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INTRODUCTION

Roll-to-roll (R2R) manufacturing as applied to
products with micro- and nanometer scale
features promises to bring a class of
manufactured goods which match or exceed
performance of counterparts fabricated with
traditional silicon wafer or glass panel based
substrates, while also possessing unique
mechanical properties and pointedly lowered
processing cost [1]-[6]. From functional
materials, flat optics, and even integrated circuits,
the drive for faster, cheaper, and more tightly
integrated products has driven intense research
focus on enabling R2R fabrication techniques
which can successfully make the jump from
academic experimentation to high volume
manufacturing (HVM) [7]-[14]. While lab- and
pilot-scale fabrication has been demonstrated,
there exists a significant hurdle to widespread
adoption and further advancement of these
manufacturing  techniques, specifically for
nanometer scale patterns — the metrology
problem [15]-[17].

The drivers of profitable HVM of
nanofeatured products and devices can be
distilled down to two primary factors, yield and
throughput. Figure 1 demonstrates the
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FIGURE 1: Throughput vs. cost in R2R and wafer-based
lithography [18]
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throughput and thus processing cost advantage
compared to wafer based manufacturing due to
these factors [18]. However, it is an open issue as
to whether yields may rise to a high enough level
to deliver on these lofty goals towards HVM.
While R2R manufacturing holds a major
throughput advantage compared to more highly
adopted silicon wafer or glass panel based
manufacturing processes due to its continuous
nature, make it by the mile is only a successful
strategy if economically sustainable yields can be
reached. The major areas of research needed to
enable high volume R2R nanomanufacturing as
identified by the U.S. National Institute of
Standards and Technology include technology
for  high-throughput  alignment, real-time
metrology, and closed loop process control. In
practice, achieving viable yields is an area of
significant difficulty, and as such the task of
quickly,  precisely, and non-destructively
measuring fabricated nanopatterns is an area of
great research interest [16], [19].

While a significant proportion of current art in
metrology for R2R nanopatterning is relatively
recent, with most occurring within the last decade
as could be expected of a relatively nascent
manufacturing technology, several approaches
have been investigated and shown to be effective
at specific, and often disparate, measures of
performance and efficacy [20]. The techniques
vary by the physical phenomena which they use
to measure fabricated features in addition to
throughput, compatibility with in-line
measurement in R2R HVM, and measurement
precision. Further, despite the overarching basis
of many of these approaches originating from
years of development for similar tools in the wafer
semiconductor fabrication industry, extension to
R2R nanomanufacturing remains a significant
challenge.

INITIAL PROTOTYPE

Previous work presented a proof-of-concept
prototype apparatus [21] which employs a novel,

2022 ASPE Annual Meeting Volume /8



FIGURE 2: Previously presented proof-of-concept prototype tool with major subsystems

labeled.

micro-electro-mechanical system (MEMS) based
atomic force microscope (AFM), the single chip
AFM (sc-AFM, ICSPI Corp.), to the problem of
R2R process metrology. This design choice
allows for nm-scale tip-based measurement in a
volume and mechanical environment which
would normally be incongruent to the
implementation of a traditional AFM tool. The
proof-of-concept prototype employed linear
double parallelogram flexure mechanism (DPFM)

FIGURE 3: SEM micrograph (left) and sc-AFM scan result of

polymeric, nanometer scale holes fabricated through R2R-capable

interference lithography.

iee o7 | 218 nm

bearings to position a mechanical structure in the
X (web direction) and Z (vertical) directions such
that the sc-AFM could be used to “step-and-scan”
over nanofeatured structures produced on thin,
R2R substrates. Figure 3 shows an example of
the measurement results from the sc-AFM (right)
in comparison to a traditional table-top SEM
micrograph (left).

IMPROVED PROTOTYPE

To refine the proof-of-concept system
towards a more precise implementation of the
previously demonstrated architecture, in addition
to the overall goal of moving from step-and-scan
measurement to quasicontinuous measurement
with the sc-AFM probe, e.g. a mode of operation
such that the R2R substrate does not require
stoppage for measurement. This capability would
thusly improve throughput and compatibility with
R2R HVM. A redesign of the various subsystems
was undertaken towards this goal. To enable high
speed tracking of the top surface of the sample
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FIGURE 4: Side-view of the upgraded tool’'s measurement sensor module (left) and micrograph from the on-tool optical monitoring

system (right) with major sub-systems labelled.

web, a 5 nm repeatability laser triangulation
distance sensor (Keyence LK-HO08W) is added
adjacent to the sc-AFM probe such that active
feedback control can be implemented to lock on
to a specific tip-sample separation distance
during scans and compensate for any roller
runout, geometric eccentricity, and any web
thickness nonuniformities. As this design is only
intended for use with a single sc-AFM, the fine
approach DPFM bearing and linear voice coil
motor shown in the previously presented work
were removed to minimize compliance in the
mechanical path between the sc-AFM and
sample. A process monitoring camera with 4K
resolution and 0.5X to 4X adjustable zoom optics
(Edmund Optics VZM 400i) is also added for
remote monitoring. To maximize the specific
stiffness, the structure’s stiffness normalized to
mass, of the gantry the previous prototype’s
aluminum extrusion was replaced with a carbon
fiber reinforced polymer (CRFP) structure with
bonded 6061 aluminum end caps. The CRFP in
this case is primarily made with unidirectional
carbon fibers to maximize the bending stiffness of
the gantry arm. A screw-locking, kinematic
coupling (Newport BKL-4) is then attached to a
machined flat on the CRFP gantry arm by means
of bonded, threaded inserts to facilitate fast and
easy sc-AFM tip exchange without significant
realignment of the system. Figure 4 details a side
profile view of this sc-AFM probe mounting
arrangement in addition to a micrograph from the
integrated imaging system.

While the initial prototype tool utilized
capacitance probe based sensing to measure the
position of each motion axis, in order to fully take
advantage of the maximum range of the flexure
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mechanisms, a new sensing solution was
required. Whereas the capacitance gauges could
only reliably measure ~250 pym, a new system of
Fabry-Perot interferometric distance sensors
(Attocube FPS3010) is implemented with mm-
scale range well beyond the maximum
displacement of either the Z- or X-axis flexure
stages, and a maximum stage velocity of 2 m/s.
Further, the bandwidth of the interferometer
sensing system exceeds 100 kHz when
interfacing with the FPGA control system through
a custom, digital, high-speed serial
communication protocol compared to the ~5 kHz
bandwidth of the previous sensors in addition to
eliminating the inherent electromagnetic
interference  present in analog voltage
measurements. As only three channels are
available, both sides of the X-axis flexure stage
positions are measured but the Z-axis is sensed
on only one side of the system. For the flexure
stage with two channels, a perpendicular,
chromium carbide reflecting cube (Starrett-
Webber, 5 arc-sec perpendicularity, A/20
flatness) is used. On the single-measurement
side, a small 0.5” diameter protected gold first
surface mirror is employed with A/10 flatness.

To reduce any vibration-inducing slip
between the moving web and the idler roller on
which sc-AFM scans are taken, a new light weight
and high stiffness idler roller with low angular
moment of inertia was fabricated. This roller
consists of a 6” diameter CRFP drum with billet
stainless steel hubs bonded to each end.
Attached to these hubs are stainless steel
bearing journals for the same combination of
radial air bushing and thrust air bearing used in
the initial prototype, albeit with improved billet
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FIGURE 5: Upgraded carbon fiber metrology roller and stainless steel air bearing housings (Top) ,
wind stand architecture with improved actuator, motion bearings, and sensing (middle), and control and

power electronic systems with major components highlighted.
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stainless steel bearing blocks for increased
stiffnress and lowered coefficient of thermal
expansion. The air bushing is mounted in the
housing through a tightfiting series of
fluorocarbon O-rings such that any misalignment
due to optical table flathness or angular
misalignment is taken up by the compliance of the
O-rings. The thrust air bearing is press fit into its
respective housing. This improved sub-system is
outlined in Figure 5 (top) with the major
components labelled.

Upgrades for the web handling sub-system
again focus on achieving semicontinuous sc-
AFM scanning. To minimize the effect of random
errors in linear velocity and tension commands,
super precision class cartridge bearings (SKF
BEAM 025075-RS) were chosen to replace the
low cost, self-aligning roller bearings used in the
preliminary prototype tool as shown in Figure 5
(top). By selecting a heavily preloaded, ~1.92 kN,
back-to-back bearing architecture, stiffness to
both applied moments and web tensioning force
is high — 200 Nm/mrad and 790 N/um
respectively. Unlike typical super precision
bearings, the only stringent dimensional
requirement for the chosen cartridge bearing is
the flatness of the mounting plate, easing
fabrication difficulty and cost for the wind stand
structures. In this case, grey cast iron precision
ground angle plates (Shars Tools) with flatness of
less than 0.0005” were chosen for both their ease
of modification and low cost in addition to the high
perpendicularity to aid in alignment between the
unwind and rewind stands which are fastened to
the optical table breadboard surface, as shown in
Figure 5 (middle). Further, instead of relying on
initial roll diameters, turn counting, and assumed
web thickness to convert from angular velocity
and torque to linear web velocity and web
tension, high-speed, precision laser triangulation
sensors with 100 nm repeatability (Keyence LK-
HO87) are added to sense roller diameter change
from an initially measured value on startup. For
the rewind stand which regulates web velocity, a
30,000 period per revolution sine-cosine optical
angular encoder (Heidenhain ERP 1080 - 30000)
is employed. Additional improvements include
the replacement of the inexpensive, brushless
DC stepper motors with precision, high-torque
slotless, brushless, DC motors (Aerotech
BMS280) directly coupled to the wind journals
through a stainless steel flexural shaft coupling.
In slotless motors, rather than winding coils about
iron teeth, a method which saves on
manufacturing costs and achieves high torque
density, slotless motor coils are either potted in a
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thermoset polymer such as epoxy or wound
about nonmagnetic cores [22]-[24]. While doing
so increases costs and lowers overall torque
density, it all but eliminates the rotational torque
ripple due to the flux channeled by the ferritic
teeth of a traditional brushless DC motor

An upgraded cRIO real-time control system
with significantly increased FPGA size and
resources (National Instruments cRIO-9038) in
addition to low noise, 5 kHz bandwidth, linear
current transconductance amplifiers to drive both
the linear voice coil motors and the rotary slotless
BLDC motors (Trust Automation TA310 & TA330)
are also added. In this case the amplifier for the
X-axis voice coil motors is sized for maximum
turnaround throughput during quasicontinuous
scanning operations, i.e., high acceleration, with
a theoretical limit of ~5 g acceleration (9 A per
coil). To support these upgraded power
electronics, high reliability, programmable, low-
noise switching DC power supplies (TDK-
Lambda GenSys and DPP480-48) are
implemented as can be seen in Figure 5 (bottom).

Lastly, to eliminate any surface charging
effects due to interleave films and the unwinding
of the roll of material which might impart a force
on the sc-AFM cantilever, and thus skew any
measured sample topography from the ground-
truth of the sample surface, a cleanroom
compatible, self-sensing ionic static eliminator
(Keyence SJ-HO60A) based on the corona
discharge effect from sharp tungsten tips is
installed immediately after the unwind stand, as
shown in Figure 5 (middle), to minimize and
surface charging.

CONCLUSION

This abstract presents the evolution of a
proof-of-concept tool to perform tip-based
measurements on flexible, nanopatterend
substrates in a R2R manner. The goals of this
redesign were to improve precision and
throughput of the initial prototype tool in addition
to enabling future quasicontinuous scanning of
R2R substrates, e.g., the implementation of sc-
AFM measurement without the need to stop the
web as is the case for current step-and-scan
measurements. Future work will detail the control
architecture used to implement  this
quasicontinuous scanning method and the
measurement results therein.
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