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1
COUPLED TRANSMISSION LINE RESONATE RF FILTER
TECHNICAL FIELD OF THE INVENTION

The present invention relates to creating impedance matching between RF devices on

the same substrate. Coupled Transmission Line Resonate Filter
BACKGROUND OF THE INVENTION

Without limiting the scope of the invention, its background is described in connection

with impedance matching.

One such example is taught in U.S. Patent No. 9,819,991, issued to Rajagopalan, et
al., entitled “Adaptive impedance matching interface”. These inventors are said to teach a
device that includes a data interface connector, an application processor, and interface
circuitry. Interface circuitry is said to be coupled between the application processor and the
data interface connector, in which the data interface circuitry determines a change in a signal
property of one of the signals, the change being caused by an impedance mismatch between
the data interface connector and a media consumption device. The application processor is
said to adjust the signal property of a subsequent one of the signals, in response to the signal
property setting from the interface circuitry, to obtain an adjusted signal, or can send the

adjusted signal to the media consumption device.

Another such example is taught in U.S. Patent No. 9,755,305, issued to Desclos, et al.,
and entitled “Active antenna adapted for impedance matching and band switching using a
shared component”. Briefly, these inventors are said to teach an active antenna and
associated circuit topology that is adapted to provide active impedance matching and band
switching of the antenna using a shared tunable component, e.g., using a shared tunable
component, such as a tunable capacitor or other tunable component. The antenna is said to
provide a low cost and effective active antenna solution, e.g., one or more passive
components can be further utilized to design band switching of the antenna from a first

frequency to a second desired frequency.
However, despite these advances, a need remains compact low loss RF devices.

SUMMARY OF THE INVENTION

In accordance with an aspect of at least one embodiment, there is provided a method of
making a mechanically stabilized RF coupled interdigitated resonate device comprising:
providing a photosensitive glass substrate; masking a design layout comprising one or more
interdigitated structures to form one or more interdigitated resonators on the photosensitive

glass substrate; exposing at least one portion of the photosensitive glass substrate to an
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2

activating energy source; heating the photosensitive glass substrate above its glass transition
temperature for at least ten minutes; cooling the photosensitive glass substrate to transform
the at least one portion of the exposed glass to a crystalline material to form a glass-
crystalline substrate; etching the glass-crystalline substrate with an etchant solution to form a
glass mechanical support device from the photosensitive glass substrate; coating the one or
more interdigitated structures with one or more metals to form the one or more interdigitated
resonators; and forming a ground plane, an input line, and an output line with the one or more
metals, wherein the input line and the output line are configured to be connected to a
circuitry, wherein each interdigitated resonator is rectangular, and wherein adjacent

interdigitated resonators are configured and disposed to couple a signal.

In accordance with an aspect of at least one embodiment, there is provided a mechanically
stabilized RF coupled interdigitated resonate device comprising: a photosensitive glass
substrate; one or more interdigitated resonators formed on the photosensitive glass substrate by:
masking a design layout comprising one or more interdigitated structures to form one or more
interdigitated resonators on the photosensitive glass substrate; exposing at least one portion of
the photosensitive glass substrate to an activating energy source; heating the photosensitive
glass substrate above its glass transition temperature for at least ten minutes; cooling the
photosensitive glass substrate to transform the at least one portion of the exposed glass to a
crystalline material to form a glass-crystalline substrate; etching the glass-crystalline substrate
with an etchant solution to form a glass mechanical support device from the photosensitive
glass to provide mechanical stability for the one or more interdigitated resonators; coating the
one or more interdigitated structures with one or more metals to form the one or more
interdigitated resonators; and forming a ground plane, an input line, and an output line with
the one or more metals, wherein the input line and the output line are configured to be
connected to a circuitry, wherein each interdigitated resonator is rectangular, and wherein

adjacent interdigitated resonators are configured and disposed to couple a signal.

In one embodiment, the present invention includes a method of making a
mechanically stabilized RF coupled interdigitated resonate device comprising: masking a
design layout comprising one or more structures to form one or more interdigitated structures
with electrical conduction channels on a photosensitive glass substrate; exposing at least one
portion of the photosensitive glass substrate to an activating energy source; heating the
photosensitive glass substrate for at least ten minutes above its glass transition temperature;

cooling the photosensitive glass substrate to transform at least part of the exposed glass to a
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crystalline material to form a glass-crystalline substrate; etching the glass-crystalline
substrate with an etchant solution to form a mechanical support device; and coating the one
or more electrical conductive interdigitated transmission line, ground plane and input and
5  output channels with one or more metals, wherein the metal is connected to a circuitry. In

one aspect, the device is covered with a lid covering all or part of the external electrical
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isolation structure with a metal or metallic media further comprises connecting the metal or
metallic media to a ground. In another aspect, the RF filter line has mechanical and thermal
stabilization structure is under less than 50%, 40%, 35%, 30%, 25%, 20%, 10%, 5% or 1% of
the contact area of the RF interdigitated resonate structure. In another aspect, the
metallization forms a transmission line. In another aspect, the RF transmission line
interdigitated resonate [(ilter is a bandpass, low pass, high pass, or noich. In another aspect, a
metal line on the RF transmission line interdigitated resonate filter is comprised of titanium,
titanium-tungsten, chrome, copper, nickel, gold, palladium or silver. In another aspect, the
step of etching forms an air gap between the substrate and the RF interdigitated resonate
structure, wherein the interdigitated resonate structure is connected to other RF electronic
elements. In another aspect, the glass-crystalline substrate adjacent to the trenches may also
be converted to a ceramic phase. In another aspect, the one or more metals are selected from
Fe, Cu, Au, Ni, In, Ag, Pt, or Pd. In another aspect, the metal is connected to the circuitry
through a surface a buried contact, a blind via, a glass via, a straight line contact, a
rectangular contact, a polygonal contact, or a circular contact. In another aspect, the
photosensitive glass substrate is a glass substrate comprising a composition of: 60 - 76 weight
% silica; at least 3 weight % K20 with 6 weight % - 16 weight % of a combination of K20
and Na20; 0.003-1 weight % of at least one oxide selected from the group consisting of
Ag20 andAu20; 0.003-2 weight % Cu20; 0.75 weight % - 7 weight %B203, and 6 - 7
weight % Al203; with the combination of B203; and Al203 not exceeding 13 weight %, 8-
15 weight % Li20; and 0.001 — 0.1 weight % CeO2. In another aspect, the photosensitive
glass substrate is a glass substrate comprising a composition of: 35 - 76 weight % silica, 3- 16
weight % K20, 0.003-1 weight % Ag20, 8-15 weight % Li20, and 0.001 — 0.1 weight %
Ce02. In another aspect, the photosensitive glass substrate is at least one of: a photo-
definable glass substrate comprises at least 0.1 weight % Sb203 or As203; a photo-definable
glass substrate comprises 0.003-1 weight % Au20; a photo-definable glass substrate
comprises 1-18 weight % of an oxide selected from the group consisting of Ca0O, ZnO, PbO,
MgO, SrO and BaO; and optionally has an anisotropic-etch ratio of exposed portion to said
unexposed portion is at least one of 10-20:1; 21-29:1; 30-45:1; 20-40:1; 41-45:1; and 30-
50:1. In another aspect, the photosensitive glass substrate is a photosensitive glass ceramic
composite substrate comprising at least one of silica, lithium oxide, aluminum oxide, or
cerium oxide. In another aspect, the RF transmission has a loss of less than 50, 40, 30, 25,
20, 15, or 10% of the signal input versus a signal output. In another aspect, the method
further comprises forming the RF mechanically and thermally stabilized interdigitated
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resonate structure into a feature of at least one of a bandpass, low pass, high pass, or notch

filter.

In another embodiment, the present invention includes a mechanically stabilized RF
coupled interdigitated resonate device made by a method comprising: masking a design
layout comprising one or more structures to form one or more interdigitated structures with
electrical conduction channels on a photosensitive glass substrate; exposing at least one
portion of the photosensitive glass substrate to an activating energy source; heating the
photosensitive glass substrate for at least ten minutes above its glass transition temperature;
cooling the photosensitive glass substrate to transform at least part of the exposed glass to a
crystalline material to form a glass-crystalline substrate; etching the glass-crystalline
substrate with an etchant solution to form a mechanical support device; coating the one or
more electrical conductive interdigitated transmission line, ground plane and input and output
channels with one or more metals; and coating all or part of the one or more electrical
conductive interdigitated transmission line with a metallic media, wherein the metal is
connected to a circuitry. In one aspect, the device is covered with a lid coating of all or part
of the external electrical isolation structure with a metal or metallic media further comprises
connecting the metal or metallic media to a ground. In another aspect, the RF filter line has
mechanical and thermal stabilization structure is under less than 50%, 40%, 35%, 30%, 25%,
20%, 10%, 5% or 1% of the contact area of the RF interdigitated resonate structure. In
another aspect, the metallization forms a transmission line. In another aspect, the RF
transmission line interdigitated resonate filter is a bandpass, low pass, high pass, or notch. In
another aspect, a metal line on the RF transmission line interdigitated resonate filter is
comprised of titanium, titanium-tungsten, chrome, copper, nickel, gold, palladium or silver.
In another aspect, the step of etching forms an air gap between the substrate and the RF
interdigitated resonate structure, wherein the interdigitated resonate structure is connected to
other RF electronic elements. In another aspect, the glass-crystalline substrate adjacent to the
trenches may also be converted to a ceramic phase. In another aspect, the one or more metals

are selected from Fe, Cu, Au, Ni, In, Ag, Pt, or Pd.
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and advantages of the present
invention, reference is now made to the detailed description of the invention along with the

accompanying figures and in which:
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FIGS. 1A and 1C show the lid and bottom view of a compact resonate 28 GHz
bandpass filter. FIG. 1A shows resonate interdigitated 28 GHz bandpass filter. FIG. 1B
shows the lid for a resonate interdigitated 28 GHz bandpass filter. FIG. 1C shows the
assembled resonate interdigitated 28 GHz bandpass filter. External Dimensions of 6.6 (1) x

3.0 (w)x 0.7 (hymm3.

FIG. 2 shows the simulated performance of the 28Ghz resonate interdigitated
bandpass filter.

FIGS. 3A and 3B show a theoretical structure of a compact resonate bandpass filter
prototype. FIG 3A shows a symmetric resonate interdigitated Coupled Transmission Line
Resonator Filter. FIG 3B shows an asymmetric resonate interdigitated Coupled Transmission

Line Resonator (ICTLR) Filter.
FIG. 4 shows the bottom of the ICTLR filter with the ground plane and 1I/0 via.
FIG. 5 shows the structure of the ICLTR filter prior to the coating step.
FIG. 6 shows a bottom view of the lid/top for the interdigitated RF filter.
FIG. 7 shows the lid of the 28 GHz interdigitated RF filter.
FIG. 8 shows a flowchart of the method of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

While the making and using of various embodiments of the present invention are
discussed in detail below, it should be appreciated that the present invention provides many
applicable inventive concepts that can be embodied in a wide variety of specific contexts.
The specific embodiments discussed herein are merely illustrative of specific ways to make

and use the invention and do not delimit the scope of the invention.

To facilitate the understanding of this invention, a number of terms are defined below.
Terms defined herein have meanings as commonly understood by a person of ordinary skill
in the areas relevant to the present invention. Terms such as “a”, “an™ and “the” are not
intended to refer to only a singular entity, but include the general class of which a specific
example may be used for illustration. The terminology herein is used to describe specific
embodiments of the invention, but their usage does not limit the invention, except as outlined

in the claims.

The present invention relates to creating a compact 50 Ohm resonate filter RF.

Compact low loss RF filters are a critical element for compact high efficiency RF
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communication systems. Compact low loss RF devices are the comerstone technological

requirement for future RF systems particularly for portable systems.

Photosensitive glass structures have been suggested for a number of micromachining
and microfabrication processes such as integrated electronic elements in conjunction with
other elements systems or subsystems. Semiconductor microfabrication using thin film
additive processes on semiconductor, insulating or conductive substrates is expensive with
low yield and a high variability in performance. An example of additive micro-transmission
can be seen in articles Semiconductor Microfabrication Processes by Tian et al. rely on
expensive capital equipment; photolithography and reactive ion etching or ion beam milling
tools that generally cost in excess of one million dollars each and require an ultra-clean, high-
production silicon fabrication facility costing millions to billions more. This invention
provides a cost effective glass ceramic electronic individual device or as an array of passive

devices for a uniform response for RF frequencies with low loss.

FIGS. 1A and 1B show the coupled Transmission Line Resonate filter lid and bottom
view of a compact 28 GHz RF bandpass filter that shows certain exemplary but not limiting
dimensions. FIG. 1A shows an isometric bottom view of the RF bandpass filter 10 that
includes the interdigitating metal portions 12a-12e, separated by openings 14a-14g.
Electrical contacts or outputs 16a, 16b, are also depicted. The external dimensions of the
bandpass filter are: 6.6 (1) x 3.0 (w) x 0.7 (h) mm3. FIG. 1B shows an isometric view of a lid
20 that includes an opening formed in the lid into which the RF bandpass filter 10 is inserted.
FIG. 1C shows the complete assembly 30, including contacts 16A and 16B. FIG. 2 shows the
simulated performance of the 28Ghz resonate interdigitated bandpass filter of the present

invention.

FIGS. 3A and 3B show a theoretical structure of a compact resonate bandpass filter.
FIG 3A shows a symmetric resonate Interdigitated Coupled Transmission Line Resonator
Filter (ICTLRF) 40 in which the resonators structures 1, 2, 3, 5, 6 are shown having the same
width, having a length L, which are separated by spaces or openings 42a-42e, and outputs
44a, 44b. FIG 3B shows an asymmetric resonate interdigitated Coupled Transmission Line
Resonator Filter50 in which the resonators structures 1, 2, 3, 5, 6 are shown having the
varying widths, having a length L, which are separated by spaces or openings 42a-42e, and
outputs 44a, 44b..

The interdigitated resonate RF filter is one of the most compact filter structures. This

1s because the resonators structures are on the side length L, where L is equal to 4 % where A
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is the center frequency filter. The filter configuration shown in FIGS. 3A and 3B includes of
an array of n TEM mode or quasi-TEM- mode resonate transmission line. In FIGS. 3A and
3B each element has an electrical length 90° at center frequency relative to its adjacent
element. In general, the physical dimensions of the line elements or the resonators can be the
same or may be different depending on the intent of the design. For the bandpass filter
designed and manulactured herein uses the same spacing. The coupling of the signal is
achieved by the way of the fields fringing interacting with the adjacent resonators lines. The
separation between the lines/resonators is given by Sit+1fori=0... n-1. The number of poles
for the filter is given by Sit+lelements. The design of the bandpass filter shown in FIG. 1A is
a 6-pole filter, but the skilled artisan will understand that the number can be 2, 3,4, 5, 6, 7, 8,
9, 10, 11, 12 or more pole filters depending on the specific design needs. Increasing the
number of poles will increase the rise and fall rate of the filter but will also increase the
insertion loss. The insertion loss will increase by about 0.2 dB for every additional pole
added to the filter. The filter design shown in FIG. 1A and its associated design performance
shown in FIG. 2 has an insertion loss of ~2 dB and a stop band and rates of cutoff of 60 dB in
2.5 GHz. These performance attributes can be simply modified by changing the filter design.
What cannot be changed for this type of filter is the requirement to have a low loss dielectric
material (such as air or vacuum) surrounding the resonate elements and for the resonate
elements to me mechanically ridged with smooth surfaces. If the resonate elements bend, or
distort during operation from heat, vibration or other sources then the filter’s performance is

severely degraded.

Traditional interdigitated band pass filters are compact relative to other forms of RF
filters with relaxed tolerances using traditional machining and finishing techniques because
of the relatively large spacing between resonator elements. Precision machining metal and
electropolished for surface finish easily produce self-supporting resonate elements that have
no supporting dielectric material. Using traditional thin film or additive manufacturing
technology produce resonate elements that are not mechanically or dimensionally stable.
This mechanical or dimensional instability forced the use of a solid dielectric substrate, such
as quartz to produce resonate elements for a filter creating large insertion losses well in
excess of 10 dB. This level of loss has precluded the use of a resonate interdigitated

transmission line band pass filters in commercial markets.

Wo is the width of characteristic impedance, W is the width of resonator, Ki is the

coupling efficiency Si-1 is the space between resonator, and L is the length of resonator.
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The present invention includes a method of making a mechanically stabilized RF
coupled interdigitated resonate device comprising: masking a design layout comprising one
or more structures to form one or more interdigitated structures with electrical conduction
channels on a photosensitive glass substrate; exposing at least one portion of the
photosensitive glass substrate to an activating energy source; heating the photosensitive glass
substrate for at least ten minutes above its glass transition lemperature; cooling the
photosensitive glass substrate to transform at least part of the exposed glass to a crystalline
material to form a glass-crystalline substrate; etching the glass-crystalline substrate with an
etchant solution to form a mechanical support device; and coating the one or more electrical
conductive interdigitated transmission line, ground plane and input and output channels with
one or more metals, wherein the metal is connected to a circuitry. The device can be covered
with a lid covering all or part of the external electrical isolation structure with a metal or
metallic media further comprises connecting the metal or metallic media to a ground. The RF
filter line has mechanical and thermal stabilization structure is under less than 50%, 40%,
35%, 30%, 25%, 20%, 10%, 5% or 1% of the contact area of the RF interdigitated resonate
structure. The metallization forms a transmission line, e.g., the RF transmission line that is
an interdigitated resonate filter is a bandpass, low pass, high pass, or notch. A metal line on
the RF transmission line interdigitated resonate filter is comprised of titanium, titanium-
tungsten, chrome, copper, nickel, gold, palladium or silver. In another aspect, the step of
etching forms an air gap between the substrate and the RF interdigitated resonate structure,
wherein the interdigitated resonate structure is connected to other RF electronic elementsThe
glass-crystalline substrate adjacent to the trenches may also be converted to a ceramic phase.
The one or more metals are selected from Fe, Cu, Au, Ni, In, Ag, Pt, or Pd. The metal can be
connected to the circuitry through a surface a buried contact, a blind via, a glass via, a straight
line contact, a rectangular contact, a polygonal contact, or a circular contact. The
photosensitive glass substrate is a glass substrate comprising a composition of: 60 - 76 weight
% silica; at least 3 weight % K20 with 6 weight % - 16 weight % of a combination of K20
and Na20; 0.003-1 weight % of at least one oxide selected from the group consisting of
Ag20 andAu20; 0.003-2 weight % Cu20; 0.75 weight % - 7 weight %B203, and 6 - 7
weight % Al203; with the combination of B203; and Al203 not exceeding 13 weight %; 8-
15 weight % Li20; and 0.001 — 0.1 weight % Ce02. The photosensitive glass substrate is a
glass substrate comprising a composition of: 35 - 76 weight % silica, 3- 16 weight % K20,
0.003-1 weight % Ag20, 8-15 weight % Li20, and 0.001 — 0.1 weight % CeO2. The

photosensitive glass substrate is at least one of: a photo-definable glass substrate comprises at
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least 0.1 weight % Sb203 or As203; a photo-definable glass substrate comprises 0.003-1
weight % Au20; a photo-definable glass substrate comprises 1-18 weight % of an oxide
selected from the group consisting of Ca0, ZnO, PbO, MgO, SrO and BaO; and optionally
has an anisotropic-etch ratio of exposed portion to said unexposed portion is at least one of
10-20:1; 21-29:1; 30-45:1; 20-40:1; 41-45:1; and 30-50:1. Tthe photosensitive glass
substrate is a photosensitive glass ceramic composile substrate comprising at least one of
silica, lithium oxide, aluminum oxide, or cerium oxide. The RF transmission has a loss of
less than 50, 40, 30, 25, 20, 15, or 10% of the signal input versus a signal output. The
method may further include forming the RF mechanically and thermally stabilized
interdigitated resonate structure into a feature of at least one of a bandpass, low pass, high

pass, or notch filter.

The present invention includes a method to fabricate to compact RF interdigitated
resonate band pass filters in a photodefinable glass ceramic substrate. To produce the present
invention the inventors developed a glass ceramic (APEX® Glass ceramic) as a novel
packaging and substrate material for semiconductors, RF electronics, microwave electronics,
and optical imaging. APEX® Glass ceramic is processed using first generation
semiconductor equipment in a simple three step process and the final material can be
fashioned into either glass, ceramic, or contain regions of both glass and ceramic. Photo-
etchable glasses have several advantages for the fabrication of a wide variety of

microsystems components.

Microstructures have been produced relatively inexpensively with these glasses using
conventional semiconductor processing equipment. In general, glasses have high temperature
stability, good mechanical and electrically properties, and have better chemical resistance
than plastics and many metals. Photoetchable glass is comprised of lithium-aluminum-silicate
glass containing traces of silver ions. When exposed to UV-light within the absorption band
of ceriumoxide, the ceriumoxide acts as sensitizers, absorbing a photon and losing an electron

that reduces neighboring silver oxide to form silver atoms, e.g.,
Ce3++Ag+= Ced++Ag0

The silver atoms coalesce into silver nanoclusters during the baking process and
induce nucleation sites for crystallization of the surrounding glass. If exposed to UV light
through a mask, only the exposed regions of the glass will crystallize during subsequent heat

treatment.
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This heat treatment must be performed at a temperature near the glass transformation
temperature (e.g. Greater than 465°C. in air). The crystalline phase is more soluble in
etchants, such as hydrofluoric acid (HF), than the unexposed vitreous, amorphous regions.
The crystalline regions etched greater than 20 times faster than the amorphous regions in
10%HF, enabling microstructures with wall slopes ratios of about 20:1 when the exposed
regions are removed. See T.R. Dietrichetal, "Fabrication Technologies [or Microsystems

utilizing Photoetchable Glass™, Microelectronic Engineering 30,497 (1996).

In general, photoetchable glass and is composed of silicon oxide (S102) of 75-85% by
weight, lithium oxide (Li20) of 7-11% by weight, aluminum oxide (AI203) of 3-6% by
weight, sodium oxide (Na20) of 1-2% by weight, 0.2-0.5% by weight antimonium trioxide
(§b203) or arsenic oxide (As203), silver oxide (Ag20) of 0.05-0.15% by weight, and cerium
oxide (CeO2) of 0.01- 0.04% by weight. As used herein the terms “APEX® Glass ceramic™,
“APEX glass” or simply “APEX” is used to denote one embodiment of the glass ceramic

composition of the present invention.

The APEX composition provides three main mechanisms for its enhanced
performance: (1) The higher amount of silver leads to the formation of smaller ceramic
crystals which are etched faster at the grain boundaries, (2) the decrease in silica content (the
main constituent etched by the HF acid) decreases the undesired etching of unexposed
material, and (3) the higher total weight percent of the alkali metals and boronoxide produces

a much more homogeneous glass during manufacturing.

The present invention includes a method for fabricating a low loss RF Filter structure
in APEX Glass structure for use in forming interdigitated structures with mechanical
stabilization and electrical isolation in a glass ceramic material used. The present invention
includes interdigitated structures to create in multiple planes of a glass-ceramic substrate,
such process employing the (a) exposure to excitation energy such that the exposure occurs at
various angles by either altering the orientation of the substrate or of the energy source, (b) a
bake step and (c) an etch step. Interdigitate can be either symmetric or asymmetric. The
mechanically stabilized interdigitated structures are difficult, if not infeasible to create in
most glass, ceramic or silicon substrates. The present invention has created the capability to
create such structures in both the vertical as well as horizontal plane for glass-ceramic

substrates.

Ceramicization of the glass is accomplished by exposing a region of the APEX Glass

substrate to approximately 20J/cm2 of 310nm light. In one embodiment, the present
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invention provides a quartz/chrome mask containing a variety of concentric circles with

different diameters.

The present invention includes a method for fabricating a compact efficient RF filters
using mechanically stabilized interdigitated resonate structures connect different electronic
devices fabricated in or attached to the photosensitive glass. The photosensitive glass
substrate can have a wide number of compositional variations including but not limited to: 60
- 76 weight % silica; at least 3 weight % K20 with 6 weight % - 16 weight % of a
combination of K20 and Na20; 0.003-1 weight % of at least one oxide selected from the
group consisting of Ag20 and Au20; 0.003-2 weight % Cu20; 0.75 weight % - 7 weight %
B203, and 6 - 7 weight % Al203; with the combination of B203; and Al203 not exceeding
13 weight %, 8-15 weight % Li20; and 0.001 — 0.1 weight % CeO2. This and other varied

compositions are generally referred to as the APEX glass.

The exposed portion may be transformed into a crystalline material by heating the
glass substrate to a temperature near the glass transformation temperature. When etching the
glass substrate in an etchant such as hydrofluoric (HF) acid, the anisotropic-etch ratio of the
exposed portion to the unexposed portion is at least 30:1 when the glass is exposed to a broad
spectrum mid-ultraviolet (about 308-312nm) flood lamp to provide a shaped glass structure
that have an aspect ratio of at least 30:1, and to provide a lens shaped glass structure. The
exposed glass is then baked typically in a two-step process. Temperature range heated
between of 420°C-520°C for between 10 minutes to 2 hours, for the coalescing of silver ions
into silver nanoparticles and temperature range heated between 520°C-620°C for between 10
minutes and 2 hours allowing the lithiumoxide to form around the silver nanoparticles. The
glass plate is then etched. The glass substrate is etched in an etchant, of HF solution,
typically 5% to 10% by volume, where in the etch ratio of exposed portion to that of the
unexposed portion is at least 30:1. Create the mechanically and thermally stabilized
interdigitated resonate structure through thin film additive and subtractive processes requires

the general processing approach.

FIG. 4 shows the bottom 60 of the interdigitated Coupled Transmission Line
Resonator Filter (ICTLRF) with the ground plane vias 64, and 1/O vias 62a and 62b. A
method of making the ICTLRF starts with a lap and polished photodefinable glass. There are
many REF filter die on a single wafer the specific number of die are a function of the wafer
diameter. The substrate is 6 in diameter is exposed with approximately 20J/cm2 of 310nm
light. The photo mask has a pattern of through hole via that are 50 um in diameter 500 pm

apart center-to-center and 300 um in from the exterior of the die on the wafer.
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The wafer is then annealed at temperature range heated between of 420°C-520°C for
between 10 minutes to 2 hours, for the coalescing of silver ions into silver nanoparticles and
temperature range heated between 520°C-620°C for between 10 minutes and 2 hours
allowing the lithium oxide to form around the silver nanoparticles. The wafer is then cooled
and placed into an HF bath to etch the ceramic portion of the wafer. The wafer is then placed
into a CVD deposition system for a deposition between 200 A and 10,000 A thick of
titanium. The wafer is then coated with a photoresist and the via pattern is exposed and
developed. The wafer is then placed into a copper-electroplating bath where between 25um
and 35um of copper are deposited. The photoresist is then removed lifting off the majority of
the cooper and leaving the cooper filled via. The wafer is then lapped and polished to remove

any excess copper and planarize the surface of the glass and cooper filled via.

The wafer is then exposed with approximately 20J/cm2 of 310nm light to a photo
mask consisting of a rectangular pattern of ~5.3mm by 2.2mm of exposed glass 74 separated
with two parallel lines 72 (150 pm wide) of unexposed glass that are approximately 200 pm
from the edge of the rectangle pattern. The 150um wide glass structure is the mechanical and
thermal stabilization element for the interdigitated resonate structure. The contact area
between the interdigitated resonate and glass stabilization structure represents about 2% of
the surface area contact to the final metal interdigitated resonate structure. The greater the
stabilization structure, the higher the RF losses. As such we elect not to make the
stabilization structure greater than 50% of the contact area of the interdigitated resonate
structure and preferably less than 1%. Less than 1% is achievable with 3DGS’ technology, as
we have demonstrated 7um diameter pedestals that are over 400pum high further reducing the
insertion loss from 2.2 dB for the 6-pole bandpass filter demonstrated in FIG 3.

The wafer is then annealed under an inert gas (e.g., Argon) at temperature range
heated between of 420°C-520°C for between 10 minutes to 2 hours, for the coalescing of
silver ions into silver nanoparticles and temperature range heated between 520°C-620°C for
between 10 minutes and 2 hours allowing the lithium oxide to form around the silver
nanoparticles. The wafer is then cooled and coated with photoresist and expose to the
interdigitated resonate and ground plane pattern. The wafer with the interdigitated
transmission line resonate pattern and ground plane (front and backside metallization
connected by through glass via) and electrical contact pads are patterned in the photoresist, is
then coated with 200 A and 10,000 A thick of titanium using CVD. The wafer is then placed
into a copper electroplating bath where cooper is deposited at a thickness between 0.5 pm and

10 um. The photoresist is then removed leaving the cooper coated titanium interdigitated
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transmission line resonate structure and ground plane and any unwanted remaining seed layer

is removed using any number of well-established techniques.

The ceramic portion of the exposed/converted glass is then etched away using 10%
HF solution leaving the interdigitated, ground plane and input and output structures. The

wafer is then rinsed and dried using DI water and IPA.

FIG. 5 shows the bottom 60 of the interdigitated Coupled Transmission Line
Resonator Filter (ICTLRF) with the ground plane vias 64, and 1/0 vias 62a and 62b, and also
depicts the portions of the glass that is unexposed glass 72, and exposed glass 74.

FIG. 6 shows the final interdigitated Coupled Transmission Line Resonator Filter 80
(before adding the lid) with the ground plane vias 64, and I/O vias 62a and 62b, the metal
ground plate 82 (which can be, e.g., copper, gold, silver, aluminum, or alloys), the
interdigitating structures 84 and also depicts the portions of the glass that provide structural
support for the interdigitating structures 84, in addition to the openings between the

interdigitating structures 84.

FIG. 7 shows a bottom view of the lid/top 90 for the interdigitated RF filter that
includes an opening 92 and can include both a backside metal ground plane 94 and front side
metal ground plane 96. The method of making the interdigitated RF filter starts with a lap
and polished photodefinable glass. There are many RF filter die on a single wafer the
specific number of die are a function of the wafer diameter. The substrate is 6™ in diameter is
exposed with approximately 20J/cm2 of 310nm light. The photo mask has a pattern of
through hole via that are 50 um in diameter 500 pm apart center to center and 300 um in

from the exterior of the die on the wafer.

The wafer is then annealed at temperature range heated between of 420°C-520°C for
between 10 minutes to 2 hours, for the coalescing of silver ions into silver nanoparticles and
temperature range heated between 520°C-620°C for between 10 minutes and 2 hours
allowing the lithium oxide to form around the silver nanoparticles. The wafer is then cooled
and placed into a 10% HF bath to etch the ceramic portion of the wafer. The wafer is then
placed into a CVD deposition system for a deposition between 200 A and 10,000 A thick of
titanium. The wafer is then coated with a photoresist and the via pattern is exposed and
developed. The water is then placed into a copper-electroplating bath where between 25um
and 35 um of copper are deposited. The photoresist is then removed lifting off the majority
of the cooper and leaving the cooper filled via. The wafer is then lapped and polished to

remove any excess copper and planarize the surface of the glass and cooper filled via.
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The wafer is then exposed with approximately 20J/cm2 of 310 nm light to a photo
mask consisting of a rectangular pattern of ~5.3 mm by ~2.2 mm. As can be seen in FIG 7.
The wafer is then annealed, in Argon at temperature range heated between of 420°C-520°C
for between 10 minutes to 2 hours, for the coalescing of silver ions into silver nanoparticles
and temperature range heated between 520°C-620°C for between 10 minutes and 2 hours
allowing the lithium oxide to form around the silver nanoparticles. The waler is then cooled.
A photoresist is then coated on the front of the wafer and the lid pattern is exposed and
developed. The remaining photoresist covers the exposed and converted ceramic. Both sides
of the wafer are coated with 200 A and 10,000 A thick of titanium using CVD process. The
wafer is then placed into a copper-electroplating bath where cooper is deposited at a thickness
between 0.5 um and 20 um. The photoresist is then removed lifting off the majority of the
cooper and leaving the converted ceramic exposed and any unwanted remaining seed layer is
removed using any number of well-established techniques. The ceramic portion of the
exposed/converted glass is then etched away using 10% HF solution leaving the ground plane
structures.  The wafer is then rinsed and dried using DI water and IPA. In certain
embodiments, the RF filter line has mechanical and thermal stabilization structure is under
less than 50%, 40%., 35%., 30%, 25%. 20%, 10%, 5% or 1% of the contact area of the RF

interdigitated resonate structure.

The lid and bases of the 28 GHz interdigitated RF filter can be diced out of the
wafers. A lid can be coated with a solder, e.g., a gold tin solder, on the external edge. The
lid is then placed on the base and sealed using a thermal sealer. Thus, the present invention
has built and simulated a coupled transmission line resonate filter using air and glass as the

dielectric material.

The present inventors used a photo-definable glass ceramic (APEX®) Glass Ceramic
or other photo definable glass as a novel substrate material for semiconductors, RF
electronics, microwave electronics, electronic components and/or optical elements. In
general, a photo definable glass is processed using first generation semiconductor equipment
in a simple three step process and the final material can be fashioned into either glass,
ceramic, or contain regions of both glass and ceramic. A coupled transmission line resonate
structures enable a wide number of filters, e.g.: Bandpass, Notch, Low Pass, and High Pass
used in RF circuits at frequencies from MHz to THz devices while reducing the size, cost and

power consumption.

FIG. 8 shows a flowchart 100 of the method of the present invention, in which Step

102 includes masking a design layout comprising one or more structures to form one or more
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interdigitated structures with electrical conduction channels on a photosensitive glass
substrate. Next, in step 104, exposing at least one portion of the photosensitive glass
substrate to an activating energy source. In step 106, heating the photosensitive glass
substrate for at least ten minutes above its glass transition temperature. In step 108, cooling
the photosensitive glass substrate to transform at least part of the exposed glass to a
crystalline material 1o form a glass-crystalline substrate. In step 110, etching the glass-
crystalline substrate with an etchant solution to form a mechanical support device. Finally, in
step 112, coating the one or more electrical conductive interdigitated transmission line,
ground plane and input and output channels with one or more metals. The device thus

formed can then be covered with a lid that includes ground plates connected to ground.

It is contemplated that any embodiment discussed in this specification can be
implemented with respect to any method, kit, reagent, or composition of the invention, and
vice versa. Furthermore, compositions of the invention can be used to achieve methods of the

invention.

It will be understood that particular embodiments described herein are shown by way
of illustration and not as limitations of the invention. The principal features of this invention
can be employed in various embodiments without departing from the scope of the invention.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, numerous equivalents to the specific procedures described herein. Such
equivalents are considered to be within the scope of this invention and are covered by the

claims.

All publications and patent applications mentioned in the specification are indicative

of the level of skill of those skilled in the art to which this invention pertains.

The use of the word “a” or “an” when used in conjunction with the term “comprising”
in the claims and/or the specification may mean “one,” but it is also consistent with the

” <

meaning of “one or more,” “at least one,” and “one or more than one.” The use of the term
“or” in the claims is used (0 mean “and/or” unless explicitly indicated to refer to allernatives
only or the alternatives are mutually exclusive, although the disclosure supports a definition
that refers to only alternatives and “and/or.”” Throughout this application, the term “about” is
used to indicate that a value includes the inherent variation of error for the device, the method

being employed to determine the value, or the variation that exists among the study subjects.

As used in this specification and claim(s), the words “comprising” (and any form of

comprising, such as “comprise” and “comprises™), “having” (and any form of having, such as
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“have” and “has™), “including” (and any form of including, such as “includes™ and “include™)
or “containing” (and any form of containing, such as “contains™ and “contain”) are inclusive
or open-ended and do not exclude additional, unrecited elements or method steps. In
embodiments of any of the compositions and methods provided herein, “comprising” may be
replaced with “consisting essentially of” or “consisting of”. As used herein, the phrase
“consisting essentially of” requires the specified integer(s) or steps as well as those that do
not materially affect the character or function of the claimed invention. As used herein, the
term “consisting” is used to indicate the presence of the recited integer (e.g., a feature, an
element, a characteristic, a property, a method/process step or a limitation) or group of
integers (e.g., feature(s), element(s), characteristic(s), property(ies), method/process steps or

limitation(s)) only.

The term “or combinations thereof” as used herein refers to all permutations and
combinations of the listed items preceding the term. For example, “A, B, C, or combinations
thereof™ is intended to include at least one of: A, B, C, AB, AC, BC, or ABC, and if order is
important in a particular context, also BA, CA, CB, CBA, BCA, ACB, BAC, or CAB.
Continuing with this example, expressly included are combinations that contain repeats of
one or more item or term, such as BB, AAA, AB, BBC, AAABCCCC, CBBAAA, CABABB,
and so forth. The skilled artisan will understand that typically there is no limit on the number

of items or terms in any combination, unless otherwise apparent from the context.

As used herein, words of approximation such as, without limitation, “about”,
"substantial" or "substantially" refers to a condition that when so modified is understood to
not necessarily be absolute or perfect but would be considered close enough to those of
ordinary skill in the art to warrant designating the condition as being present. The extent to
which the description may vary will depend on how great a change can be instituted and still
have one of ordinary skill in the art recognize the modified feature as still having the required
characteristics and capabilities of the unmodified feature. In general, but subject to the
preceding discussion, a numerical value herein that is modified by a word of approximation

such as “about” may vary from the stated value by at least =1, 2, 3,4, 5, 6, 7, 10, 12 or 15%.

All of the compositions and/or methods disclosed and claimed herein can be made
and executed without undue experimentation in light of the present disclosure. While the
compositions and methods of this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that variations may be applied to
the compositions and/or methods and in the steps or in the sequence of steps of the method

described herein without departing from the scope of the invention. All such similar
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scope of the invention as defined by the appended claims.
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What is claimed is:

1. A method of making a mechanically stabilized RF coupled interdigitated resonate

device comprising:
providing a photosensitive glass substrate;

masking a design layout comprising one or more interdigitated structures to form one

or more interdigitated resonators on the photosensitive glass substrate;

exposing at least one portion of the photosensitive glass substrate to an activating

energy source,

heating the photosensitive glass substrate above its glass transition temperature for at

least ten minutes;

cooling the photosensitive glass substrate to transform the at least one portion of the

exposed glass to a crystalline material to form a glass-crystalline substrate;

etching the glass-crystalline substrate with an etchant solution to form a glass

mechanical support device from the photosensitive glass substrate;

coating the one or more interdigitated structures with one or more metals to form the

one or more interdigitated resonators; and
forming a ground plane, an input line, and an output line with the one or more metals,

wherein the input line and the output line are configured to be connected to a

circuitry,
wherein each interdigitated resonator is rectangular, and

wherein adjacent interdigitated resonators are configured and disposed to couple a

signal.
2. The method of claim 1, further comprising:

covering all or part of the mechanically stabilized RF coupled interdigitated resonate

device with a metal or metallic media lid; and
grounding the metal or metallic media lid.

3. The method of claim 1, wherein the one or more interdigitated resonators are
supported by the mechanical support device at a contact area that is less than 50%, 40%, 35%,

30%, 25%, 20%, 10%, 5%, or 1% of the area of the one or more interdigitated resonators.
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4, The method of claim 1, wherein the one or more interdigitated resonators form an

interdigitated bandpass filter, a low pass filter, a high pass filter, or a notch filter.

5. The method of claim 1, wherein the one or more interdigitated resonators comprise

titanium, titanium-tungsten, chrome, copper, nickel, gold, palladium, or silver.

6. The method of claim 1, further comprising etching the glass-crystalline substrate with
the etchant solution to form an air gap between the photosensitive glass substrate and the one

or more interdigitated resonators.

7. The method of claim 1, further comprising converting the glass-crystalline substrate

adjacent to the one or more interdigitated structures to a ceramic phase.

8. The method of claim 1, wherein the one or more metals are selected from Fe, Cu, Au,

Ni, In, Ag, Pt, or Pd.

9. The method of claim 1, wherein the input line and the output line are each configured
to be connected to the circuitry through a surface contact, a buried contact, a blind via, a glass

via, a straight line contact, a rectangular contact, a polygonal contact, or a circular contact.

10. The method of claim 1, wherein the photosensitive glass substrate comprises a
composition of: 60 to 76 weight % silica; at least 3 weight % K20 with 6 to 16 weight % of a
combination of K20 and Na,O; 0.003 to 1 weight % of at least one oxide selected from the
group consisting of Ag>0 and Aux0; 0.003 to 2 weight % Cu20; 0.75 to 7 weight % B20s,
and 6 to 7 weight % Al,Os, with the combination of B,Os; and Al,Osnot exceeding 13
weight %; 8 to 15 weight % Li20; and 0.001 to 0.1 weight % CeO-.

11. The method of claim 1, wherein the photosensitive glass substrate comprises a
composition of: 35 to 76 weight % silica, 3 to 16 weight % K20, 0.003 to 1 weight % Ag20,
8 to 15 weight % Li20, and 0.001 to 0.1 weight % CeOs.

12. The method of claim 1, wherein the photosensitive glass substrate comprises at least
0.1 weight % Sb203 or As203; 0.003 to 1 weight % Au20; or 1 to 18 weight % of an oxide
selected from the group consisting of Ca0O, ZnO, PbO, MgO, SrO, and BaO.

13. The method of claim 1, wherein the photosensitive glass substrate has an anisotropic-
etch ratio of the at least one exposed portion that is exposed to the activating energy source to
an unexposed portion that is at least one of 10 to 20:1; 21 to 29:1; 30 to 45:1; 20 to 40:1; 41
to 45:1; and 30 to 50:1.

14. The method of claim 1, wherein the photosensitive glass substrate comprises at least

one of silica, lithium oxide, aluminum oxide, or cerium oxide.
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The method of claim 1, wherein the mechanically stabilized RF coupled interdigitated

resonate device has aloss of less than 50%, 40%, 30%, 25%, 20%, 15%, or 10% of a signal

input versus a signal output.

16.

17.

A mechanically stabilized RF coupled interdigitated resonate device comprising:
a photosensitive glass substrate;
one or more interdigitated resonators formed on the photosensitive glass substrate by:

masking a design layout comprising one or more interdigitated structures to

form one or more interdigitated resonators on the photosensitive glass substrate;

exposing at least one portion of the photosensitive glass substrate to an

activating energy source;

heating the photosensitive glass substrate above its glass transition

temperature for at least ten minutes;

cooling the photosensitive glass substrate to transform the at least one portion

of the exposed glass to a crystalline material to form a glass-crystalline substrate;

etching the glass-crystalline substrate with an etchant solution to form a glass
mechanical support device from the photosensitive glass to provide mechanical

stability for the one or more interdigitated resonators;

coating the one or more interdigitated structures with one or more metals to

form the one or more interdigitated resonators; and

forming a ground plane, an input line, and an output line with the one or more

metals,

wherein the input line and the output line are configured to be connected to a

circuitry,
wherein each interdigitated resonator is rectangular, and

wherein adjacent interdigitated resonators are configured and disposed to

couple a signal.
The device of claim 16, further comprising:

a metal or metallic media lid covering all or part of the one or more interdigitated

resonators, the ground plane, the input line, and the output line; and

a connection between the metal or metallic media lid to a ground.
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18. The device of claim 16, wherein the one or more interdigitated resonators are
supported by the mechanical support device at a contact area that is less than 50%, 40%, 35%,

30%, 25%, 20%, 10%, 5%, or 1% of the area of the one or more interdigitated resonators.

19. The device of claim 16, wherein the one or more interdigitated resonators form an

interdigitated bandpass filter, a low pass filter, a high pass filter, or a notch filter.

20. The device of claim 16, wherein the one or more interdigitated resonators comprise

titanium, titanium-tungsten, chrome, copper, nickel, gold, palladium, or silver.

21. The device of claim 16, further comprising an air gap formed by etching the glass-
crystalline substrate with the etchant solution between the photosensitive glass substrate and

the one or more interdigitated resonators.

22 The device of claim 16, further comprising a ceramic phase formed by converting the

glass-crystalline substrate adjacent to the one or more interdigitated resonators.

23. The device of claim 16, wherein the one or more metals are selected from Fe, Cu, Au,

Ni, In, Ag, Pt, or Pd.
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Y

110

ETCHING THE GLASS-CRYSTALLINE SUBSTRATE WITH AN ETCHANT
SOLUTION TO FORM A MECHANICAL SUPPORT DEVICE

Y

112 -]

COATING THE ONE OR MORE ELECTRICAL CONDUCTIVE
INTERDIGITATED TRANSMISSION LINE, GROUND PLANE AND
INPUT AND OUTPUT CHANNELS WITH ONE OR MORE METALS,

WHEREIN THE METAL IS CONNECTED TO A CIRCUITRY

FIG. 8

SUBSTITUTE SHEET (RULE 26)
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