape of the CRC 4 and the shape of
the metallic electrodes 15, 16 in the embodiment of FIG. 2.

Referring to FIGS. 1-3, some embodiments of the MCR 1
are configured to support chemically catalyzed reactions. In
these embodiments, a chemical catalyst is either transported
in the gas carrying reactant molecules or is bound to one or
more internal wall of the CRC 4. For example, the chemical
catalyst may be a platinum layer that covers an exposed
portion of the surfaces 5, 6 of the top and bottom substrates 2,
3 or an exposed portion of the dielectric layer 20. The chemi-
cal catalyst may also be bound to exposed surfaces of the flow
obstructions 24 in the CRC 4.

In some embodiments, the voltage source 28 near-reso-
nantly drives the metallic electrodes 15, 16 during operation
of'the MCR 1. In particular, the metallic electrodes 15, 16 are
part of an RLC circuit driven by the voltage source 28. In
these embodiments, the voltage source 28 is an AC voltage
source whose frequency is set to drive the RLC circuit under
near-resonant conditions. For example, the AC voltage source
may drive the RLC circuit at a frequency that differs from the
circuit’s resonant driving frequency by less than the half-
width at half-maximum for the voltage-frequency response
curve across the metallic electrodes 15, 16. Near-resonant
driving can aid to produce electric fields of high intensity in
the interior of the CRC 4.

In some embodiments, the voltage source 28 includes a
device for monitoring the impedance or capacitance of the
lumped device that is formed by the metallic electrodes 15, 16
and interposed dielectric. This impedance or capacitance gen-
erally depends on the condition of the gas flowing through the
CRC 4. Thus, monitoring of this impedance or capacitance
may provide information on chemical reactions in the CRC 4.
Embodiments of the voltage source 28 may include a feed-
back loop that adjusts the MCR 1 based on a measurement by
a device in the voltage source 28 of an electrical quantity
indicative of the impedance or capacitance across the metallic
electrodes 15, 16. The feedback loop may be configured to
dynamically adjust the gas flow rate in the CRC 4 or to
dynamically adjust the voltage applied across the metallic
electrodes 15, 16 in response to the measured value of the
electrical quantity indicative of this impedance or capaci-
tance.
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FIG. 4 illustrates a method 40 of operating an electric
field-controlled MCR, e.g., the MCRs of FIGS. 1-3. The
MCR includes a hollow CRC, e.g., CRC 4, and two or more
closely spaced metallic electrodes therein, e.g., the metallic
electrodes 15, 16. The metallic electrodes are covered by a
dielectric layer, e.g., the dielectric layer 20 that impedes elec-
tric fields of high intensity from causing electrical arcing in
gas near the metallic electrodes.

The method 40 includes flowing a gas into the CRC,
wherein the gas includes one or more species of chemically
reactant molecules (step 42).

The method 40 also includes stimulating a chemical reac-
tion in the flowing gas by applying an AC or DC voltage
across the metallic electrodes (step 44). The applied voltage
produces an electric field of high intensity in a region of the
hollow CRC. In that region, the magnitude of the electric field
may have a magnitude greater than 500,000 V/m, e.g., the
magnitude may be in the range of about 1,000,000 V/m to
about 10,000,000 V/m.

The metallic electrodes form part of an RLC circuit that
may be driven under near-resonance conditions in some
embodiments. In particular, an AC voltage may drive the RLC
circuit at a frequency that differs from the circuit’s resonant
driving frequency by less than the half-width at half-maxi-
mum for voltage-frequency response curve across the metal-
lic electrodes. Such near-resonant driving can contribute to
the production of electric fields of high intensity in the CRC.
The voltage may alternatively drive the metallic electrodes at
or near the plasma frequency for the gas flowing through the
CRC.

In the CRC, the produced electric field generates highly
reactive chemical species such as ions or free radicals in the
gas subjected to the electric field of high intensity. Such ions
or free radicals may function as catalysts for chemical reac-
tions. Nevertheless, the molecular diffusion lengths for such
reactive species may be small in the flowing gas. For that
reason, the step 44 may include mixing the gas flowing in the
CRC to disperse the ions or free radicals in the portion of the
gas not subjected to electric fields of high intensity. To pro-
duce the mixing, the method may include flowing the gas
through an array of flow obstructions, e.g., the flow obstruc-
tions 24, to disrupt laminar flow of the gas layer passing
closest to the metallic electrodes.

The method 40 includes extracting gaseous or liquid
byproducts of the chemical reaction from the CRC (step 46).
The extracting step may involve collecting byproducts that
are ejected from an output port of the CRC, e.g., the output
port 9.

Conventional microelectronics fabrication techniques are
available to fabricate an embodiment of the MCR 1 illustrated
in FIG. 1. FIG. 5 illustrates an exemplary fabrication method
50 that involves three steps. One step involves fabricating a
structure in a portion of silicon wafer substrate to produce the
processed silicon wafer substrate 2 as shown in FIGS. 7-8
(step 52). Another step involves fabricating a structure on a
corresponding portion of a borosilicate glass wafer substrate
3 to produce the processed borosilicate glass substrate 3 as
shown in FIGS. 9-10 (step 54). A third step involves assem-
bling the processed silicon and borosilicate glass wafer sub-
strates 2, 3 to fabricate the MCR 1 (step 56). Each of the
processed wafer substrates 2, 3 includes a portion of the CRC
4. The assembling step involves first, aligning corresponding
portions of the processed wafer substrates 2, 3 to appropri-
ately position the metallic electrodes 15, 16 and then, joining
the aligned processed wafer substrates 2, 3.

The starting silicon and borosilicate glass wafer substrates
are available from a variety of commercial sources. Suitable
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silicon wafer substrates include conventional silicon wafers
that are readily available from commercial sources well-
known to those of skill in the art. The borosilicate glass wafer
substrate is made of a temperature resistant glass that does not
crack when heated to temperatures above 400° C. Preferably,
the glass includes a significant density of incorporated
sodium. Exemplary borosilicate glass wafer substrates have a
composition of about 81% SiO,, about 4.0% Na,O, about
0.5% K,0, about 0.5% 13.0% B,0,, and about 2.0% Al,O,.
Borosilicate glass wafer substrates are sold by University
Wafer, 66 N Street Unit #9, South Boston, Mass. 02127 USA
and Prazisions Glas & Optik GmbH, Hegestuck 11 D-58640
Iserlohn, Germany.

Referring to FIGS. 6A and 7-8, step 52 for producing a
structure in a silicon wafer substrate includes performing a
sequence of sub-steps A-D. The sub-step A involves perform-
ing a mask-controlled deep reactive ion etch (DRIE) to form
adeep via or trench (DV) for the CRC 4 on the frontside of the
silicon wafer substrate. Techniques for performing DRIEs in
silicon wafers are well-known in the art. For example, DRIEs
are described in U.S. Pat. No. 5,589,136 and U.S. patent
application Ser. No. 10/444,578, which was filed May 23,
2003 by C. -S. Pai et al, this patent and patent application are
incorporated herein by reference in their entirety. The DRIE
may, e.g., be controlled by a hard mask formed of about 100
nm of aluminum nitride (AIN) on about 100 nm of silicon
dioxide. Such a hard mask provides a high selectivity during
the DRIE and is typically easy to remove from the silicon
wafer substrate after the DRIE. The formation of the hard
mask includes depositing the SiO, layer on the wafer sub-
strate via a conventional TEOS-based process, forming the
AIN layer on the deposited SiO,, lithographically producing
a resist mask on the AIN layer, dry etching the AIN and SiO,
layers, and stripping off the resist mask. The sub-step B
involves depositing a protective layer on the frontside of the
silicon wafer substrate, e.g., a thick layer of photo resist and
then, flipping the silicon wafer substrate and aligning its
backside for subsequent processing. The sub-step C involves
performing a mask-controlled backside DRIE of the silicon
wafer substrate to produce cross-wafer vias (CWVs) therein.
The backside DRIE may also be controlled by a hard mask of
the type already described, i.e., a mask formed by an AIN
layer on a SiO, layer. Some of the cross-wafer visa (CWVs)
provide the input ports 8 and output port 9 to the CRC 4.
Others of the cross-wafer vias (CWVs) are windows that will
provide electrical access to the contact pads 22 of the metallic
electrodes 15, 16 located on the processed borosilicate glass
wafer substrate 3. The sub-step D also involves stripping
away the protective resist layer from the finally processed
silicon wafer substrate 2 via a conventional process, e.g., a
reactive ion etch or a wet etch with HF.

In some embodiments, the cross-wafer vias (CVWs) may
be fabricated prior to fabrication the trench for the CRC 4,
e.g., by inverting the order of sub-steps A and C and depos-
iting the protective layer on the frontside of the silicon wafer
substrate the at sub-step B.

Referring to FIGS. 6B and 9-10, the step 54 for fabricating
the structure on the borosilicate glass wafer substrate also
involves a sequence of sub-steps E-J. The sub-step E involves
performing a conventional metal deposition to produce a film
of about 100-1,000 nanometers (nm) of metal on the planar
top surface 6 of the borosilicate glass wafer. The metal film
includes, e.g., platinum, tungsten, copper, gold, aluminum,
and/or silver. The sub-step F involves depositing on the metal
film and then, lithographically patterning, and developing a
layer of, at least, 300 nm of photo resist. The developed layer
of'photo resist forms a patterned protective mask for the metal
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film. The sub-step G involves performing a conventional dry
or wet etch of the metal film and then, performing a conven-
tional reactive ion etch (RIE) to strip oft the photo resist mask.
The etch produces interleaved metal electrodes 15, 16 on the
top surface 6 of the borosilicate glass wafer, wherein the
interleaved members of the electrodes 15, 16 are closely
spaced to produce of electric fields of high intensity in
response to applied electric potentials of about 1-10 volts. The
sub-step H includes depositing a dielectric layer over the
inter-digitized portions of the electrodes 15, 16. The sub-step
1 involves depositing, lithographically patterning, and devel-
oping a layer of photo resist on the dielectric layer. The
developed photo resist is a patterned mask for controlling an
etch of the dielectric layer. The sub-step J involves perform-
ing a conventional dry or wet etch to remove unprotected
portions of the dielectric layer and then, stripping off the
remainder of the photo resist mask. This etch forms the elec-
trically insulating dielectric layer 20 on the electrodes 15, 16.

Referring to FIGS. 6C and 10, the step 56 of assembling the
processed silicon and borosilicate glass wafer substrates 2, 3
involves performing a sequence of sub-steps K-M to produce
the MCR 1 as shown in FIG. 1. The sub-step K involves
optically aligning the processed silicon and silica glass wafer
substrates 2, 3 such that the metallic electrodes 15, 16 are
aligned to be located along the bottom of the via or trench for
the CRC 4 and such that the contact pads of the electrodes 15,
16 are exposed through ones of the cross-wafer vias (CWVs)
in the processed silicon wafer substrate 2. The alignment
sub-step K may, e.g., use optical alignment marks on the
processed silicon and borosilicate glass wafer substrates 2, 3.
The alignment marks on the processed silicon wafer substrate
2 are viewed through the processed borosilicate glass wafer
substrate 3 during the alignment step. The sub-step L involves
performing an anodic bonding of the processed silicon and
borosilicate glass wafer substrates 2, 3. In anodic bonding, the
two processed wafer substrates 2, 3 are clamped and placed
between metal anodizing electrodes. Then, a DC voltage of
more than about 1000 volts is applied across the anodizing
electrodes. The high applied voltage heats the portions of the
surfaces of the wafer substrates 2, 3 that are in physical
contact to about 450° C. or higher. Higher bonding tempera-
tures may produce better bonding strengths, but the higher
temperatures typically require special metals for the metallic
electrodes 15, 16, e.g., tungsten and/or platinum. The high
produced temperature displaces sodium ions from the con-
tacting portions of the processed borosilicate glass wafer
substrate 3 into the processed silicon watfer substrate 2. The
displacement of sodium makes the borosilicate glass top sur-
face 6 reactive thereby forming a chemical bond between the
two processed wafer substrates 2, 3 after several minutes of
heating, e.g., 2-10 minutes of heating at about 450° C. should
suffice. The final sub-step M involves forming conventional
wire bond connections to the pads 22 of the interleaved metal-
lic electrodes 15, 16 through access windows, i.e., CWVs, in
the processed silicon wafer substrate 2.

FIG. 11 shows a stacked structure 60 that includes more
than two planar wafer substrates and multiple CRCs 4. The
stacked structure 60 includes a stack of processed silicon
wafer substrates 61, 62, 63, . . . 64. At the interface between
each adjacent pair of the silicon wafer substrates, i.e., pair
(61, 62), pair (62, 63), etc., there is one CRC 4. Each CRC 4
includes a pair of interleaved and closely spaced metallic
electrodes 15, 16, wherein thin insulating dielectric layers 20
cover the metallic electrodes 15, 16. The metallic electrodes
15, 16 are configured to produce electric fields of high inten-
sity in the associated ones of the CRCs 4 in response to small
applied electric potentials, e.g., a few volts. Each of the CRCs
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4 is aligned to share the common gas input ports 8 and a
common byproduct output port 9. The stacked structure 60
can provide an increased processing rate of a reactive gas over
the processing rate obtainable in similar structures having
only a single CRC therein, e.g., as in the MCRs 1 of FIGS.
1-3.

In light of the above-description of method 50, one of skill
in the art would be able to easily fabricate the stacked struc-
ture 60 of FIG. 11. Exemplary fabrication methods for the
stacked structure 60, involve first processing the silicon wafer
substrates 61, 62, . . . 64 to produce trenches for the CRCs 4
and cross-wafer vias for the gas input ports and byproduct
output port therein and also involve forming insulated pairs of
metallic electrodes 15, 16 thereon. The fabrication methods
also involve assembling the processed silicon wafer sub-
strates 61, 62, . . . 64 to form the final stacked structure 60,
wherein the assembling includes aligning and surface-joining
the wafer substrates 61, 62, . . . 64. For the silicon wafer
substrates 61, 62 . . . 64, the surface joining may be done by a
fusion bonding process. In a fusion bonding process, a stack
of silicon wafer substrates 61, 62, . . . 64 are brought into
intimate contact by applying a high contact force to the stack.
Once in intimate contact, Van der Waals forces should bond
the processed silicon wafer substrates 61, 62, . . . 64 together
firmly enough for handling. The bonded silicon wafers 61,
62, . . . should be annealed in a high temperature oven to
produce a chemical bond between adjacent ones of the wafer
substrates. A candidate anneal might be at about 1,000° C. for
about 2 hours or at about 450° C. for much longer, e.g., 20
hours.

The fusion bond strength may also be improved by treating
the processed silicon wafer substrates 61, 62, . . . 64 prior to
performing the fusion bonding. A conventional treatment
involves annealing silicon wafer substrates at about 450° C.
for about 18 hours or at about 1000° C. for about 2 hours
under a nitrogen atmosphere or annealing the silicon wafer
substrates at 800° C. for about 30 minutes if they have p+
diffusion etch stop layers therein. Treatments for increasing
fusion bonding strengths are, e.g., described in the article
“Silicon fusion bonding and its characterization”, by Chris-
tine Harendt et al, J. Micromech. Microeng. 2 (1992) pages
113-116. This article is incorporated by reference herein in its
entirety.

Other embodiments of MCRs 1 may be formed using wafer
substrates made from different dielectrics and/or semicon-
ductors.

From the disclosure, drawings, and claims, other embodi-
ments of the invention will be apparent to those skilled in the
art.

What is claimed is:

1. A chemical reactor, comprising:

two or more substrates joined along planar surfaces
thereof, each substrate comprising dielectric or semi-
conductor;

a chemical reaction chamber formed between the sub-
strates, the chemical reaction chamber having a hollow
interior and

apair of electrodes located on one of the substrates along a
wall of the chamber, the chamber having one or more
input ports to transport a gas into the hollow interior and
an output port to transport a byproduct out of the hollow
interior, and further comprising a chemical catalyst
being on a portion of a wall of the chamber and being
exposed to the hollow interior.

2. A chemical reactor, of claim 1: wherein the pair of

electrodes are separated by about 0.1 to 1 microns.



US 7,780,813 B2

9

3. The chemical reactor of claim 1, wherein the electrodes
are insulated from the hollow interior by a dielectric coating.

4. The chemical reactor of claim 1, wherein the substrates
are chemically bonded together along surfaces thereof.

5. The chemical reactor of claim 1, wherein the chamber
comprises a plurality of physical flow obstructions positioned
to cause a flowing gas to mix.

6. The chemical reactor of claim 1, wherein the reaction
chamber is a planar structure.

7. The chemical reactor of claim 1, further comprising:

a third substrate being joined to a surface of a first of the
two substrates and comprising dielectric or semiconduc-
tor, the first of the two substrates being located between
the third substrate and the second of the two substrates;
and

a second chemical reaction chamber being between the
third substrate and the first of the two substrates and
having a second hollow interior, a pair of electrodes
being along a wall of the second chamber and on one of
the third substrate and the first of the two substrates, the
second chamber having an input port to transport a gas
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into the second interior and an output port to transport a
byproduct out of the second interior.

8. The chemical reactor of claim 7, wherein the chemical
reaction chamber and second chemical reaction chamber are
stacked so as to share a common input port and a common
output port.

9. The chemical reactor of claim 1, further comprising an
AC voltage source connected across the electrodes and con-
figured to drive the electrodes at a near-resonant frequency.

10. The chemical reactor of claim 1, further comprising an
impedance monitor connected to monitor of the impedance of
the electrodes.

11. The chemical reactor of claim 1, wherein the pair of
electrodes are inter-digitized or interleaved with each other.

12. The chemical reactor of claim 1, wherein the pair of
electrodes are part of an RLC circuit.

13. The chemical reactor of claim 1, wherein the chemical
reaction chamber is configured to generate ions or free radi-
cals in the gas.



