ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/334098602

Novel Low Pressure Sputtering Source and Improved Vacuum Deposition of Small
Patterned Features Using Precision Shadow Masks

Conference Paper - May 2016

DOI: 10.14332/svc16.proc.0036

CITATIONS READS
5 6,203

5 authors, including:

r Wolfgang Decker Volker Heydemann
; lacten, Inc. VHyTech Solutions LLC, Pittsburgh, United States
17 PUBLICATIONS 100 CITATIONS 37 PUBLICATIONS 444 CITATIONS
SEE PROFILE SEE PROFILE

All content following this page was uploaded by Wolfgang Decker on 28 June 2019.

Petitioner Runergy USA Inc., Ex. 1032, p. Cover

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/334098602_Novel_Low_Pressure_Sputtering_Source_and_Improved_Vacuum_Deposition_of_Small_Patterned_Features_Using_Precision_Shadow_Masks?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/334098602_Novel_Low_Pressure_Sputtering_Source_and_Improved_Vacuum_Deposition_of_Small_Patterned_Features_Using_Precision_Shadow_Masks?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Wolfgang-Decker?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Wolfgang-Decker?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Wolfgang-Decker?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Volker-Heydemann-3?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Volker-Heydemann-3?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Volker-Heydemann-3?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Wolfgang-Decker?enrichId=rgreq-08499d6cfda71341b4baf400df215368-XXX&enrichSource=Y292ZXJQYWdlOzMzNDA5ODYwMjtBUzo3NzQ4NjI1NjYwODQ2MDlAMTU2MTc1MzA0MDkwMw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

59th Annual Technical Conference Proceedings
Indianapolis, Indiana, May 9-13, 2016
https://doi.org/10.14332/svc16.proc.0036

© 2016 Society of Vacuum Coaters
All rights reserved. ISSN 0737-5921
WWW.SVC.0rg

Novel Low Pressure Sputtering Source and Improved Vacuum Deposition of
Small Patterned Features Using Precision Shadow Masks

Wolfgang Decker', Rob Belan?, Volker D. Heydemann', Sean Armstrong?, Tim Fisher'
'Advantech U.S., Inc., Pittsburgh, PA
’Kurt J. Lesker Company, Jefterson Hills, PA

ABSTRACT

A novel low-pressure sputtering source (LPSS) has been
successfully used to deposit crisp, well-defined 10-um-and-
larger features using precision shadow masks. The LPSS
operates at low pressure yielding viable deposition rates and
low thermal exposure of the mask and allows sputter depo-
sition from both the top and bottom cathode surfaces. The
LPSS design has been scaled to a large area 6" x 32" source
that enables efficient additive manufacturing of embedded
electronic devices, circuits, and systems using precision
shadow masks.

INTRODUCTION: A NOVEL SPUTTERING
SOURCE TECHNOLOGY

This paper reports on the collaborative work of Advantech
U.S., Inc., and the Kurt J. Lesker Company on a novel thin-
film deposition technology for embedded electronic compo-
nents and circuits. The novel low-pressure sputtering source
(LPSS) is suitable for deposition of fine-pattern thin films
using precision shadow masks.

TODAY’S SHADOW MASK TECHNOLOGY

Deposition of thin films through precision shadow masks
bridges a highly desired feature size range for electronic de-
vices and components. The traditional integrated circuit
(IC) manufacturing industry typically patterns device fea-
tures from 1 pm down into the nanometer range. The printed
circuit board (PCB) industry works with feature sizes from
50 um (2 mils = 0.002") to hundreds of millimeters.

Both the IC and PCB industries use photolithography — on
different length scales — and subtractive processing steps to
pattern their substrates.

In contrast, the evaporative printing process developed by
Advantech enables complete additive manufacturing of
electronic devices and circuits with feature sizes and spac-
ing between Spum and several cm, bridging the feature size
gap between the IC and the PCB manufacturing industries
(Figure 1). Fine line interconnects, interposers, vias, pas-
sive embedded devices such as resistors, parallel plate ca-
pacitors, gap filters, inductors, antennas, and so on, as well
as MOSFETs, logic gates, and active matrix display back-
planes have been built with this technique. The process uses
an in-line multi-chamber vacuum deposition system. No
wet chemical process steps are required in the device depo-
sition or patterning operations. The evaporation printing
process deposits thin films with near-bulk material proper-
ties and performance using physical vapor deposition on a
wide variety of substrates — display-grade rigid or flexible
glass, advanced circuit board substrates, plastic or metal
foils. The resulting devices, circuits, and board layers can
be used directly in traditional PCB lamination, bonding, or
solder processes.

THIN FILM DEPOSITION THROUGH
SHADOW MASKS

Figure 2 depicts the arrangement for physical vapor deposi-
tion (PVD) of patterned thin films through a shadow mask
in a vacuum deposition system.

The thin film material originates at the source and is
turned into a vapor flux using a thermal evaporator, an e-
beam evaporator, or a sputter source inside a vacuum
chamber. The substrate opposes the material source at a
distance 7 above the source. A shadow mask is placed par-
allel to the substrate facing the materials source, aligned to
the substrate, and brought into close contact with the sub-
strate.
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Figure 1. Bridging The Gap - Typical feature sizes in integrated circuit manufacturing, evaporation printing, and printed circuit
board technology.
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by an electroforming process. The aperture pattern is first
produced using a photoresist exposure process, where resist

Substrate is left on the forming mandrel in any area that forms an ap-
_— [//////7/7/7/////, erture. Aperture dimensions of 10 pm and less have been
ALY AN produced reliably using this method. (Figure 3)
Shadow Mask /' "\ ' .
I’ \
\ The shadow masks are mounted on rigid mask frames de-

D .
T}?ir:‘oFsilit :1d signed for the automated mask storage, handling, and align-

ment system. Positional accuracy of the shadow mask is
verified prior to and during the mounting process using a
-------------- _ vision measurement machine (VMM).

Material Source In the deposition process the mask is first placed between

Figure 2. Physical vapor deposition (PVD) through a shadow  the evaporation source and the substrate. Advantech uses a
mask in line-of-sight conditions. high precision alignment system to align the mask to fidu-
cial marker patterns on the substrate and places the mask
Precision shadow masks, also referred to as “Fine Metal within 1 pm of its desired position. This allows the use of
Masks (FMM),” are made from a thin foil such as nickel or multiple masks to create complex patterns and/or deposit
stainless steel. Typical foil thickness ranges from 10 to 25 different materials to build complete electronic circuits.
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Dark regions are resist to form apertures Dark regions are mask apertures

Figure 3. Shadow mask mandrel (left) and electroformed nickel shadow mask (right).
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After alignment the mask is brought into direct contact with
the substrate to avoid any shadowing effect (also described
as overspray). When magnetic materials are used for the
mask, such as nickel foil, a magnet behind the substrate can
enhance the contact between mask and substrate.

The desired material is then deposited onto the substrate/
mask combination. After the deposition process is com-
pleted and the mask is removed the desired pattern remains
on the substrate.

SHADOW MASKS LIMITATIONS:
THERMAL EXPANSION

A critical factor determining the geometrical precision of
the deposited thin film pattern is the position accuracy of
the shadow mask relative to the substrate during the dura-
tion of the deposition process. In particular, heat imposed
by the material source on the shadow mask and substrate
can result in poor quality of the deposited features.

The shadow mask material is subject to thermal expansion
when exposed to heat from the deposition source. Absolute
positions of the aperture patterns relative to the substrate
will deviate from the desired deposition locations due to
thermal expansion of the mask material and mask frame.
Positions of apertures relative to each other on the mask are
likewise affected by thermal expansion and the method of
mounting the shadow mask on the frame, as well as the
method of mounting the mask and frame relative to the sub-
strate. Similarly, the substrate experiences thermal expan-
sion by heating imposed by the material source. These ther-
mal mask expansion effects result in a positional offset of
the deposition pattern from the desired deposition position,
often compromising the device’s functionality.

Besides dimensional instability thermal expansion can also
lead to buckling and unintended separation between mask
and substrate. Any separation between mask and substrate
leads to shadow deposits or overspray, as illustrated in Fig-
ure 4.

Thermal management therefore is essential to prevent any
of the aforementioned shortcomings. Pre-stressing the
mask, for example, allows for some compensation of heat-
up, as does proper timing of the deposition sequence.

REQUIREMENTS FOR HIGH DEFINITION OF
FINE FEATURES

PVD occurs in a vacuum vessel that is typically evacuated
to a base pressure low enough to enable vapor species trans-
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Figure 4. Thin film height profile for deposition with shadow
mask separated by distance D from substrate (left) and shadow
mask in close contact with substrate (right).

port with a mean free path A exceeding the source/substrate
distance T > A. Under such conditions, the vapor path be-
tween the source and the substrate approximates line-of-
sight conditions, indicated by the dashed lines in Figure 4.
For a base pressure of 1x10° Pa the mean free path is ap-
proximately 50 m, significantly larger than the source/sub-
strate distance 7.

Generally, physical vapor deposition (PVD) by evaporation
is suitable for producing sharp, well-defined features in thin
films deposited through ideal shadow masks. This is the
case in particular if the source resembles a point source
such as thermal or e-beam evaporator at an appropriate dis-
tance from the mask/substrate arrangement and the base
pressure can be held below 110~ Pa.

A difficulty for evaporation processes lies in the limitation
of size for the source as well as the selection of materials
that can be evaporated from either thermal or e-beam
sources. Some refractory metals, for example, require fairly
high evaporation temperatures. The undesired side effect of
evaporation at such high temperatures is the heat transfer
generated by radiation.

SPUTTER DEPOSITION THROUGH
SHADOW MASK

Sputtering offers an enhanced selection of materials that
can be vacuum deposited as thin films on many types of
substrates. Traditional sputter deposition, however, requires
a chamber pressure of 1 to 10 Pa or even higher. In this pres-
sure range the mean free path of sputter species is reduced
to 0.05 m and less. For shadow mask deposition, however, it
is impossible to place a sputter source this close to the mask
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to achieve more or less line-of-sight deposition and creation
of sharp and defined features. The close proximity results in
a coupling of the sputter plasma into the metal mask, and the
electron current into the mask creates an unacceptable heat
load in the mask, resulting in the aforementioned problems.

Increasing the distance between sputter source and mask
and the reduced mean free path in this pressure regime re-
sults in frequent gas phase collisions of the sputtered vapor
and the ambient gas molecules, and this creates non-line-of-
sight deposition conditions. Patterns deposited by conven-
tional sputtering through a shadow mask are broadened and
blurred compared to evaporative physical vapor deposition
(Figure 5).

Deposition with Evaporation Source

I I E E I I<==Thin Film Pattern

A - - - G 2
ttttttttttttt shadowmask
Impinging Vapor Flux
from Evaporation Source

[ Long Mean Free Path ]

Line-of-Sight Transport

High Pattern Fidelity

Deposition with Sputtering Source

MThin Film Pattern

I’_\/ f'\?‘}?f\? Xf-\/\frﬁ‘z \‘ >Shadow Mask

Impinging Vapor Flux
from Conventional Sputtering Source

[ Short Mean Free Path ]
Non-Line-of-Sight Transport Blurred Pattern

Figure 5. Evaporation (top) and conventional sputter deposi-
tion (bottom) through shadow mask and resulting feature height
profiles.

RESULTS: LOW-PRESSURE SPUTTERING
SOURCE

Advantech U.S., Inc., employed a novel low-pressure sput-
tering source (LPSS) developed by the Kurt J. Lesker Com-
pany that sustains stable operation at a pressure as low as
0.01 Pa (7.5 x 10 Torr).

The low pressure operation results in an increase of the
mean free path to about 0.5 m, which allows sufficient sepa-
ration between mask and sputter source to prevent coupling
of plasma into the metal mask.
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Figure 6 shows a top view and side view of the first-genera-
tion prototype of the LPSS. The horizontally mounted alu-
minum (AL) cathode body holds three integrated rod mag-
nets and water cooling lines. The magnetic field lines wrap
around the entire cathode body, creating an electron race
track around the entire source. The LPSS source sputters
material from both the top and bottom surfaces, consuming
the cathode body.

Low Pressure Sputtering Source

Side view

Top view
Figure 6. Low-pressure sputtering source Gen 1 prototype 8.9

cm x 19 cm (3.5” x 7.5”) with magnet arrangement.

Figure 7 shows the voltage over pressure curve of a conven-
tional magnetron sputtering source (triangle symbols on
dashed curve) compared to the LPSS (circle symbols on

 V-p Characteristics

Conventional Magnetron vs. LPSS
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Figure 7. Voltage-pressure curves for conventional (dashed
lines) and LPSS sputtering source (solid lines). The LPPS exhib-
its stable operation pressures below 12 Pa (1 mTorr) similar to
cylindrical post magnetron sources [1]
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solid curve).Transport rates achieved with the LPSS are
comparable to conventional sputtering sources. The LPSS
achieves power densities that exceed those of conventional
sputtering sources by one or two orders of magnitude. The
original Gen 1 LPSS prototype was sized 8.9 cm x 19 cm
(3.5” x 7.5") (Figure 6), the second-generation LPSS fea-
tures 15.2 cm % 40.6 cm (6" % 16") and 15.2 cm x 81.3 cm
(6" x 32") cathodes for large area deposition (Figure 8). The
Gen 2 LPSS cathodes are mounted on a linear scanning
stage to accommodate deposition on substrates as large as
61 cm % 91 cm (24" x 36").

LPSS 6" x 32" (Gen2a) >
LPSS 6" x 16" (Gen2b)

Figure 8. Second-generation large-area low-pressure sputter-
ing source (LPSS) with 40.6 cm (16”) and 81.3 cm (32”) (shown)
length.

MASKED THIN FILM DEPOSITION RESULTS
USING NOVEL LOW-PRESSURE SPUTTERING
SOURCE

Figure 9 shows the height profiles (lower graph) of 100-um-
wide features deposited through the same 20-pum-thick
shadow mask using a conventional magnetron sputtering
source (solid grey profile) and the Gen 1 LPSS in stationary
mode (dashed black profile), both with 15.2 cm (6") target-
substrate distance. The two upper images in Figure 9 are
shadow masks with 60-pm and 70-um features. LPSS depo-
sition of the 800-A-thick film from an aluminum target oc-
curred at a chamber base pressure of 1 x 10~ Pa and sputter
pressure of 0.28 Pa under 2.5 sccm Ar flow with a DC power
of 37 W at 467 V with a 15 min deposition duration. The
LPSS-sputtered features replicate the mask aperture dimen-
sions, whereas the features deposited with the conventional
magnetron source exhibit a rounded profile that does not
entirely fill the width of the 100-pm-wide shadow mask ap-
erture.

Figure 10 shows a pattern of 10-um-wide features deposited
through a shadow mask with the 40.6 cm (16") Gen 2 LPSS
source at 16.5 cm (6.5") target-substrate distance. The height
profile of the features are crisp and well defined. It is worth
noting that the profile was acquired with a 12.5-pm stylus
which created to the rounded top edge shape.

Ci ional Sputter Depositi
at 1 mTorr through Shadow Mask
(60um Feature Size)

LPSS Sputter Deposition
at 1 mTorr through Shadow Mask
(60um, 75um Feature Size)

Height Profiles of Features Deposited with
Conventional Magnetron Source vs Low Pressure Sputtering Source

200

800A Al thin film

===Height (A) with linear source
== Height (A) with LPSS source

\
\
|
\
i
\
, I R T o O

10 20 30 40 50 100 110 120 130

800 Low Prejsure
/ *-"\ Sputtering
% \ Soyirce
- f \¥
/ Conventional \
gsoo ' Magnetrgn \
%400 : Soyrce
300 i
!
!
!
|

60 70 80
Linear Scan Distance (um)

Figure 9. Shown in the lower graph is a comparison of 100-pm
features and their height profiles deposited by two different
sources. One profile was deposited with a conventional sput-
tering source (grey solid line); the other profile was deposited
by the Gen 1 LPSS (black dashed line ). The LPSS deposition
shows a sharper, more well-defined deposited feature as com-
pared to conventional sputtering The upper images in this fig-
ure are of 60 pm, 70 pm feature shadow masks.

Deposited Features
| Line Width 10um

. Low Pressure Sputtering Source

B

Height Profile Measured
along Line A-B with

2 Dektak Stylus Profilometer
(12.5um Stylus)

P \rios
i, N

Lateral Scan Distance (um)

Figure 10. Height profile of 10 um features deposited with LPSS
through a shadow mask. The top image shows the deposited
pattern. The bottom graph shows the surface profilometer scan
from A to B, using a 12.5 um stylis. The LPSS deposition yields
sharp, well-defined features.
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CONCLUSIONS

The novel low-pressure sputtering source (LPSS) has been
successfully used to deposit crisp, well-defined 10-um-and-
larger features using precision shadow masks. The LPSS
operates at low pressure yielding viable deposition rates and
low thermal exposure of the mask and allows sputter depo-
sition from both the top and bottom surfaces.

The 17.8 cm (7") LPSS prototype was scaled to 40.6 cm
(16") and 81.3 c¢cm (32") and succeeded in low pressure op-
eration and deposition of sharp, well-defined features in sta-
tionary and scanning conditions. To date, aluminum, cop-
per, and several refractory metals have been successfully
deposited with the LPSS sources.

A patent application has been filed, and a production-ready

cathode design is being evaluated while the source material
portfolio is expanded.
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The cost- and process-efficient LPSS technology opens new
avenues for the additive manufacture of embedded elec-
tronic devices, circuits, and systems patterned by shadow
masks, using advanced thin film materials.
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