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Abstract—There has been an increasing need for antennas
in automotive applications, for communications applications,
such as cellular, satellite radio, and the burgeoning fields of self-
driving/networked vehicles and 5G. These applications demand
alternatives to traditional vehicle antennas, including trans-
parent antennas able to be unobtrusively mounted to vehicle
windows. Flexible glass provides a high quality transparent
and flexible substrate for the fabrication of these antennas, and
that is amenable to low cost roll-to-roll manufacturing. Sheet
scale prototype transparent antennas were fabricated in copper
using etch back and semi-additive processes, with conventional
processes and facilities, and using materials and processes
amenable to roll-to-roll fabrication. This shows that flexible
glass could be used in existing lines and facilities with little
modification, in addition to roll-to-roll processing. Fabricated
antennas were tested on-vehicle and show good performance,
with similar gain figures for baseline solid antennas, etched
transparent antennas, and semi-additive transparent antennas.

Keywords-flexible electronics; mobile antennas; vehicular
and wireless technologies

I. INTRODUCTION

Antennas are a key part of the radios and communi-
cation systems used in daily life, and are an increasingly
important component of automobiles. This is due to the
increasing connectivity and sensing now being demanded
of our vehicles. This includes navigation with GPS signals,
communication and data via cellular networks, entertainment
and information via satellite radio, and short range radar
systems for collision avoidance [1], [2]. This is all in
addition to the upcoming expansion in connectivity and
communication brought about by 5G, which will greatly
increase vehicle communications, both vehicle to overhead
or terrestrial transceivers and vehicle to vehicle [3]-[5]
While monopole and shark fin antennas have been dominant
[1], this increasing need, along with aesthetics and cost,
is driving other alternatives. One such alternative is that
of a transparent flexible antenna. This antenna would be
advantageous in that it could be unobtrusively mounted to
the windows of a vehicle, matching the curve of the glass

2377-5726/18/$31.00 ©2018 IEEE
DOI 10.1109/ECTC.2018.00316

2107

and located where terrestrial and satellite signals can be
received. This necessitates the use of a flexible, transparent
substrate, and Corning® Willow® Glass fits this role, as
well as having many other advantages. These include high
transparency, excellent surface quality, high thermal and
chemical stability, and a refractive index that matches other
glasses [6]—[9]. Fabrication of this antenna would also need
to be low cost and high volume to meet the needs of the
automotive industry.

These two requirements drive the selection of roll-to-
roll (R2R) manufacturing. R2R has been demonstrated in
the document printing industry, and can be applied for the
fabrication of antennas and structures for RFID, increasing
throughput and lowering cost [10]-[12]. R2R manufacturing
has advantages specific to glass, where it removes the
handling of sheets of glass and allows for the easier handling
via rolls [8], [13]. The Center for Advanced Microelectronic
Manufacturing (CAMM) at Binghamton University special-
izes in the development of R2R manufacturing processes,
especially processes involving Willow Glass [14], [15]. Due
to the scale of these tools and quantities of materials needed,
there are restrictions on processing, such as no strong acid
etching or precious metal deposition, due to safety or cost.
The work conducted here will be on individual substrates of
100pm thick glass, 100mm wafers in initial tests and 150mm
x 150mm sheets for the antennas, but done with an eye
towards R2R manufacturing and compatible with CAMM
processing. The wafers and sheets fabricated here will use
low cost etched or semi-additive copper, and weak acids
compatible with CAMM tools to create conductive meshes,
and then transparent antennas. Transparent antennas, both
rigid and flexible, have been created using mesh conductors
as transparent conductors. Escobar et al. and Elmobarak
Elobaid ef al. demonstrated transparent antennas using free
standing wire mesh screens that were patterned and attached
to a dielectric (Lexan polycarbonate or polydimethylsilox-
ane) to form patch antennas [16], [17]. Guan et al., Hong
et al., and Lee and Jung also used mesh conductors for



the fabrication of single layer antennas, with Guan et al.
utilizing printed meshes of silver paste with lines as small
as 2.5um [18], while Hong et al., and Lee and Jung
used copper meshes to create microstrip patch antennas as
well as receivers for wireless power transfer, with lines
approximately 20um wide [19], [20].

This work shows that the initial prototyping on Willow
Glass can be done with conventional lithographic tools and
plating rigs, and allows processes to be developed in wafer
and sheet scale before transitioning to R2R manufacturing.
In that vein, this work will describe the initial experiments
done with 100mm wafers of Willow Glass, where the initial
grids of copper were produced, using both etching and
semi-additive methods. Following the results of these tests,
antennas are then fabricated on 150mm x 150mm sheets,
building on the results of the 100mm wafers. These antennas
are then characterized, and shown to be highly transparent,
as well as having good RF properties in on-vehicle tests.

II. TEST PATTERN AND ANTENNA DESIGN
A. Transparent Conductor Design

The transparent antennas fabricated here are based on the
idea that transparent conductors can be made by simply
cutting holes into a layer of a conductor, making it a mesh,
with a certain ratio between the width of the conductor
lines (w) and the period of lines (p), as shown in Fig.
la. The sheet resistance and transparency of the layer will
then vary based on this ratio and mesh material can be
approximated with effective properties. A study of this
trade off was conducted using the electromagnetic analysis
software program FEKO® [21], and the results are shown
in Fig. 1b, c. These studies indicate that for a layer of Cu
2-2.5pum thick, a period to width ratio of 10-15 is needed
to meet goals of 80% transmission with a sheet resistance
of 0.3Q/0 or less at microwave frequencies. With these
theoretical results, a design consisting of 25.4mm x 25.4mm
blocks of these grids was created, with width-period variants

Mesh Design Curve for 2um Cu (w = 1 ~10 um)

(in micrometers) of 5-50, 5-75, 5-100, 10-100, 10-150, 10-
200, and 30-450. This allows the different variations to be
created in one fabrication, and the transmission and sheet
resistance to be measured using a four point probe, with
the area assumptions for four point probe measurements
satisfied [22]. This design is slightly modified based on the
fabrication process used, with the field inverted, so only
the plated areas are opened, and additional openings added
around edge of the wafer for the semi-additive process, to
allow for electrical connection to the seed layer. An example
of this design is shown in Fig. 2.

a) b)

Figure 2. Screen captures of 100mm wafer designs with 25.4mm squares
of meshed Cu for testing, with a) showing the subtractive and b) the semi-
additive designs. Note that the tone of the designs are different, reflecting
the different fabrication methods, and that the semi-additive design has
windows on the edge of the wafer for electrical contact to the seed layer.

B. Antenna Design

The antenna used in this study was based on an automo-
bile window glass mounted multiband antenna for cellular
AMPS/PCS reception [23]. The antenna was scaled in size
for operation in 4G LTE radio bands down to 690MHz and
up to 2200MHz. A drawing of this design is shown in Fig.
3. While the focus of the design and fabrication are on the
transparent antenna, solid designs are also fabricated to serve
as baselines for performance comparisons.

To create the grid of conductors, a process was developed
using AutoCAD and KLayout [24]. Both software pack-
ages have advantages, which are used to create a meshed
version of the original design, while keeping smooth edges
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Figure 3. AutoCAD screen capture of antenna design on 150mm x 150mm
flexible glass substrate. All dimensions are in millimeters

and producing an output that can be used for lithography.
The meshing process started with the original antenna in
AutoCAD in .DXF format, and an offset of the edges of
the antenna is made. This is to create a smooth edge around
the antenna, and create a boundary for the meshed area. The
design is then imported to KLayout, and meshing done via a
Boolean operation between an array of squares, representing
the holes in the mesh, and the solid of the antenna, resulting
in only the desired mesh being left. A subsequent Boolean
operation is done to merge the edge created in AutoCAD
with the meshed pattern, and a final Boolean may be done
to reverse the field of the design for the etched process.
Images of this process can be seen in Fig. 4. After the design
was finalized, it was exported to the .GDSII file format. This
format is used by the laser lithography system, and provided
an unambiguous check of the design to be written.

III. FABRICATION

The fabrication of these antennas proceeded in two stages.
The first was the fabrication of the 100mm wafers consisting
of the 25.4mm squares of the Cu mesh. These were done

a) b)

T

e) i | Fof)

c)

to validate the fabrication process and reduce risk, espe-
cially for the semi-additive process. Once these wafers were
fabricated and characterized, fabrication of the antennas
proceeded.

The fabrication process for these flexible samples was
surprisingly conventional, and existing processes developed
for conventional rigid substrates could be used with little
to no modification. These included spin coating of resist, as
well as the electroplating process. The biggest changes were
in the handling of wafers and sheets. Sharp edges and point
loads, like those produced by metal wafer tweezers, will
readily break the glass by introducing defects that quickly
propagate, so handling must be done with tools that have
smooth, wide contacts to avoid this. To help with handling
in certain steps, such as the wet etching, polyimide tape tabs
are put on the sample to provide way to use tweezers without
breakage. An example of these on the back of the 150mm
x 150mm sheets is shown in Fig. 5. Due to the limitations

Figure 5. Photograph of 150mm x150mm sheets with tape tabs attached
to the backside to aid in handling during etching.

of the tools used, manual removal of photoresist was used
to complete the antennas. This consisted of removing the
excess resist outside of the laser lithography write area,
the ring around the antenna in the etched fabrications, and

d)

Figure 4. Screen captures from KLayout for the meshing of the antenna design. a) Solid antenna design on 125mm x 125mm write area b) Imported
antenna design with 10um offset edge (red), imported from Autocad c¢) Detail of offset edge d) Solid antenna design with blocks (pink) superimposed for
mesh creation e) Mesh created from Boolean operation with blocks, shown with offset edge f) Merged mesh design and offset edge g) Boolean operation
with 125mm x 125mm write area to create mesh design for writing in positive resist.
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creating windows for contact with the seed layer in the semi-
additive process. While further exposures could have been
used to expose these areas, it was much faster and easier
to manually remove the resist with solvent. It should be
noted that the use of R2R can eliminate the need for these
tricks, and that all the process steps demonstrated here can
be ported to the R2R facilities at CAMM. A flow chart of
these fabrications is shown in Fig. 6.

Receive Design
Data (DXF)

Edit to create offset edges,
squares for meshing (DXF)

Replicate and array squares
create mesh with Boolean (GDSI!I)

Join mesh with offset to
create smooth edged design (GDSI!I)

Etched

(Change tone of design
with Boolean (GDSI!I)

Spin resist
\Write pattern
Develop

Semi-additive

Spin resist
Write pattern
Develop

Manual resist removal
for plating contacts

Manual resist removal

Plating process
of edge ring

Wet etch Cu Wet etch plating contacts

RIE Ti

Strip resist

Wet etch Cu seed
RIE Ti

IOpticaI, electrical measurements|

Figure 6. Flow chart of antenna fabrication process, for both etched and
semi-additive antennas.

A. Etch Process

The samples fabricated by etching were able to be pro-
cessed as one would expect any etch-back fabrication. First,
metals are deposited on the as-received Willow Glass using
a KDF in-line sputtering system. A 100nm Ti adhesion layer
was followed by a nominally 1um Cu layer. The 1um Cu
layer was chosen as the 2um Cu was found too difficult
to process. The next step was photolithography, where Mi-
croposit S1813 photoresist was spin coated nominally 1xm
thick. It was found that both wafers and the larger squares
could be adequately coated using the same spin parameters
and dispensing more resist for the larger sheets. The spin
coated sheets were not as uniform as the coated wafers, but
were still usable. The resist was exposed using a Heidelburg
Instruments PG 101 laser direct write lithography system.
This allowed for direct imaging of the designs, and easy
design modifications, since no masks needed to be made.
For the antenna fabrication, three writes were used; one for
the antenna design, and two that were offset to the top and

bottom of the design, to allow for easier removal of excess
photoresist ’ring”. These three writes are shown in Fig. 7.

The exposed sample was then developed, and the ex-
cess photoresist manually removed from antenna samples.
The Cu layer was then etched using ammonium persulfate
(APS) mixed from anhydrous crystals at a concentration of
20g/200mL at room temperature. This etchant was chosen
due to restrictions on the chemistries available at CAMM,
and based on our previous work [14]. While the 100mm
wafers could be supported for etching in a wafer holder, the
150mm sheets were handled by the previously mentioned
tape tabs. The etch took approximately 2 minutes to clear
all Cu. The Ti adhesion layer was then etched using a Nano
Master NRP-4000 PECVD/RIE system. A standard SiO,
etch recipe was used to etch the Ti clear, with a process
time of 5 minutes. A final solvent cleaning was done to
remove any resist on the sample.

B. Semi-additive Process

The semi-additive process also started with the KDF in-
line sputtering system, but with depositions of a 100nm
Ti adhesion layer followed by a 100nm Cu seed layer.
Photolithography to create a plating mask was then accom-
plished by spin coating MicroChem SPR 220 photoresist to a
nominal thickness of 4um. Again, the same spin parameters
could be used for the wafers and sheets, increasing the
amount of resist to help ensure a uniform coating. The
design was then exposed using the Heidelburg Instruments
pPG 101 laser direct write lithography system, and the resist
developed. The wafers were able to be fully exposed, with
windows to the seed layer opened in the write, but the
antenna sheets required a manual resist removal step to
create these windows. The next step was to copper plate.
This was done with rigs that were compatible with existing
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Figure 7. Example of using multiple designs with offsets to expose a larger
area in an etch design, showing the first write (blue), additional write areas
(red), and substrate area (orange). The orange substrate ring around the
written areas was the area for manual resist removal.
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fixtures and the bath chemistry. Rigs were created for the
100mm wafers and 150mm x 150mm sheets of glass, and
used 316 stainless steel and FR-4. Mechanical restraint and
electrical connection to the seed layer was made by stainless
steel clips. These clips were polished to ensure there were
no burs or sharp edges in contact with the glass. Using care
and even pressure, these clips could be tightened to hold the
glass samples without breakage, and these rigs are shown
in Fig. 8. The plating process consisted of a 30 second
immersion in a sulfuric acid solution, followed by the plating
in a copper sulfate bath. The plating times varied based on
the type of sample, with 3 minutes for a 100mm wafer, 4:30
minutes for a mesh antenna and 5:30 minutes for a solid
antenna. These different times were a result of the different
amounts of material to be plated and different plating rig
used. Following the plating of the antenna sheets, the thick
Cu where the clips made contact would need to be etched. To
do this, each edge of the sheet was immersed in Transene
CE-200 ferric chloride based etchant to etch off the thick
Cu at these areas. This step was not done on the wafers, as
the presence of these pads didn’t affect the characterization
of the test blocks. The resist was then stripped, and the Cu
seed layer etched with the same APS etchant as stated above,
with an etch time of approximately 4.5 minutes. The same
RIE etch as described above was then used to remove the Ti
adhesion layer. After these etches, the sample was complete,
with Cu traces 2-2.5um thick.

IV. RESULTS
A. Optical and Electrical Results

The incremental development of making wafers before
antennas created preliminary results and a screening exper-
iment for which mesh pattern should be used for the ac-
tual antenna fabrication. Characterization of these fabricated
grids consisted of electrical and optical characterization,
using a Jandel Model RM3000 four point probe to determine
sheet resistance and a Filmetrics F20-UV reflectometer con-
figured for transmission for optical transparency, calibrated

Figure 8. Photographs of plating rigs, with a) rig for 100mm wafers,
designed to fit into rack used for plating flex PCBs and b), rig used for
plating 150mm x 150mm sheet, designed to fit into rack used for PCB
plating. Note the stainless steel bars visible through the FR-4 backing that
provide electrical connection.

using a bare Willow Glass wafer. Photographs of the etched
sample are shown in Fig. 9 and semi-additive in Fig.
10. Plots of optical transmission are shown in Fig. 11
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Figure 9. Images of a 100mm test wafer for etched meshes, with a)
photograph of the wafer and b) micrograph of 10-100 mesh.
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Figure 10. Images of 100mm test wafer for semi-additive meshes, with a)
photograph of the wafer and b) micrograph of 10-100 mesh and c) stylus
profilometer sweep verifying semi-additive mesh thickness at 2pm, shown
as 20000A.

and Fig. 12, while changes in sheet resistance and optical
transmission as a function of the mesh type and fabrication
are shown in Fig. 13. Based on these results, it was decided
to use the 10-100 line-period combination, as this provided a
good result for both fabrication processes, with transmission
near 80% and sheet resistance no larger than 0.2€)/0.
Antennas were then fabricated with that mesh using both
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Figure 12. Transmission spectra for 25.4mm blocks made by semi-additive
processing.
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samples fabricated by etching and semi-additive processes.

fabrication methods. While many antennas were fabricated,
only a few were later RF tested. Those tested antennas are
shown in Fig. 14, with their characteristics listed in Table
I. These characteristics are measured in the large square of
the antenna, and in line with the results of the wafers.

B. On-Vehicle Testing

As mentioned previously, a sample of antennas was se-
lected for on-vehicle RF testing. This testing took place at

a) b)

c)

Figure 14. Photographs of antennas that were RF tested, with a) EM 4
b) EM 5 ¢) PM 1 d) ES 3.
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Table I
CHARACTERISTICS OF TESTED ANTENNAS

Name Transmission Sheet Resistance | Thickness
at 550nm (%) (Q/O) (pum)
Etched Mesh 4 (EM 4) 85 0.489 0.75
Etched Mesh 5 (EM 5) 80 0.441 0.75
Plated Mesh 1 (PM 1) 80 0.081 2.5
Etched Solid 3 (ES 3) N/A 0.02 1

Oakland University. This antenna range provided a roll-on
roll-off capability for measuring vehicle antennas, where a
vehicle was spun on a turntable while a goniometer mounted
antenna measured the emitted field, as shown in Fig. 15.
Prior to the measurements, the fabricated antennas were slot
die coated with an adhesive that allowed the antennas to be
attached and removed from automotive window glass, and
coaxial pigtails with SMA connectors attached with con-
ductive epoxy to provide electrical connection. At Oakland
University, measurements were made with antennas mounted
on the windshield of a sport utility vehicle as shown in
Fig. 16. Two orientations on the windshield of a vehicle
were used, as shown in Fig. 17, and measurements made
for a variety of LTE frequencies in the range of 1700-2200
and 700-900MHz, for both vertical (V) and horizontal (H)
polarizations.

While many measurements were made, difficulties in
data collection allowed for only one complete data set for
the comparison of fabrication methods. This set consists
of only measurements made for all the antennas in the
vertical orientation. A key metric for automotive antenna
measurements is the linear average gain. This average is
taken over a 360° azimuth sweep at 5° elevation increments,
with 0° perpendicular to the ground. The linear average gain
gives an indication of the antenna efficiency at each elevation
angle. The linear average gain as a function of angle for each

Figure 15. Photograph of vehicle antenna range at Oakland University.



Figure 16. Antenna mounting for on-vehicle RF testing, with a) front
view of vehicle with antenna circled in red b) photograph of PM 1 antenna
from inside of vehicle.

Figure 17. Photographs of EM 3 antenna showing the a) vertical and b)
horizontal orientations used for testing.

antenna and polarization are shown in Figs. 18 and 19, for
the measured high and low frequency ranges, respectively.
For these plots the average gain is converted to dB; after
the averages are calculated; for these curves dB; is the ratio
of the power measured for the elevation angle to the total
power that would be radiated isotropically.

Looking at these linear average gains, it can be seen that
there is little difference between the etched mesh antennas
for either band or polarization, with high band measurements
closely overlapping and low band measurements showing a
difference of less than 2dB;. The semi-additive mesh antenna
data is nearly identical to the solid reference antenna, and
both show approximately 2-3dB; higher gain as compared
to the etched meshes in both bands and polarizations. This
observation of very similar performance is also shown in 3D
plots of the measured gain, as shown in Fig. 20. The high
performance of the semi-additive mesh antenna can be partly
attributed to the thicker mesh conductor, which mitigates RF
loss due to the skin depth. Overall, all these antennas did
have gains good enough for use in a wireless communication
system, although they were approximately 2dB less than the
conventional roof mounted LTE antennas. While increased
losses may be present, these antennas would be implemented
as part of a multiple input multiple output (MIMO) system,
where the performance of below roof line LTE antennas like
these have demonstrated LTE data throughput as good or
better than the LTE throughput of roof mounted antennas
[25].
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Figure 18. Plot of linear average gains in the high band (1700-2200MHz)
for on-vehicle antenna tests.
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Figure 19. Plot of linear average gains in the low band (700-900MHz)
for on-vehicle antenna tests.

V. CONCLUSION

Flexible transparent antennas on Corning Willow Glass
have been demonstrated and tested on a vehicle. These

Figure 20. 3D visualizations of the observed antenna gain (dB;) for the H
polarization at a high band frequency of 2110MHz and low band frequency
of 717 MHz, with a) EM 5 high band, b) PM 1 high band, c¢) ES 3 high
band, d) EM 5 low band, ¢) PM 1 low band, and f) ES 3 low band. Note
that the visualizations are orientated such that the front of the vehicle is
pointing to the lower right.



antennas were fabricated using a copper mesh, created with
subtractive and semi-additive processes. These processes
were demonstrated in a sheet format, but with materials and
processes compatible with roll-to-roll manufacturing. This
manufacturing method allows for low cost antennas, ideal
for automotive use, via high throughput production with low
cost copper conductors. The antennas themselves perform
well, with transparency greater than 70% while having sheet
resistance as low as 0.2€2/0. On-vehicle RF testing confirms
that these antennas perform well, with solid and semi-
additive transparent mesh antennas having nearly identical
performance, while the thinner etched mesh antenna had
a marginal decrease in performance. This demonstrates the
feasibility and utility of these transparent antennas for auto-
motive communications. Further development can improve
performance of these antennas, and allow for the implemen-
tation and maturation of roll-to-roll electronics fabrication.
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