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Greetings from the General Chair

Welcome to the 30™ Anniversary of the Solid State Sensors, Actuators, and Microsystems Workshop; the
sixteenth in the biennial series of regional meetings that alternate with the International Transducers Conference.
The goal of the Workshop - since its inception in 1984 - has been to provide a forum for presentation of new
ideas and leading-edge research achievements, in a setting that facilitates exchange of ideas and community
building.

Mark Allen has assembled and led an expert program committee in support of the Workshop’s goal. Mind-
expanding plenary presentations by leading academic and industry experts will kick-off each day, followed by
oral and poster sessions of contributed papers. The Workshop schedule remains organized around single session
oral and poster presentations. We have continued the tradition of significant unstructured time for informal
discussions to support exchange of ideas and community building. Be sure to use these intervals for technical
brainstorming and collaboration building, as well as career and business development.

All papers were selected on the basis of high-quality content and leading-edge contribution. Those deemed of
broader interest to the attendees were designated as oral and those of special interest as poster. The "shotgun"
format is used to inform the attendees of the content of the upcoming poster session of the day. Late News Oral
and Poster papers selection process occurred in mid-March and bring the latest research to the attendees. In
addition, we again have something new and exciting planned for the period formally known as the “Rump
Session.” A tremendous “thank you” goes to Mark Allen and the Technical Program Committee for putting
together the technical content of the Workshop, which required studying, debating, ranking, and selecting from
217 submitted quality abstracts.

James Walker (Chair), Gary O’Brien, and Leland “Chip” Spangler worked tirelessly to create the commercial
support and exhibition contributions of this meeting. A special thanks also goes to Sunil Bhave who worked on
student travel support development, and the Transducers Research Foundation and Analog Devices for their
travel grant support for the presenting student authors. The involvement of these individuals, and the financial
support of the exhibitors and corporate sponsors are valuable and essential features of the Hilton Head
Workshop, and I am most thankful to have had these outstanding people and companies participate in this 30"
Anniversary celebration.

Katharine Cline and her team at Preferred Meeting Management, Inc., above all, deserve special recognition
and thanks for all of their hard work and superb organization in pulling this meeting together and for making it
run so smoothly. The work they do “behind the scenes” over the two years of preparation to make this meeting
special is exceptional; our community and our meeting has been the beneficiary of their excellence and
commitment.

This meeting belongs to all of you; thank you for your enthusiastic participation. My best wishes for a
memorable gathering in Hilton Head Island this June 2014.

k. ﬂMW

Mehran Mehregany
General Chair
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MEMS AND MORE FOR THE BRAIN: THE CLUSTER OF EXCELLENCE

BRAINLINKS-BRAINTOOLS AT THE UNIVERSITY OF FREIBURG
O. Paul* and P. Ruther
Microsystem Materials Laboratory, Department of Microsystems Engineering (IMTEK),
University of Freiburg, Germany

ABSTRACT

In the fierce competition among German academic institu-
tions in the national Excellence Initiative, the University of Frei-
burg has successfully defended the excellence cluster project
BRAINLINKS—BRAINTOOLS. The cluster benefits of 28 Mio € of fund-
ing for the period from Nov. 2012 to Oct. 2017. Over 40 principal
investigators of the University Clinic Freiburg and the Faculties of
Biology and Engineering are teaming up, involving about a hun-
dred young scientists. The cluster aims to bring the state of the art
in bi-directional brain-machine interfaces to a new level. Its re-
search program merges results on the neurocomputational founda-
tions, novel MEMS tools, and computer science methods into plat-
forms designed for clinically relevant applications. With Parkin-
son’s disease, epilepsy, stroke, and paralysis, four major neurolog-
ical disabilities are addressed.

INTRODUCTION

Whether the brain is the last frontier of science, as has been
stated, may be questioned. However, without any doubt, its about
10"! neurons and their 10'* interconnections constitute a multiscale
system of awe-inspiring complexity leaving much to discover.

Large project frameworks, such as the Human Brain Project
(HBP) in Europe or the Brain Initiative in the USA have outlined
steps to tackle this formidable challenge. HBP has been originally
designed to trigger research investments at a level of about one
euro-cent per neuron, while the Brain Initiative starts with an ini-
tial expenditure of 100 Mio US$ in 2014 and is planned for a dura-
tion of ten years.

Other leading centers of neurotechnology pursue more fo-
cused endeavors. Among them are the NSF Engineering Research
Center for Sensorimotor Neural Engineering (CSNE) at the Uni-
versity of Washington, Seattle, emphasizing the development of
neural control systems for prosthetic limbs; the Edmond and Lily
Safra Center for Brain Sciences (ELSC) in Jerusalem, Israel, cov-
ering all aspects of neuroscience including computational neuro-
science as well as motor BMI and DBS intervention; and thirdly,
the Australian Bionic Vision Consortium (BVC) with its focus on
visual prosthetics.

THE BRAINLINKS-BRAINTOOLS CLUSTER
Aims
The overall scientific goal of BrainLinks-BrainTools [1] is to
to raise the bi-directional interaction between technical instruments
and the brain to a new level by developing flexible yet stable, and
adaptive yet robust hybrid brain-machine interfaces. With funds
amounting to 28 M€ for five years, the cluster builds on the exist-
ing competence at the University of Freiburg and the University
Clinic Freiburg in
* Neuroscience (Bernstein Center Freiburg; Department of
Biology),
*+ MEMS engineering (Dept. of Microsystems Engineering
[IMTEK], Faculty of Engineering),
+ Artificial intelligence, machine learning, and robotics
(Dept. of Computer Science [IIF], Faculty of Engineering),
* Clinical neuromedicine (University Clinic Freiburg), and
» Ethics of science and technology (Institute of Ethics and
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History of Medicine, Faculty of Medicine).
It combines the corresponding activities into a tightly knit research
program. As a full-range university, the University of Freiburg
thereby materializes its mission statement to contribute solutions to
the pressing interdisciplinary challenges of our time. With
BRAINLINKS-BRAINTOOLS it does so by establishing a strong link
between engineering, the life sciences, and philosophy.

The cluster’s scientific and technological activities are cen-
tered on clinical scenarios addressing four major neurological pa-
thologies, namely Parkinson’s disease, epilepsy, stroke, and paral-
ysis. The approach to these disabilities is guided by two long-term
visions for intelligent neuroprosthetic technology platforms. These
are:

+ Prosthetic limbs with Neural Control (LiNCs) defining
brain-controlled assistive devices and prostheses to return
movement capacity in paralyzed patients and amputees,
and to improve the rehabilitation of patients suffering from
stroke or brain trauma;

* Smart Energy-Autonomous Micronodes (SEAMs) target-
ting implantable, autonomous devices with closed-loop
feedback through implanted recording and stimulation for
the treatment of neurological disorders originating in
pathological network structures and activity dynamics,
such as epilepsy and Parkinson’s disease, among others.

These two platforms will rely on far more than just novel
MEMS devices. They will capitalize heavily on methods of com-
puter science, especially in view of LiNCs with minimally invasive
brain-machine interfaces, and of data evaluation and action plan-
ning needed for SEAMs.

Structure

The cluster is structured into three research areas and a central
service and management unit. It relies on a relatively lean man-
agement and invests the dominant part of its funds directly into
research and into strategic support measures ultimately benefiting
research as well.

Research Area A ‘Foundations’ addresses the neurocomputa-
tional foundations, both in theory and experiment. The aim is to
identify optimal strategies as to when, where, and how to interact
with the brain, whether it is to read out information or induce in-
tended changes in the activity of neural networks, from local cir-
cuit units to large-scale networks spreading across multiple brain
areas. A range of techniques, from network modeling to functional
magnetic resonance imaging (MRI), electrophysiology, and opto-
genetic tools, applied to in vitro and in vivo models, are used.

Research Area B ‘Core Technologies’ focuses on the devel-
opment of multifunctional technical tools for interfacing with the
brain, based on methods of microsystems engineering and comput-
er science. Tailored for spatial resolutions from 30 um to 5 mm,
the tools are designed to be deployed in various brain regions, from
the cortical surface to deep brain structures, both in view of moni-
toring neuronal activity and modulating, i.e., stimulating or inhibit-
ing, it. The electrical, magnetic, and optical signal domains are
being addressed. Advanced algorithms for signal processing and
interpretation, data handling, and action planning turn the tools
into stable, adaptive and robust neurotechnological interfaces.
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Thirdly Research Area C ‘Applications’ pursues the objective
of developing therapies and paradigms transferring the results of
Research Areas A and B into novel preclinical and clinical applica-
tions in the context of the above-mentioned neurological patholo-
gies.

Strategic measures

BRAINLINKS-BRAINTOOLS has formed a strategic axis with the
CSNE, the ELSC, and the BVC.

In addition, the cluster has already four out of five young re-
search leader positions with candidates pursuing a research pro-
gram of their design and endowed with funds for building up a
small research teams for the duration of the cluster.

Three new professor positions have been defined and are cur-
rently being filled in the areas of

* Optophysiology (Faculty of Biology),

* Functional models and multi-scale networks (Faculty of

Medicine), and

» Neurorobotics (Faculty of Engineering),
in order to round off the University of Freiburg’s academic portfo-
lio in neurotechnology and neuroscience.

Furthermore, the cluster has nationally and internationally
teamed up with a large group of academic, clinical, and industrial
application centers for training, dissemination, and transfer. It is
open to further collaborations.

MEMS DEVELOPMENTS

Projects with durations of one year (‘exploratory projects’)
and up to three years (‘advanced projects’) are funded based on
periodic calls for proposal with a review-based selection process.
In the following we outline currently funded projects. Further in-
formation is available online [1].

Current MEMS projects in BRAINLINKS-BRAINTOOLS

Project AdvancedEDC pushes the state of the art in highly in-
tegrated, electronically switchable, intracortical probe arrays for
recording and stimulation. Advances over current electronic depth
control (EDC) probes [2] aim at increasing (i) the reconfiguration
flexibility and speed for switching between electrode configura-
tions, (ii) the spatial resolution by using commercial 0.18 um
CMOS technology, (iii) the signal quality by the on-shaft cointe-
gration of preamplifiers, filters, and analog-to-digital converters
(ADC), and (iv) the number of simultaneously extracted neural
signals up to 32 at least. Probes are tailored with respect to func-
tionality and shaft dimensions to the needs of the neuroscientific
experiments pursued by the cluster partners. Studies of mouse
epilepsy for instance impose particularly severe restrictions on the
probe dimensions.

The probe hardware will be complemented by dedicated in-
situ microelectronic hardware for executing neurocomputational
tasks, and by algorithms for the analysis and classification of neu-
ronal signals, for data reduction and feedback policy learning.

Project COLUMNS addresses the development of non-
invasive light sources for optogenetic experiments. Light beams
shaped as Bessel beams [3] offer the property of beam self-
reconstruction when penetrating diffractive media. Beam shaping
is achieved by conical axicon elements [3] with thermally con-
trolled focal lengths. Laser diodes will serve as light sources. A
dense array of Bessel beams will allow one to generate the spatio-
temporal patterns within the brain tissue required for a wide variety
of optogenetic studies.

Similarly, project WOLDOR aims at the development of in-
tracortical and epicortical optrodes, i.e., light sources for optoge-
netic experiments combined with recording electrodes. The ap-

proach is different, however, since the intracortical probes will be
of the penetrating type, based on slender probe shafts [4], while the
epicortical structures will capitalize on established fabrication
techniques for PDMS rubber and polyimide (PI) based flexible
epicortical grid (ECoG) arrays [5]. The project focuses on the de-
velopment of fabrication, packaging, and testing techniques. Light
sources with optogenetically relevant wavelengths, e.g., 450 nm,
will be integrated into these multifunctional structures. The sys-
tems are electrically controlled and thus avoid the clumsy optical
links via glass fibers of conventional optogenetic probes.

Project MAGRITE focuses on MEMS based micro-coils and
culture chambers for in-situ high-resolution magnetic resonance
imaging (MRI) studies of epileptogenesis in mouse brain slices.
The studies aim at elucidating structural and molecular changes
associated with the development of epileptic seizures. Micro-coil
fabrication relies on wire-bonding and polymer micromachining
[6]. Resolutions down into the 10 um range have so far been
achieved and further improvements by design optimization and
implementation of novel spin hyperpolarization techniques [7] can
be expected.

Compatibility with functional MRI (fMRI) is a definite ad-
vantage, if not a necessity, for any neural probe components. To
support the development of fMRI compatible tools, project
NEUMARE builds a database of MRI relevant properties of mate-
rials used for probe fabrication and identifies rules for judicious
probe design. The materials include Al,O;, diamond-like carbon
SiC, Si, IrOy, Fe, Cu, Au, solder alloys, Mn, Mo, Pt, W, PDMS, PI,
and teflon, among others [8]. In composite structures, magnetic
susceptibility jumps between these materials in the ppm range can
cause image distortions and artifacts, which require minimization
by simulation and design optimization.

Project SEAM-TEG addresses the issue of in-situ energy scav-
enging for powering implanted neurotechnical components. It at-
tempts to reach this goal by thermoelectric energy conversion us-
ing the temperature gradient between the body and the ambient to
which subcutaneous tools may be exposed. Thermopiles based on
electroplated Bi,Te; and Sb,Te; [9] are explored as a promising
choice with acceptable energy conversion efficiencies.

New projects NeuroTRACEIT, MAKE IT RealL, and SEAM-
WiT propose to concentrate, respectively, on: the controlled release
of fluorescent dies from polymer (PEDOT) electrodes for the pre-
cise post-mortem localization of neurons from which recordings
were previously made; next-generation micro-ECoGs for the
closed-loop recording and stimulation in an awake sheep model as
a paradigm for the chronic functional testing of neural implants;
the development of a powerful, versatile telemetry unit for energy
and bi-directional data transfer with implantable neural probes.

Neurotechnology by the Microsystem Materials Laboratory
Probe fabrication approach

Silicon based neural probes for intracerebral recording have
established themselves as valuable and reliable tool for acute and
sub-chronic neuroscientific experiments. Probes by the pioneering
groups at the University of Michigan [10] and University of Utah
[11] have been used by many researchers and are being commer-
cialized by NeuroNexus and Blackrock Microsystems, respectively.
Fabrication of the Michigan probes has traditionally made use of
heavily B-doped silicon shafts with thicknesses around 15 pm
fixed on a thicker base and connected to the external instrumenta-
tion by ribbon cables based on the same highly doped material. In
the case of the Utah probes the fabrication has proceeded by ion
migration through thicker silicon substrates than standard wafers
followed by trenching using dicing, and sharpening by isotropic
etching [11].



A third approach benefiting of similar design degrees of free-
dom in view of the lateral shaft dimensions as the University of
Michigan’s, but at the same time offering design freedom regard-
ing shaft thickness as well, has been proposed by the authors’ team
[12]. It is termed etch-before-grinding (EBG). After completion of
the thin film deposition and structuring processes necessary for the
definition of the recording sites and interconnection leads as well
as their passivation, the probe shape is defined by deep reactive ion
etching (DRIE) of the wafer front; the intended probe thickness is
obtained by rear wafer grinding. Electrode metalizations apply
either Pt or IrO, combined with Ti/Au/Pt layer sandwiches used for
interconnection leads along the slender probe shafts. Probes with
shaft lengths between 1 and 40 mm, widths down to 30 pm, and
thicknesses down to 25 um have been demonstrated. Impedances
for electrodes sites with areas of 962 um” at 1 kHz are typically
1.2MQ and 140kQ for Pt and IrO, electrodes, respectively
[13][2]. Examples of probes are shown in Fig. 1.

Similarly fabricated probes with integrated fluidic channels
[14] and biosensors [15] have been realized by dual-side DRIE of
Si combined with additional Si micromachining, bonding process-
es, and integration of dedicated sensing layers.

Electronic depth control probes

Using the above techniques it is straightforward to realize
probes with integrated microelectronic circuitry as well. To this
end, before the EBG process, the substrates are processed using
commercial CMOS technology. The advantage is that a vastly
larger number of electrode sites can be integrated along the shafts,
each site switchable to a given number of output lines. In shafts
with 4 mm lengths realized in a 0.6 um CMOS technology by X-
FAB, Erfurt, Germany, 188 sites can each be switched to two
among eight output lines. The switches are standard transmission
gates controlled by D flip-flops linked as a shift register [2]. The
switch arrangement allows any configuration of two tetrodes and a
large number of configurations with eight sites scattered along the
shaft to be selected. Combs with four such shafts are available as
well. Since the microelectronic components are distributed along
the shafts, the probe systems benefit of a relatively small base,
which facilitates probe usage in sub-chronic experiments [16].
EDC probes are shown in Fig. 1(b).

In AdvancedEDC this state of the art is being pushed further
by the use of 6-metal 0.18 um technology by X-FAB. This tech-
nology node will enable significantly more smartness to be inte-
grated into the probe shafts and bases.

Optrodes

Optogenetics has emerged as an extremely fruitful technique
enabling experiments where neuronal activity is triggered or inhib-
ited by optical signals rather than electrochemically [17]. This is
achieved by viral transfection of neurons with optically sensitive
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Fig. 1: Selected intracerebral neural probes: (a) passive probes with up to
64 channels (ch) and (b) active EDC probes with on-shaft circuitry for
selecting eight out of 188 channels per shaft.
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Fig. 2: Optrodes of (a) planar design with laser diodes and waveguides on
slender Si probe shafts [4] and (b) miniaturized light source using LED
chip mounted in Si housing and interfaced by polyimide (PI) cable (adapted
from [18].

channel proteins, so-called opsins, variants of which can be ex-
pressed selectively in different types of neuronal cells. Optogenetic
experiments require light of appropriate optical wavelengths to be
dissipated in the neuronal network under study.

Traditionally this has been done using optical fibers connect-
ed to light sources external to the subject. In the absence of suita-
ble optical couplers with rotational freedom, the relatively stiff
connections severely restrict the freedom of motion of animals and
thus are disturbing studies with freely behaving animals.

One idea to overcome this limitation has been to integrate the
light sources directly onto the probes. Thereby the fiber connection
is replaced by a purely electrical connection of the probe either to a
telemetric headstage or through highly flexible PI cables. Figure 2
shows two examples of such systems [4][18]. In the first
{Fig. 2(a)}, four laser diodes are integrated on the base of a two-
shank probe, the light being guided to the vicinity of recording
sites near the probe tip by SU-8 waveguides. In the second case
{Fig. 2(b)}, a light emitting diode (LED) is mounted on a silicon
platform carrying a short optical fiber.

(a) Flexible PCB

Three-dimensional probes

In order to arrange stimulation and recording sites into even
more powerful three-dimensional (3D) arrays we have explored
successively refined assembly techniques. Probes of the planar
type described above were inserted into dedicated platforms with
micromachined bays for hosting probe bases. In a first generation,
the challenge of the vertical-to-horizontal lead transfer from probe
to base was addressed by electroplated Au contacts overhanging
the bays [19]. Relaxing the severe geometrical tolerances of this
approach, the bays were later enhanced by thermomechanical actu-
ators pressing the bases against the contacts on a platform/cable
assembly [20]. A third design relied on bridging the gaps between
the contacts on the platform and the basis by electroplating [21].

Most recently, we have explored a modular system shown in
Fig. 3 with spacer modules separating probe levels with a high
angular accuracy better than 1°, both in the plane of the probe and
in the out-of-plane direction [22].

Polyimide cables

Flexible PCB

Stacking modules

Fig. 3: 3D probe array based on stacking modules for probe alignment
(adapted from [22]).



Probe assemblies and handling tools

In view of the widely varying methods and skills of experi-
mental neuroscientists, a lesson well learnt is that there is no one-
fits-all solution for handling the probes and interconnecting them
to the experimentalist’s preferred instrumentations. For this reason,
customized interconnection solutions based on printed circuit
boards for direct probe mounting or indirect connection via flexi-
ble PI cables with Pt lines have been custom-designed. We have
realized assemblies compatible with vacuum chucks, micromanip-
ulators, microdrives, and autonomous headstages, among others.

CONCLUSION AND OUTLOOK

BRAINLINKS-BRAINTOOLS is currently taking up speed through
the projects outlined above. In the meantime a range of mature
complementary neurotechnological projects independent of this
funding source is being pursued at IMTEK, including the EC-
funded projects NeuroSeeker, LifeHand2, and BrainCon. Spin-off
activities are deployed by CorTec for the commercialization of
ECoGs for human applications, and Atlas Neuroengineering for
passive and active probes and assemblies. Overall these activities
have created in Freiburg a hub of competence in neurotechnology
embedded in a dense network of user groups.

In the early phase, most of the MEMS tools described in this
paper are destined for acute and sub-chronic applications with
animal models. Their transfer to human subjects will require a
prolonged effort in order to ensure their minimal invasiveness and
long-term reliability.
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ABSTRACT

We present the successful in vivo testing of a triggerable,
reconfigurable neural probe designed to record neural activity in
the central nervous system for extended periods of time. The
probe consists of a thin polyimide-gold-polyimide sandwich
structure that can be deflected prior to insertion to store mechanical
energy. After inserting into the brain and waiting for the initial
glial sheath to form, the device can be triggered, causing the
recording tip of the device to penetrate into fresh tissue. Here we
present the first in vivo triggering and acute electrical recordings
from this device in the rodent motor cortex, demonstrating the
essential device functionality.

INTRODUCTION

Electrical recording interfaces with the nervous system are
critical for enabling neurally-controlled prostheses and better
therapies for neurological disorders [1]. A major challenge with
reliable chronic neural recording is tissue reaction, wherein a
sheath of glial cells encapsulates the neural probe, electrically
insulating the probe from the surrounding neurons [2]. This glial
sheath arises both as a reaction to the initial surgical trauma and as
a long-term reaction to the foreign body.

Various strategies have been tried to mitigate the glial
reaction, including designing electrodes that are flexible [3],
deliver immunosuppressants [3], or have bioactive coatings [4].
To-date, however, these approaches have not eliminated the
chronic tissue response. Because of data suggesting that
repositioning electrodes after the initial glial response has subsided
can recover signals [5], and that small feature sizes reduce tissue
response [6-8], researchers have started developing small
reconfigurable probes, either wusing a Sandia surface-
micromachined process [9] or a triggerable variant of the Michigan
probes [10].
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Figure 1: Device operation schematic. (a) The probe bodies are
deflected and glued prior to insertion into the brain. (b) A glial
sheath forms over time (~weeks) due to initial surgical trauma. (c)
Dissolving the glue triggers the probe body to deflect the tips
carrying recording electrodes into fresh tissue.  Small tip
dimensions prevent subsequent glial sheath formation.

Here we describe the first in vivo electrical recordings from a
triggered reconfigurable probe with small dimensions. Our

9781940470016/HH2014/$25C©2014TRF
DOI 10.31438/trf.hh2014.2

5

approach is to create a thin polymer probe whose body can be
deflected and locked prior to insertion via a “glue”, storing
mechanical energy in the legs (Figure 1a). After inserting into the
brain and waiting for the initial glial sheath to form (Figure 1b),
the device can be triggered by dissolving the glue (Figure Ic),
causing the recording tip of the device to penetrate into fresh
tissue. Designing the tip dimensions to be small [8] (7-20 um)
should mitigate formation of an additional glial sheath post-
triggering and thus improve chronic recording.

MODELING

Analytical models of the structural mechanics of the device
body were developed to inform optimal device materials and
dimensions, in order to balance device flexibility (to reduce elastic
modulus mismatch with the brain), stiffness (to allow piercing
through the glial sheath without buckling), energy storage in the
device legs (to provide the > 1 mN force needed to pierce the glial
sheath, based on similar triggered probes [9]) and adequate travel
distance once deployed [11] (> 50 um, to move the recording sites
past the thickness of the glial sheath). Figure 2 shows example
model results informing the appropriate lengths of the device legs,
given the tradeoff between the mechanical stress induced in the
deflected device legs and the total force that can be delivered by
the device.
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Figure 2: Plot of analytically calculated force delivered by the
device (left) and the maximum stress in the device legs (right) as a
Sfunction of leg length for a leg width of 20 um, a leg thickness of
20 um and a deflection distance of 50 um. The requirement that
the force delivered be > 1 mN (design criteria) and the maximum
stress be < 70 MPa (yield stress of polyimide) informs a design
space for the leg length (between 200 and 900 pm).

Mechanical buckling theory was used to ensure a tip
geometry that should be able to pierce through the brain tissue and
the glial sheath without buckling. Electrical models were also used
to determine appropriate electrode materials, electrode site sizes,
and trace widths. Additionally, the chosen device materials and
dimensions needed to be biocompatible and compatible with
available microfabrication facilities. All mechanical and electrical
models were validated with laser-cut polyimide film prototypes as
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well as microfabricated short loop tests (data not shown) before
microfabrication of the final devices.

Based on the above models and prototypes, the devices were
chosen to have a 10 um polyimide / 200 nm gold / 10 pm
polyimide sandwich structure. The structural material was chosen
to be polyimide because of its biocompatibility [12], its flexibility
(reducing mechanical modulus mismatch with the brain and
allowing for increased travel distance, compared to silicon probes)
and its ability to store adequate energy when deflected despite
being flexible. The device leg widths were varied between 20 — 40
um, the leg lengths were varied between 200 — 500 um, and leg
spacing was varied between 20 — 40 um. The device tips were
designed to be 20 um wide at the smallest point. The electrode site
areas were varied between 450 — 5000 wm?.

FABRICATION
The probe was fabricated using standard surface
micromachining techniques, as shown in Figure 3.
TOP VIEW SIDE VIEW
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Figure 3: Fabrication process flow.

First, a 1-um-thick sacrificial aluminum layer was sputter-
deposited onto a 6-inch silicon wafer. Next, a 10-um-thick base
layer of photo-patternable polyimide (HD 4100) was spun onto the
wafer and patterned using photolithographic masks (step 1). The
polyimide was then partially cured (320°C for 30 min) to create a
stable surface for subsequent processing, while leaving some
unterminated bonds for attaching to the top polyimide layer. Next,
a 10-nm-thick titanium + 200-nm-thick gold layer was deposited
using electron beam evaporation, and patterned using an acetone
liftoff process (step 2). This gold layer forms the electrode sites
and traces for the probe. The 10-um-thick top layer of polyimide
(HD 4100) was then spun onto the wafer and patterned. The wafer
was hard baked (360°C for 60 min) to complete the full cure of
both polyimide layers (step 3). Finally, the polyimide sheet was
removed from the silicon wafer by dissolving the sacrificial
aluminum in aluminum etchant (Transene — type A) (step 4). All
die geometries were designed so that the final dies could be easily
separated by hand after peeling the polyimide film from the silicon
wafer, thereby avoiding a final diesaw step. The fabricated device
is shown in Figure 4.

gold traces exposed gold
embedded in polyimide electrode sites

gold
contact
pads

Figure 4: Optical images of the fabricated devices. The device
consists of a 10 um polyimide/ 200 nm gold/ 10 um polyimide
sandwich structure with the gold exposed at the electrode sites on
the tip and at the contact pads. Scale bars = 300 um.

RESULTS

The device was first characterized in benchtop tests in order
to answer the following questions before in vivo testing: 1. Does
the device tip pierce the brain tissue without buckling? 2. Does the
device trigger mechanism work as designed? 3. Are the electrode
sites functional?

Benchtop Mechanical and Electrical Characterization

The first critical component of the device is the probe tip,
which is designed to be as flexible as possible while still being able
to pierce through brain tissue. Insertion into freshly sacrificed rat
pup brains demonstrated that the chosen dimensions could resist
buckling (Figure 5). This validated the mechanical model used to
design the tip geometry.

freshly sacrificed
rat pup brain

probe tip
pierces tissue
[

AN ;
probe tip
outside brain

|

Figure 5: In vitro piercing tests to demonstrate that the probe tips
can pierce brain tissue without buckling. (a) The probe tip lies just
outside a rat pup brain. (b) As the probe is pushed in, the probe
tip pierces the brain tissue without buckling. Scale bars = 1 mm.

The second critical component of the device is the trigger
mechanism consisting of the device legs that are deflected to store
energy prior to insertion. The legs are then held in place in this
stored-energy configuration (Figure 6a) using a water- or
thermally-soluble glue, which allows for triggering on-demand.
Here we used a polyethylene glycol (PEG) hydrogel that dissolves
acutely in saline. PEG was chosen because of its biocompatibility
and tunable degradation times [12]. To demonstrate the triggering
functionality, we applied saline to the PEG-glued probe, causing
the glue to dissolve and the probe body to trigger and advance
(Figure 6b). These tests validated the mechanical models used to
design the trigger structure geometry.
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Figure 6: Benchtop triggering test. (a) The pulled-back probe
body is held in place with PEG, storing energy in the deflected
legs. (b) The PEG is dissolved by adding saline, thereby
straightening the legs and pushing the tip forward by
approximately 50 um. Scale bars = 500 um.

The third critical component of the device is the electrical
functionality of the electrode sites. We measured the impedance of
the electrode sites in saline (using an Agilent 4294A precision
impedance analyzer) to be ~70-400 kQ at 1 kHz, which is within
the typical range for recording electrodes.

The benchtop tests above, thus, demonstrate successful
mechanical and electrical characterization of the various critical
components of the device.
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In Vivo Testing — Electrical Functionality

To demonstrate electrical functionality of the electrodes in an
in vivo setting, we inserted untriggered probes in the motor cortex
of adult female Long Evans rats. Neural data were recorded intra-
operatively under ketamine/xylazine anesthesia upon initial
insertion of the device using a commercially available recording
system (Tucker Davis Technologies) and single unit waveforms
were discriminated using time-amplitude windows. Figure 7
shows a pile plot of the sorted waveform (action potentials) and the
distribution of the inter-spike intervals recorded. These
preliminary tests demonstrate the efficacy of the device in
recording neural activity in an acute in vivo setting.

Inter—Spike Intervals (ISls)
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Figure 7: Inter-spike interval histogram (left) and time-amplitude
sorted waveforms (right) recorded intra-operatively immediately
following device insertion.
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Figure 8: In vivo acute recordings of neural activity in the medial prefrontal cortex of a Thyl-ChR2-YFP optogenetically active mouse.
(a) The probe is inserted into the mouse brain in the deflected configuration (Scale bar = 500 um). (b)-(d) Neural activity (Local Field
Potentials (LFPs) and Multi-Unit Activity (MUA)) is then recorded closely following 20 laser stimulation trains (laser wavelength = 473
nm). (e) The probe is then triggered causing the tip to pierce ~50 um deeper into the brain. (f)-(h) Neural activity is recorded again in
response to the same laser stimulation as in (b)-(d). LFPs ((b),(f)), MUA ((c),(g)) and MUA histograms ((d),(h)) in response to the laser
pulses all indicate successful electrical recording both before and after probe deployment.



In Vivo Testing — Integrated Functionality

Finally, we confirmed the integrated electrical and mechanical
functionality of the probes under acute in vivo conditions in the
medial prefrontal cortex of anesthetized (ketamine/xylazine)
transgenic Thyl-ChR2-YFP mice. We inserted the probe in the
deflected configuration (Figure 8a), and recorded neural activity
(Figures 8b-d) closely following 20 laser stimulation trains (each
train consisting of 10 pulses at 10 Hz with 5 ms pulse duration, and
an inter-train interval of 5 s) delivered using a stationary optic fiber
inserted adjacent to our probe. The probe was then triggered by
applying saline to the PEG glue causing the tip to pierce ~50 um
deeper into the brain (Figure 8e). Neural activity was recorded
again (Figures 8f-h) in response to similar laser stimulation as in
Figures b-d. Local field potentials (LFPs, 1-1000 Hz filter
settings, 3 kHz sampling frequency) (Figures 8b,f) indicate
successful electrical recordings before and after deployment
(colored lines indicate individual recordings from each of the 20
laser trains while the black line indicates the average of these 20
recordings). The LFP amplitude decreases after deployment in
Figure 8f as expected since the probe tip moves deeper into the
brain and further away from the stationary source of laser
stimulation. Simultaneously with LFPs, we successfully recorded
multi-unit activity (MUA) in response to laser pulses both before
and after probe deployment (raw traces in Figures 8c,g, filter
settings 0.3 - 8 kHz, ~50 kHz sampling frequency). Histograms
for quantification across trials (Figures 8d,h) confirmed the
reliability of the evoked activity over a total of the 20 laser
stimulation trains. To ensure physiological origin of the recorded
activity, we raised the stimulation frequency to 100 Hz resulting in
loss of the correlation between stimulation and neural response as
reported previously [13] (data not shown). We also performed a
negative control experiment following the animal tests by
immersing the probes in 0.9% sodium chloride solution and
detected no response following optical stimulation (data not
shown).

These tests demonstrate successful in vivo triggering and
electrical recording of neural activity in acute conditions, paving
the way for chronic triggering and recording tests using our device.

CONCLUSIONS

We present the development and successful testing of a new
type of reconfigurable neural probe with small dimensions,
designed to record neural activity for extended periods of time.
Currently, technologies to do this are limited by both acute
vascular injury and prolonged tissue reaction, the latter mediated
by the body’s immune reaction to foreign objects.  The
combination of these factors limits the reliability of single-unit
recording from the brain. Our probe aims to advance beyond the
tissue undergoing an immune reaction by changing shape at a time
well after initial insertion into the brain, with sufficiently small tip
dimensions so as not to trigger further reaction. We have
demonstrated successful triggering and electrical recordings from
this device in an acute setting in the rodent brain. This technology
holds promise for creating chronic interfaces for recording stable
neural activity.
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POLYMERIC MICRO-GRIPPER FOR APPLYING MECHANICAL STIMULATION

ON THREE-DIMENSIONAL CELL AGGREGATES
0. Wang, S. Zhao, J.K. Choi, X. He, and Y. Zhao"
Department of Biomedical Engineering, The Ohio State University, Ohio, USA

ABSTRACT

This work reports the development of a polymeric
micromechanical device to provide mechanical stimulation to
three-dimensional (3D) cell aggregates that are a few hundred of
um in size. Different from current loading technologies for 3D
cultured cells, the device allows for the application of individually
adjustable mechanical stimulation to a number of 3D cell
aggregates, thus allowing parallel operation for in-depth
investigation of loading parameter-dependent cell responses.
Proof-of-concept experiments showed that the unique strain pattern
generated by this device is able to guide the differentiation of
embryonic stem cells towards a specific direction without the use
of chemical inducing factors. This work indicates that 3D
mechanical stimuli can be a promising inducing factor for
regulating stem cell differentiation.

INTRODUCTION

Mechanical signal is universal in living tissues and organisms
and is critical in regulating various physiological behaviors. The
role of these mechanical signals on cell fate is often investigated
by loading on in vitro cultured cell monolayers by engineered
devices where the extracellular microenvironment is well
controllable and the cells are shielded from undesired stimuli. The
most prevalent method is to seed the cells on a substrate, and
generate surface strain by deforming the substrate. Most
commonly, an elastomeric membrane serves as the substrate. The
membrane deformation can be induced by stretching the membrane
directly by mechanical actuators or indirectly by deforming the
connected elastomer structures using vacuum. Despite of its
research popularity, the use of adherent cell monolayer for
studying cell responses to mechanical signals is debatable due to
the fact that the two-dimensional (2D) cell monolayer confines cell
adhesion within a planar or a curved surface, in sharp contrast to
those in natural tissues where the cells are allowed to reach out to a
three-dimensional (3D) space. As such, for a cell in a 2D
monolayer, nearly 50% of its surface is exposed to an artificial
engineering substrate, while only a very small portion is in contact
with other cells. This is substantially different from the natural
environment where the entire surface area of a cell is often in
contact with other cells through extracellular matrix. The lack of
3D structural architecture may lead to a totally different pattern of
intracellular  structures, intercellular  mechanotransduction,
signaling and in turn affect the overall cell function. Although the
mechanism governing the difference between 2D and 3D cell
culturing is still poorly understood, and whether the 3D culturing
environments are superior over the 2D counterparts is arguable,
there is a general consensus that the difference in morphological
characteristics due to different culturing environment is likely to
induce functional dissimilarities. This is backed up by many
reports showing that 3D cultured cells by various methods exhibit
distinct behaviors from the corresponding 2D models.

When the cells are cultured in 3D environments, the
mechanical stimulation applied towards the cells is no longer in-
plane. Current technologies for providing mechanical stimulation
to 3D cultured cells include the use of a platen to press on cell-
seeded hydrogels, electrospun matrix, or other 3D culturing
substrates, stretching cell-seeded ring-shaped collagen gels to
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apply tensile strain; loading on microfluidic channels which is
filled with cell-seeded collagen gel, just to name a few [7-11]. All
these 3D loading methods have shown their effectiveness in
applying tensile or compressive mechanical strain to cells (i.e. cell-
embedded constructs or embryoid bodies). Nonetheless, the strain
pattern that can be delivered is limited: in most cases only uni-
axial strain can be applied. Numerous studies in 2D cell loading
have reported that the cell response is often dependent on the strain
pattern, e.g. uni-axial strain and equi-biaxial strain can result in
very different effects on the mechanical regulation of stem cells
[12]. It is plausible to infer that such effect also is valid for 3D
loading, i.e. the response of 3D cultured cells exposed to uni-axial
strain loading is different from those exposed to other strain pattern
types. Moreover, since cell response to mechanical stimulation is
often dependent on the loading parameters, parallel
experimentation with simultaneous loading on multiple 3D
samples is preferred.

In this work, we designed and fabricated a polymeric
microdevice to apply compressive strain to an array of nine 3D
cultured cell aggregates. Different from previous uni-axial loading,
the cell aggregates were simultaneously loaded at four different
spots, leading to a more complex strain distribution. The results
showed that the device can successfully apply strains on alginate
microbeads and cell-loaded microcapsules. Proof-of-concept cell
loading test showed that 72-hour cyclic loading with the unique
strain pattern delivered by this device was able to increase the
expression of cardiac troponin I (cTnl) in the aggregates of
undifferentiated R1 murine embryonic stem (ES) cells without the
help of specific chemical inducing factors.

MATERIALS AND METHODS
Device Design

The device consists of multiple loading sites which can be
individually actuated to simultaneously apply a differential pattern
of mechanical compressive strains to a number of 3D cell
aggregates. Each loading site consists of four microscale pillar-like
structures on top of a thin circular membrane, and a microfluidic
channel placed underneath (Figure la&b). The four pillars were
arranged axially symmetrically on the circular membrane and their
distance to the membrane center was adjusted to gain an enclosed
space with the same diameter of the 3D cell aggregate to be
loaded. Once the pressure in the microfluidic channel changes, a
differential pressure occurs across the membrane and deforms the
membrane, thus titling the pillars and changing the volume of
space enclosed by them. In particular, once a positive pressure is
applied, the circular membrane deflects upwards and the volume of
the enclosed space increases (Figure 1c). The increased space is
designed to be slightly greater than the size of the 3D cell
aggregate so as for easy loading. Once the positive pressure is
removed, the pillars returned to their vertical standings to hold the
3D cell aggregate in position. Once a negative pressure is applied,
the circular membrane deflects downwards and the volume of the
enclosed space decreases (Figure 1d). The four pillars thus press
on the surface of the cell aggregate to apply mechanical
stimulation. The strain magnitude and profile are functions of the
applied differential pressure. To ensure good contact between the
pillars and the cell aggregate and repeatability of the loading
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Figure 1: Schematic of the micro-gripper and the working
principle of mechanical stimulation: (a) a micro-gripper consists
of four fingers enclosing a cylindrical space; (b) cross-sectional
view showing the micro-gripper on the top of a circular thin
membrane. The micro-gripper deforms upon (c) a positive
differential pressure to increase the enclosed volume or (d) a
negative differential pressure to decrease the enclosed volume.
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parameters, each pillar has a curved inner surface to match the
surface of the spherical cell aggregate. The size of the circular
membrane was determined to have the pillars gain the maximal
tilting angle at a given pressure. The four-pillar assembly is
referred to a micro-gripper and each pillar to a micro-gripper finger
hereafter.

Given that the 3D cell aggregates used in this study has an
average diameter of 225 pum, the inner diameter of the cylindrical
space enclosed by the four fingers was set as 225 um. The height
of the fingers was determined in consideration of actuation range
and operation reliability: if a finger is too tall, the tips of the four
fingers may meet each other before a desired strain can be applied.
If a finger is too short, the spherical cell aggregate tends to be
unstable upon compression and has a high risk of escaping from
the enclosed space especially under a large strain magnitude. After
a trial-and-error experimental test assisted by finite element
analysis, the height of the micro-gripper fingers was determined to
be 180 um for the cell aggregates with 225 um in diameter. Each
finger was 50 um thick (the distance from the outer surface of the
finger to its inner surface). Finite element analysis showed that
with such a width and a height-to-width ratio, the micro-gripper
finger itself does not yield significant deformation while pressing
on the cell aggregate. According to the plate theory, the slope of
deflection in a thin circular membrane along the radial direction
reaches the maximal in the region 0.3R to 0.7R distant to the
membrane center, where R is the membrane radius. The radius of
the circular membrane was thus determined as 500 um in diameter.
The thickness was determined as 55 pum.

Device fabrication

The entire device was made of polydimethylsiloxane
(PDMS). The thin circular membrane with micro-grippers was
fabricated using a double-side replica molding process [13], in
which the upper mold for creating the micro-gripper fingers and
lower mold for creating the circular thin membrane were prepared
separately (Figure 2). For the upper mold fabrication, extruded
micro-gripper fingers (225 pm in inner diameter, 325 pm in
outside diameter, and 180 um in height; the gap between the
adjacent fingers was 50 pm) were first created by patterning SU-8
negative photoresist (SU8 2100, Microchem, MA) on a silicon
wafer by photolithography. PDMS prepolymer (10:1 w/w ratio)
was dispensed on the wafer, cured and peeled off, forming
complementary features of micro-gripper fingers in the PDMS
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Figure 2: Fabrication process of the loading component. The
PDMS substrate carrying the micro-gripper and the circular
loading membrane was fabricated by double-side replica
molding.

substrate. The outmost surface of the PDMS substrate was then
treated with 0.1% Hydroxypropyl Methycellulose (HPMC)
aqueous solution for 30 minutes in order to form a separation layer
for easing subsequent mold releasing. For the lower mold
fabrication, SU-8 microposts (500 um in diameter and 245 pm in
height) were patterned on a silicon wafer. Afterwards, the upper
and lower molds were placed face-to-face, aligned and separated
by spacers that were 300 um thick. This left a 55 um gap between
the top surfaces of the upper and lower molds. While holding the
two molds in position, PDMS prepolymer (10:1 w/w ratio) was
filled into the gap, cured, and released from the two molds. The 55
pm thick PDMS circular membranes with micro-gripper fingers on
their top surfaces were thus obtained, as shown in Figure 3.

After device fabrication, deionized water was pumped into the
microfluidic channels underneath the membrane using a syringe
pump for generating a hydraulic differential pressure across the
loading membrane. The use of hydraulic instead of pneumatic
actuation is in observation of possible air leaking and long-term
strain drifting due to the gas permeability of PDMS. Once the
channels are fully filled with water, the cell culturing surface of the
device was cleaned by 1% Sodium dodecyl sulfate (SDS) solution
for 1 hour, followed by rinsing with 70% ethanol, and exposed to
UV light overnight. After sterilization, the cell culturing surface
was rinsed twice with phosphate buffered saline (PBS), each for 5
minutes.

Micro-gripper finger

Enclosed space

\ ’{/Iicroﬂuidic channel
Circular membrane

Figure 3: Optical micrograph showing a micro-gripper with four
fingers and the underlying membrane.



In this study, microdevices with an array of nine
microgrippers were fabricated for mechanical stimulation testing.
Each micro-gripper was connected with an individual microfluidic
channel and can thus be actuated independently.

Preparation of Solid Alginate Microbeads and Cell-Loaded
Microcapsules

Solid alginate beads was prepared by electrospray using a
previously reported method [14]. In brief, 2.0% (w/v) sodium
alginate (Sigma) dissolved in 250 mM mannitol solution was
pumped through a 30 gauge syringe needle at the flow rate of 27
pl/min and sprayed into 100mM calcium chloride as the gelling
bath under a 1.8 kV open eclectric field. The solid alginate beads
with the average diameter of 225 um were then collected from the
gelling solution and loaded to the devices.

R1 murine embryonic stem (ES) cells from ATCC were
cultured in ES medium with Knockout® DMEM supplemented,
15% Knockout® serum, 1000 U/ml LIF, 4 mM [-glutamine, 0.1 M
2-mercaptoethanol, 10 pg/ml gentamicin, 100 U/ml penicillin, and
100 pg/ml streptomycin in gelatin coated tissue culture flasks with
medium being changed daily. For the microcapsules loaded with
cells, coaxial electrospray design was used to generate
microcapsules with aqueous liquid core and alginate (hydrogel)
shell, which is preferred for the embryonic cells to form single
uniform aggregates. In general, the core solution containing 5x10°
per ml ES cells and 1% (w/v) sodium carboxymethyl cellulose in
250 mM mannitol solution and the shell solution of 2.0% alginate
(w/v) were pumped through the concentric inner (28G) and outer
lumen (21G) of a customized syringe needle respectively. Under
the open electric field (~2.1kV), the core solution and the shell
solution were sprayed into the gelling solution (100mM CacCl,) at
40 pl/min and 60 pl/min, respectively. The encapsulated ES cells
were then collected, washed with 0.5 M mannitol, and cultured in
ES medium for 7 days, until spherical aggregates were formed in
the liquid core of core-shell microcapsules.

Mechanical Stimulation and Immunostaining

Cyclic loading with the maximal differential pressure of -13
kPa was applied at 0.5 Hz for 72 hours. The un-loaded cell-loaded
microcapsules were used at the control group. Both groups were
maintained in regular DMEM with 10% FBS, 100 U/ml penicillin,
and 100 mg/l streptomycin for the entire period of mechanical
stimulation.

After mechanical stimulation, c¢Tnl was examined by
immunostainning. Encapsulated cell aggregates were collected and
then released from capsules by incubating them in 75mM sodium
citrate for 1 minute. Afterwards, cell aggregates were fixed by 4%
PFA for 15 minutes, washed by PBS for three times and incubated
in 3% bovine serum albumin (BSA) for 30 minutes to block non-
specific binding at room temperature. The primary antibody of
c¢Tnl and corresponding secondary antibody were then applied.
Before imaging, the nuclei of cell aggregates were further stained
with 5 uM Hoechst 33342 for 15 minutes. The images were taken
using an Olympus FV1000 confocal microscope and the intensity
of each condition was analyzed using ImageJ (NIH).

RESULTS AND DISCUSSIONS

The solid alginate microbeads and ES cell-loaded
microcapsules (both were 225 um in diameters) were transferred
into the micro-grippers, followed by cyclic application of negative
differential pressure by the syringe pump. The deformation of the
micro-gripper fingers and that of the solid alginate microbeads (or
ES cell-loaded microcapsules) were measured using optical
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Figure 4. Deformation of solid alginate microbeads before and
under mechanical stimulation: (a&b) phase contrast images;
(c&d) z-stack fluorescent images of the microbead; (e&f) the 3D
profile of the microbead reconstructed from the fluorescence
images. The loading pressure was -13 kPa. The microbeads were
with 2% alginate concentration.

microscopy. Z-stack phase contrast images were obtained to show
the boundaries of the microbeads as they deformed. A sequence of
90 images with 4 pum step distance was captured under each
loading condition by scanning the microsphere from bottom to top.
The image at the mid-plane of the microsphere was selected for
deformation analyses, where the mid-plane before compression
was determined from the image with the largest diameter; the
corresponding mid-plane under compression was determined from
its relative position to the top and the bottom of the micro-gripper
fingers, assuming there was no slip between the microsphere and
the micro-gripper fingers during mechanical stimulation.

Mechanical Loading on Solid Microbeads

The measurement in solid alginate microbeads showed that
the deformation of all the microbeads increased with the
differential pressure, while the microbeads with a higher alginate
concentration yields a smaller deformation compared to that with a
lower alginate concentration. Specifically, for microbeads with
1.2% alginate concentration, the mean diameter change at the mid-
plane was 5.0 um at -2.1 kPa. This number increased to 28.3 um as
the differential pressure changed to -13.0 kPa. For microbeads with
2.0% alginate concentration, the mean diameter change at the mid-
plane was 3.5 um at -2.1 kPa, and 20.7 um at -13.0 kPa. For
microbeads with 3.0% alginate concentration, the mean diameter
change at the mid-plane was by 1.1 um at -2.1 kPa and 5.4 um at -
13.0 kPa. The dependence of the diameter change with the alginate
concentration is believed due to the different Young’s moduli of
the microbeads, which affects the maximal allowable strain range.
FITC-dextran labelling was used to visualize the deformation of
the microbeads. Z-stack phase contrast images were obtained to
show the boundaries of the microbeads as they deformed. A
representative deformation profile before and under compression
was shown in Figure 4, with the alginate concentration of 2%.

Mechanical Loading on Cell-Loaded Microcapsules

The deformation of the microcapsules upon loading was also
measured. The results showed that both the entire microcapsule
and the cell core exhibited discernable deformation (Figure 5). For
instance, for the microcapsules with the shell of 2.0% alginate
concentration, the mid-plane of the entire microcapsule exhibited
the mean diameter change of 3.7 um at -2.1 kPa, and 23.4 pm at -
13.0 kPa, and the mid-plane of the cell core exhibited the mean
diameter change of 3.0 pm at -2.1 kPa, and 20.2 um at -13.0 kPa.
It was noted that the deformation of cell-loaded microcapsules



Before compression Under compression

Figure 5: Deformation of a microcapsule (2%

alginate
concentration, with ES cell aggregates) upon loading: (a)

microcapsule before compression; (b) microcapsule under
compression. The differential pressure was -13.0 kPa.

were greater than that of the solid microbeads at the same alginate
concentration. This indicated that the Young’s modulus of the cell
aggregates is lower than the alginate shell with 2% alginate
concentration.

Mechanical Stimulation Regulated Stem Cell Differentiation

Immunostaining result after 72 hours of loading showed that
the mechanical stimulation group exhibited significantly higher
expression of cTnl comparing to those in the control group (Figure
6). This indicated that cyclic mechanical stimulation by the micro-
grippers can promote the differentiation of 3D ES cell aggregates
into cardiac like phenotypes without the help of chemical inducing
factors. This may open up a new avenue for tailoring the multi-
directional differentiation of ES cells. More systematical
investigation of the relationship between the loading parameters,
the strain pattern, and ES cell differentiation is underway.

Mechanical

Control

Figure 6: Immunostaining of cTnl (green) in ES cell aggregates,
Hoechst staining of cell nuclei (blue), and differential interference
contrast (DIC) images showing the aggregates morphology. Scale
bar: 100 um. *: Statistically significant (p < 0.05).

CONCLUSIONS

In this study, we develop a microdevice with an array of
micro-grippers to apply mechanical strain towards 3D cell
microaggregates encapsulated within an alginate shell. The results
showed that the device can successfully load on both solid
microbeads and cell-loaded microcapsules. The mechanical
stimulation elevated the expression of c¢Tnl, a cardiac marker,
indicating the mechanical strain generated by the micro-grippers
may regulate the differentiation of ES cells a specific phenotype.
The microdevice also shows its compatibility with parallel
operation, which is essential for investigating loading parameter-
dependent cell responses to mechanical signals.
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ABSTRACT

We demonstrate a compact implantable intraocular pressure
sensor with remote optical readout for glaucoma research and
patient management. Using broadband white light between 780-
1150nm, we excite the sensor’s pressure-sensitive optomechanical
cavity and detect the reflected light, whose optical signature changes
as a function of intraocular pressure. When measured inside an
artificial pressure chamber that emulates the anterior chamber of the
eye, the sensor provided robust measurements of hydrostatic
pressures between 10-60 mmHg with an accuracy of 0.15 mmHg
and a linearity of 0.97.

INTRODUCTION

Glaucoma is a leading cause of blindness, affecting an estimated
4 million Americans and 70 million individuals globally [1]. As
glaucoma typically affects the elderly, the aging demographic trends
indicate that this disease will continue to be an ever-increasing
socioeconomic burden to society [1-4]. Elevated intraocular
pressure (IOP) is a major risk factor for glaucoma, and IOP
monitoring is the single most important clinical management tool
[2]. Despite the pervasive use of IOP readings for disease
monitoring, and the clinically proven importance of the aggressive
lowering of IOP [5-10], current clinical management is primarily
based on only periodic snapshots of IOP in the doctor’s office
obtained every few months based on indirect measurements [11-12].
The inability of patients to easily monitor their own IOPs at different
times of the day or during various daily activities, hinder the
comprehensive understanding of the IOP profile of individual
patients [13] and the possibility of custom-tailored IOP control. In
addition to its use as a patient monitoring parameter, IOP is also the
standard readout used in glaucoma research. However, achieving
an acceptable level of accuracy and repeatability in animal-IOP
measurements requires anesthesia and extreme care [14-15].
Conducting such time-consuming measurements in large
populations of animals is a major hurdle in glaucoma drug
discovery. The need for better IOP monitoring in clinical
ophthalmology and in disease research has been widely appreciated,
and a number of efforts have been made to develop MEMS-based
implantable sensors [16-18]. However, these implants are too large
(diameter: 1-3 mm) for use in rodent models (corneal diameter ~ 3.5
mm), which make up > 90% of the animal species used in glaucoma
research. Sensor implants with such dimensions may also interfere
with normal human ocular function and be cosmetically and
psychologically unacceptable to patients.

We are developing a highly miniaturized IOP monitoring system
using a nanophotonics-based implantable IOP sensor with remote
optical readout that can be adapted for both patient and small animal
research use. The device’s operating principle and configuration are
shown in Figuresl and Figure 2, respectively. A remote detector
optically excites the pressure-sensitive nanophotonic structure of the
IOP-sensing implant placed in the anterior chamber and detects the
reflected light, whose optical signature changes as a function of IOP.
Optical detection eliminates the need for large, complex inductive-
coupling or capacitive-sensing (LC) structures [16-17] and
simplifies sensor design. In addition, readout involves 780-1150nm
light that is not sensed by the photosensitive neurons in the retina.
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The wuse of precisely engineered nanophotonic components
improves the sensor’s resolution and sensitivity, increases optical
readout distance, and reduces its size by a factor of 10-30 (ultimately
down to 50 um in diameter and 25 um in height) over previously
reported implants. Its small size and convenient optical readout will
allow more frequent and accurate self-tracking of IOP by patients in
home settings. In addition, this technology can be adapted for use
in automatically monitoring large cohorts of animals to support
glaucoma research and drug discovery.
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Figure 1: Schematic illustration of the IOP sensor operation. a)
Disk-shaped optomechanical cavity whose optical resonance is
enhanced by the presence of nanodot arrays. b) Flexible membrane
deformation by ambient pressure. ¢) Resulting shift in resonance
due to gap reduction. d) IOP sensor implanted in the anterior
chamber and hand-held remote optical reader
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Figure 2: a) 3-D illustration of the sensor. b) Cross-sectional view.
The sensor’s diameter is 300 um, which can be further reduced
down to 50 um. The size of the nanodot arrays, which determines
the active area of the sensor, is 50 um in width and length, and it
can also be further reduced down to 25 um.

DEVICE DESIGN
Operating Principle

The core of the device, the optomechanical cavity, is formed by a
flexible 3-um Parylene membrane with a diameter of 200 um (the
deformable part) [16-17] and a rigid silicon substrate on the bottom,
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as shown in Figure 2. Both the Parylene and silicon surfaces are
embedded with resonance-enhancing 50x50-um? gold nanodot
arrays with the dot-to-dot pitch of 1000 nm and the nanodot diameter
of 800 nm. These values were experimentally determined for the
sensor’s optimal performance and are discussed in more detail
below. As the pressure increases from 1 atm, the initial 2-um gap
between the Parylene membrane and the silicon (Si) substrate
decreases, and this decrease in the gap shifts the resonant
wavelength of the cavity (Fig. 1).

Optomechanical Simulation and Design

To design a pressure sensor that exhibits highly linear mapping
between spectral resonance shifts and pressure changes, we ran a
series of optomechanical finite-element-method (FEM) and finite-
difference-time-domain (FDTD) simulations using commercial
programs (COMSOL and CST), in combination with experimental
measurements.

We first determined the spectral range for pressure sensing. The
wavelength range of interest is between 770 and 1100 nm because
the light absorption in water and tissues would be minimal in this
range, facilitating the penetration through the cornea and the
aqueous humor. In addition, this wavelength range is not sensed by
photoreceptor cells in the retina. We set the initial cavity gap at 2
um, which is a gap value that can readily be microfabricated. Using
FDTD simulation, we first identified a free spectral range of the
sensor cavity for clear detection of the resonance shift, as shown in
Figure 3.
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Figure 3: Simulated spectral shift of the cavity resonance as a
function of the gap: The usable range is between 780 and 900 or
total shift range of 120 nm.

The simulation results have indicated that the free spectral range
exists between 780 and 900 nm, which would allow a shift range of
120 nm, when the gap decreases by 400 nm, from 2 ym to 1.6 um.
Next, using FEM simulation, we designed the Parylene membrane
— its diameter and thickness — so that it would deflect 400 nm in
response to the change in the ambient pressure (ie. IOP) of 40 mmHg
between 10 and 50 mmHg. Based on our simulation results, the
diameter and the thickness of the Parylene membrane were
determined to be 100 um and 3 um.

Resonance-Enhancing Nanodot Arrays

The resonance strength and properties of a Fabry-Perot optical
cavity are heavily influenced by the reflectivity at the cavity ends.
If the reflectivity is high, the resonance becomes very narrow and
sharp, and the quality factor of the resonance increases. However,
in this case, the overall amplitude (peak-to-valley height) of the
resonance, which directly translates to the signal-to-noise ratio for
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sensing application, significantly decreases. On the other hand, if
the reflectivity is low, the resonance becomes very broad and its
amplitude also becomes smaller, making it difficult to detect the
resonance. This tradeoff is clearly illustrated by the blue line (from
simulation) in Figure 5. Very high or low reflectivity results in low
resonance amplitude or peak-to-valley height. An optimal
reflectivity exists around 0.6 = 0.2, where the peak-to-valley height
is maximized.
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Figure 4: a) FEM simulation of a Parylene membrane deformation
as a function of hydrostatic ambient pressure change. b) Linear
mapping between “the membrane deflection vs. the spectral shift.”
¢) Linear mapping between ‘“the membrane deflection vs. the
intraocular pressure change.” For 1 mmHg change, the membrane
deforms by 10 nm, and this results in 3nm shift in resonance or 3nm
spectral shift per ImmHg pressure change.
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Figure 5: Measured P-V ratios vs. nanodot diameters: The optimal
diameter ranges between 700 and 850 nm.

Hence, we use engineered gold nanodot arrays to optimize the
reflectivity of the Parylene membrane surface and the silicon
surface. In order to adjust reflectivity of a membrane using nanodot
arrays, we only need to vary the diameter and pitch of the nanodots,
which can be accomplished precisely and repeatedly using an
electron-beam lithography system. Consequently, compared to
using other coating techniques, the placement of gold nanodots
allows us to control Parylene membrane reflectivity in a more
reliable and repeatable manner. To find an optimal diameter, we
fabricated a series of nanodot arrays with varying diameters from
500 to 850 nm while keeping the pitch at 1000 nm and
experimentally measured their reflectivities. Fitting the
experimentally obtained reflectivities onto the simulation curve as



shown in Figure 5, we found that the optimal nanodot diameter was
750 nm. To keep our nanofabrication parameters simple, we chose
800 nm for the nanodot diameter.

DEVICE FABRICATION

The proposed device is fabricated on a silicon wafer using
microscale and nanoscale fabrication techniques. To fabricate the
sensor, we first performed photolithography and deep reactive ion
etching (DRIE) to create a 2-um-deep cavity chamber and a recess
(for adhesive) in the Si wafer (Figure 6a). Then, we patterned a 170-
nm-thick gold nanodot array on the Si substrate using e-beam
lithography, gold evaporation, and lift-off (Figure 6b). Next, using
DRIE, we created four air holes on the front side of the wafer and
on the air reserve chamber on the back of the wafer (Figure 6c¢).
During the etching process, the air reserve chamber eventually
reached the air holes, and they all become connected. Then we
patterned another gold nanodot array on the Parylene membrane
(Figure 6d) using e-beam lithography, gold evaporation, and lift-off.
Next, using epoxy, we assembled the Parylene membrane and the Si
substrate while keeping their nanodot arrays aligned to each other
under the optical microscope (Figure 6¢). Finally we completely
sealed the air reserve chamber using epoxy and a Si chip (Figure 6f).

Parylene Membrane

d) Gold nanodot array fabricated by e-beam
lithography and lift-off. (Cr/Au Snm/170nm).

Assembling Process

a) Silicon etching by DRIE. (2um)
b) Gold nanodot array fabricated by e-beam
lithography and lift-off. (Cr/Au 5nm/170nm)

e) Parylene membrane aligned and
attached on top of ‘Body’ by epoxy.

c) Release hole and backside gas chamber
etched by backside DRIE.

=
Epoxy

f) Backside gas chamber sealed by
another Si chip.

Si  Parylene Au

Figure 6: Fabrication process.

The photos of the completed device, including the SEM image of
the gold nanodot, are shown in Figure 7. The requirement on
alignment accuracy between the two gold nanodot arrays, one on the
Parylene membrane and the other on the silicon substrate, is lenient.
The maximum misalignment shown in Figure 7b is about 4 um, and
the size of the resulting active sensing area is 85% of the designed
value, which can easily accommodate the probing beam and would
not degrade the performance of the sensor.

Figure 7: Images of the fabricated device: a) A photo of the entire
device (top view). b) Two superimposed gold nanodot arrays. The
SEM image shows the gold nanodot array on the Parylene
membrane.

DEVICE MEASUREMENTS

We tested the completed devices inside a water-filled pressure
chamber that emulated the anterior chamber of the human eyes
(Figure 8). The artificial chamber has a transparent window on the
top for optical measurements, and its internal pressure can be
precisely adjusted using an external regulator and simultaneously
monitored using a digital pressure gauge (model name: DPGWB-
04; manufacturer: Dwyer Instruments, INC.; accuracy: +0.5%;
thermal effect: 0.05%).
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Figure 8: A schematic diagram and a photo of the measurement
setup. The inset in the bottom-right corner shows the in-house built
pressure chamber that emulates the environment of the anterior
chamber.

Using a broadband source (model name: OSL1 High-Intensity Fiber
Light Source; manufacturer: Thorlabs) and a commercially
available mini-spectrometer (Maya 2000Pro by Ocean Optics; 0.22-
nm spectral resolution), we remotely acquired the reflection spectra
from the sensor in the chamber at a distance of 7 mm (Figure 8). As
we linearly increased the chamber pressure from 10 to 60 mmHg
and tracked the locations of the major peaks in the spectra, we
observed that the spectra shifted to the shorter wavelengths, as
shown in Figure 9. The average values and standard deviation of
the peak locations were determined from over 300 measurements.
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Figure 9: Reflective spectra showing resonance shift as a function
of hydrostatic pressure between 21 and 51 mmHg.

The mapping between the pressure changes and the resonance shifts
was highly linear as shown in Figure 10, with a linear fit of 0.966.
The sensitivity and the accuracy of the pressure sensor were 1.53
nm/mmHg and 0.15 mmHg over the range of 10-60 mmHg. The
mini-spectrophotometer with 0.22nm spectral resolution was used
reliably to resolve 1.53nm change in resonance shift per | mmHg
change in pressure. When compared to the sensor without gold
nanodot arrays, the presence of the nanodot array significantly
enhanced the signal-to-noise ratio of the sensor by a factor of seven
and enabled more robust remote detection.
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Figure 10: Linear mapping between the shift in peak locations and
the ambient hydrostatic pressure: the linearity is 0.96618.

Following the successful measurements in the artificial pressure
chamber, we pursued measurements in ex-vivo rabbit eyes. Figure
11 shows robust optical resonance captured remotely over a 7-mm
distance from an earlier prototype device (consisting of two rigid
membranes that do not flex) implanted in the anterior chamber of an
ex-vivo rabbit eye and also in saline as a reference measurement. In
both cases, we obtained consistent resonance peaks at identical
locations.

In saline

4

1010 nm

4

1070 nm

2

950 nm
8200mM 855am 900 nm

Vertical division: 50 (A. U.)

In rabbit eye At

- ‘ ‘_ /

4 3
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Figure 11: a) Earlier prototype device, ~ 2 mm by 2 mm. b)
Prototype implanted in the anterior chamber of an ex-vivo rabbit
eye. ¢) A zoom-in image of the implant in the ex-vivo rabbit eye —
the gold nanodot array appears as a bright spot in the image,
indicated by the arrow. d) A resonance spectrum captured from the
prototype device implanted in ex-vivo rabbit eye and also in saline.
The resonance dips appear exactly at the identical locations.

CONCLUSIONS

We have designed and fabricated a compact implantable IOP
sensor with remote optical readout for glaucoma research and
patient management. We have demonstrated its IOP-sensing
capability between 10-60 mmHg in an artificial pressure chamber
and captured the resonance spectrum from a prototype sensor
implanted in the anterior chamber of an ex-vivo rabbit eye. We are
presently working on (1) measurements in ex-vivo and in-vivo rabbit
eyes; (2) further miniaturization of the implantable IOP sensors
below 100 um for use in rodent eyes; (3) a longer optical readout
distance (theoretical limit ~ 20 cm); and (4) algorithms for automatic
assignments of spectral shifts to pressure values.
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ABSTRACT

Point-of-care virus diagnosis is highly desirable in worldwide
infectious disease control. Here we report a hand-held device for
capturing viruses by applying physical size based exclusion inside a
point-of-care device integrated with vertically aligned carbon
nanotube (VACNT) nanostructures to achieve label-free and high
throughput virus capture. The microfluidic device is constructed
from a VACNT channel wall synthesized bottom-up via chemical
vapor deposition (CVD). The VACNT has ~117nm average gap
size and ~97% porosity. By bonding with a polydimethylsiloxane
(PDMS) cover sealing the top, the aqueous sample containing virus
particles filter through the VACNT channel wall under negative
pressure applied at the outlet end. We have demonstrated that the
device is capable of filtering 50uL of PBS containing ~6.3x10*
counts of lentivirus particles in 10 minutes with 97% of capture
efficiency, quantified by the cell infectious titration technique.

INTRODUCTION

Once a viral infectious disease breaks out, the detriment can
grow exponentially without effective quarantine. In 1918, an
influenza outbreak caused 50 million deaths globally. The
HIV/AIDS pandemic has resulted in 36 million deaths thus far and
the number is increasing [1]. The emergence of these pathogens and
their subsequent spread have not only had a destructive impact on
global health but have also caused economic losses and
interruptions in trade and travel [2]. Therefore, rapid on-site
detection and analysis are crucial. Viruses are small parasites and
display in a variety of sizes and shapes. In general, most discovered
viruses range from 20-300 nm in size and contain either an RNA or
DNA genome surrounded by a protective protein coat or capsid [3].
Current diagnostic approaches include direct virus detection via
isolation of the virus in cell culture, identification of viral nucleic
acids or antigens, and serological tests detecting virus-specific
antibodies. However, viral culture requires a minimum of two to ten
days of enrichment to provide statistically relevant information [4].
Because immunological approaches depend on specific
recognitions provided by antibodies or probes [5], it poses a
challenge to target unknown viruses or unidentified strains.

In this paper, we integrate a hand-held device to achieve virus
capture and enrichment by size-based filtration. The active material
is a VACNT forest with 97% porosity and the ability to selectively
isolate virus from aqueous suspensions at the nanoscale. Via
bottom-up synthesis processing, VACNT selectively grow on
patterned iron catalyst thin films. First, we characterized VACNT
material synthesis by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and Raman spectroscopy.
Second, we studied VACNT filtration properties of gap size and
porosity and fitted the results using Darcy’s equation. Third, we
integrated droplet-shaped VACNT pattern into a microfluidic
device via a sealing PDMS cover on top. We characterized the
device filtration performance using lentivirus and measured the
capture efficiency by cell infectious titration.
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FABRICATION AND FILTRATION MECHANISM
Bottom-up fabrication and device assembly

Starting from a 4” prime silicon wafer, the silicon substrate
was cleaned by piranha solution followed by subsequent sonication
in acetone, IPA and DI water. In Fig.1A, The iron catalyst thin film
was deposited by e-beam evaporation and patterned by photoresist
lift-off process. The ion thin film is approximately 6.5nm thick
when measured by atomic force microscopy (AFM). Due to its
better biocompatibility [6], nitrogen-doped CNTs were synthesized
inside an aerosol based CVD by using benzylamine as the carbon
source with nitrogen doping. The benzylamine mist was generated
by an ultrasonic neubulizer and was carried by argon/hydrogen gas
into two furnaces in series at 8252C under a flow rate of 2.5 L/min.
In Fig.1B, the VACNT selectively grew on a patterned catalyst thin
film to form an enclosed droplet shape microfluidic chamber. The
newly synthesized VACNT pattern was then sealed on top with s
molded PDMS chamber via oxygen plasma enhanced bonding. We
fabricated the PDMS cover by using an SU-8 mold and by
puncturing two fluidic access ports, one inlet and one outlet. In
Fig.1C, the inlet port is attached with a 100uL cylindrical reservoir
made with silicone. The outlet port is connected to a flow-through
collection tube and a vacuum source through a T-shaped adaptor.
The negative pressure is regulated by a mechanical regulator and
measured with a pressure gauge.

A B VACNT selective CVD synthesis
PDMS B Fecatalyst

I VACNT B silicon

PDMS integrated microfiuidic chip

- 2 o o o
outlet (w/o virus) * outlet

s

Figure 1. VACNT device fabrication and assembly process. A:
Illustration of fabrication process flow. B: Top view of VACNT
selective growth into droplet pattern (top), and device assembled
with PDMS cover (bottom). C: Picture of hand-held virus capture
device with fluidic access connections.

Filtration mechanism and operation

The test sample is loaded into the inlet reservoir by pipetting
and actuated through the filtration device by negative pressure
generated at the outlet end. The droplet-shaped porous wall was
sealed on top by PDMS permanent bonding. Fig.2 illustrates that the
device performs dead-end filtration through the VACNT forest with
nanoscale gap size and high porosity. During the filtration process,
the suspension mixture containing particles of different sizes is
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transported through the VACNT microfluidic channel wall by the
pressure driven flow. The particles with a size range similar to the
gap size are trapped inside the membrane. Any larger particles are
blocked and remain confined within the enclosed droplet chamber,
while smaller particles flow through the VACNT membrane and are
collected at the outlet.

outlet (w/o virus)

@ Virussimilar to VACNT gap size
Other particles smaller than VACNT gap size
o s e ONT,

~<m fiow

Figure 2. Schematic illustration of the virus isolation process inside
the VACNT filtration device.

RESULTS
VACNT material characterization

We first characterized the newly synthesized VACNT by SEM,
TEM and Raman spectroscopy. Fig.3A shows that multiwall carbon
nanotubes (CNTSs) selectively grow on the silicon substrate in a
vertically aligned configuration with ~50um in height after a
30-minute CVD synthesis. Through image analysis with ImageJ, we
plotted diameter measurements into a histogram distribution, as
shown in Fig.3B. The results show that the diameter of VACNT
ranges from 4.2 to 71.2nm and is 25.3+11.8nm on average.
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Figure 3. CVD synthesized VACNT material characterization. A:
Images of VACNT synthesized in droplet shape pattern (a: bright
field, b: SEM, c: SEM, and d: TEM images). B: Histogram of
VACNT diameter and summary table of diameter distribution

analysis.
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Next, we used Raman microscopy (Renishaw, InVia Raman
microscopy) to characterize the VACNT. We recorded the spectrum
under 514nm laser excitation for 30 seconds under 50X
magnification. The laser power to the sample was 10uW. As shown
in Fig.4, the Raman spectrum indicates the VACNT has D, Gand D”
band peaks at 1352, 1578 and 2659 cm™, respectively. The results
confirm that VACNT is multiple-wall with nitrogen doping [7].
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Figure 4, Raman spectrum of VACNT forest.
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Filtration properties

Second, we studied the filtration properties (porosity and gap
pore size) of VACNT. We synthesized VACNT on a 6.5nm iron
catalyst film with an increasing synthesis time of 5, 10, 20, 30 and
40 minutes. Both diameter and density data were measured by
image analysis of cross-sectional views of VACNT samples under
SEM. For diameter analysis, the images were taken under 6x10*
magnification and a total number of 200 focused CNTs were
measured for each synthesis time. Fig.5A shows that the
measurement results suggest the VACNT diameter can be
considered independent of the synthesis time with 25.6+3.5um on
average. For density measurement, the images were taken under
2.5x10* magnification. By drawing a 1um line perpendicular to
VACNT growth direction on each image, we counted the numbers
of focused CNTs that crossed with the drawing line. The results of
the density measurement also indicate that density is independent of
synthesis time after 10 minutes synthesis and the average density is
~3.19x10° counts/cm?. For the conditions of short synthesis time,
such as 5 minutes, the random growth nature of the CNT synthesis
at the early stage results in unpredictable VACNT density
characterization [8].
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Figure 5. Results of VACNT characterization under different
synthesis time by SEM image analysis (n=6). A: Plot of diameter
measurement results. B: Plot of density measurement results.

Next, we studied VACNT forest filtration properties by using
Darcy’s porous flow equation assuming the orientation of the
VACNT forest as a cylindrical model with a uniform density and
diameter [9]. In Fig.6, for the case of cylindrical pillars, the bulk
porosity of the cylindrical array is described as below
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where @ is the porosity, P is the gap pore size and D is the diameter
of the cylindrical pillar [10]. As shown in Fig.6, the porosity is
calculated by using density and diameter measurement obtained
from Fig.4A and Fig.4B, respectively. The result shows the porosity
of VACNT is approximately 97% on average.
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Figure 6. Results of VACNT porosity with illustration of cylindrical
model assumption.

To calculated gap size (P), we plugged porosity (¢), obtained
based on cylindrical model assumption and the VACNT diameter
(D) from Fig.5B into equation (1). As seen in Fig.7, the VACNT
forest has gap size in the range of 92~136nm with an average of
117.44£26.6nm.
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Figure 7. Calculated gap size of VACNT forest.

Feasibility study of virus capture

We tested the device feasibility of virus capture inside the
VACNT integrated micro-device for lentivirus detection. We
obtained lentivirus from HEK293 cell transfection [11]. The
histogram plot of diameter distribution measured from SEM images
shows that the lentivirus has dimensions of 128.5+24.1nm in

diameter. The inset of Fig.8 shows a SEM image with lentivirus
particles fixed on a glass-slide after negative staining [12].
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Figure 8, Histogram plot of lentivurs diameter measured via SEM
images.

Prior to filtration testing, the virus sample was purified by
ultracentrifugation, stained with the fluorophore Sybr Green
(Invitrogen) and re-suspended in PBS with a final concentration of
~10%uL. The VACNT filtration device is prepared by flushing with
0.5% Tween-20 (50uL) and PBS (200uL), respectively. During the
filtration process, 50pL of fluorescently labeled virus was loaded
into the inlet reservoir, and 200puL PBS was used to flush and wash
away the non-trapped virus particles inside the device. In Fig.9 A
and B, a strong fluorescent signal is detected in the VACNT forest
droplet shaped pattern, which indicates the presence of the virus.
The trapped virus was confirmed by SEM, a seen in Fig.9 C and D.
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Figure 9. Fluorescently labeled virus captured inside VACNT
filtration device. A,B: Fluorescent detection by fluorescence
microscopy analysis (A: 50X magnification, B: 10X magnification).
C,D: SEM image of captured virus particle



Virus capture efficiency

We further characterized the capture efficiency of the virus
filtration device by counting the viral particles from sample
flow-through collected at the outlet. We quantified the viral particle
concentration by applying HEK293 cell infectious titration
technique [13]. Cell culture plates containing HEK293 cell line with
100% confluence were infected by a series of dilutions of virus
suspensions. As shown in Fig.10, the infected cells expressed green
fluorescent protein (GFP). The fluorescent signal could be easily
detected under fluorescence microscope. With the assumption of
100% infection efficiency of HEK293 cells by the lentivirus, we
estimated virus particle concentration by multiplying the dilution
factor to the counted number of infected cells. By loading a 50uL
virus sample into the inlet of the device at a concentration of
6.3x10* counts (100%) of total viral particles, we detected 1.8x10°
counts (3%) of viral particles inside flow-through to the outlet.
Meanwhile, we tested two control experiments in parallel. The
negative control experiment was to replace inlet virus sample with
PBS and the positive control was to replace silicon substrate with
VACNT forest into a prime silicon substrate without any pattern.
We did not detect any virus for negative control experiment and
4.5x10* counts (71%) of virus particles for the positive control.
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Figure 10, Capture efficiency characterization by HEK 293 cell
infectious titration. A: Images of GFP protein expression detection
via infected HEK 293 cell counting. B: Capture efficiency results
characterized by virus concentration measurements.
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CONCLUSION

We integrated a hand-held filtration device with ~120nm pore
size, ~97% porosity and ~50um high VACNT in a bottom-up
synthesis process. We optimized the CVD synthesis process and
characterized the filtration properties of the VACNT porous wall.
We demonstrated that the lentivirus with ~128nm in diameter was
captured inside the VACNT forest with capture efficiency of 97%
by physical size exclusion. In point-of-care applications, the
filtration process can be operated power-free if we replace the
vacuum source with pipette suction. In addition, potential
contaminations will be minimized since the trapped virus is
contained inside the PDMS sealed device and is ready for further
detection and manipulation. We believe that the device has potential
in such point-of-care virus analysis applications.
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ABSTRACT

We present a methodological approach to analyze an
enhanced dielectrophoresis (DEP) system from both a circuit
analysis and an electrothermal view points. In our developed
model, we have taken into account various phenomena and
constraints such as voltage degradation (due to the presence of the
protecting oxide layer), oxide breakdown, instrumentation
limitations, and thermal effects. The results from this analysis are
applicable generally to a wide variety of geometries and high
voltage microsystems. Here, these design guidelines were applied
to develop a robust electronic actuation system to perform a
multiplexed bead-based protein assay. For proof of concept, we
illustrated 16-plex actuation capability of our device to elute
micron-sized beads that are bound to the surface through anti-l1gG
and IgG interaction which is on the same order of magnitude in
strength as typical antibody-antigen interactions. In addition to its
application in multiplexed protein analysis, our platform can be
potentially utilized to statistically characterize the strength profile
of biological bonds, since the multiplexed format allows for high
throughput force spectroscopy using the array of uDEP devices,
under the same buffer and assay preparation conditions.

INTRODUCTION

Using enhanced negative dielectrophoresis (nDEP), or
ultra-DEP (uDEP), we demonstrate an electronic actuation system
to perform a multiplexed bead-based protein assay (Figure 1). We
pattern an array of proteins along a single microfluidic channel,
where each element targets a specific secondary protein coated on
micron-sized beads in the subsequently introduced sample. Below
each element of the array, we have a pair of addressable
interdigitated electrodes (IDE). By selectively applying voltage at
the terminals of each IDE pair, the DEP force detaches protein-
bound beads from each element of the array, one by one, without
disturbing the bound beads in the neighboring regions. The
detached beads can be quantified optically or electrically
downstream. Here, we illustrate 16-plex actuation capability of our
device to elute beads surface-bound through anti-lgG and 1gG
interaction which is on the same order of magnitude in strength as
typical antibody-antigen interactions.

Previously, using nDEP force in conjunction with shear
force and eluting agent, we demonstrated switch-like functionality
to elute specifically bound beads from the surface [1]. The eluting
agent was used to sufficiently weaken the bindings such that the
inherently weak nDEP force would be able to push the bound
beads off the surface. Generally, our ability to enhance DEP forces
was limited by electrode corrosion when applying voltages beyond
10 V. We enhanced the DEP force by two orders of magnitude by
fabricating high voltage tolerant electrodes, where we deposited a
pinhole free nanometer-scale thin film oxide as a protective layer,
using atomic layer deposition [2,3]. However, this approach
imposed a number of challenges that needed to be resolved. From
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electrical modeling standpoint, deposition of oxide at the
electrode-electrolyte interface and the resultant capacitance forms
a voltage divider that causes an undesired voltage drop across the
thin film, leading to degradation of the electric field (across the
solution) and DEP force, and possibly, the breakdown of the oxide.
Furthermore, in our high voltage system, the temperature in our
channel may rise to the point that electrothermal effects may
become dominant and outweigh the DEP effect; preventing DEP to
act as a robust localized actuator.

V,=0 V= A
IDE 2 IDE 1

& Protein-n
@ proteinn’ covered bead

(notto scale)

Figure 1: Bead-based multiplexed assay. Each element of array in
the capture region is functionalized with a different protein, each
targeting a specific protein that is coated on the micron-sized
beads. Specifically bound beads on each element of the array are
eluted selectively from the array and are quantified downstream
(one element at a time). Here, applying voltage V, produces uDEP
force, which in turn detaches the specifically bound beads from the
surface of the 1st interdigitated electrode pair (i.e. IDE 1). With no
voltage applied at the other IDEs, the protein-bound beads on the
respective elements remain attached to the surface.

DESIGN METHODOLOGY

Following the nanometer-scale thin film oxide
deposition, our approach focuses on maximizing the DEP force
through maximizing the voltage that can be applied across the
solution resistance, while meeting all the electrical and thermal
constraints. From electrical modeling standpoint, our constraints
are oxide breakdown and excitation circuitry’s limitation in
providing the high levels of voltage and current (required to
establish the desired voltage level across the solution resistance).
These constraints set an upper-bound on the maximum voltage that
can be applied across the solution resistance i.e. Vg max as captured
respectively by the equation below:
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In this equation Egg ox @and e refer to electric field oxide
breakdown and dielectric constant of our ALD thin film, s is the
spacing between two electrodes, f is the frequency of excitation, o
is the solution conductivity, A, is the area bound by the transverse
width of the channel and width of a single electrode, and n is the
number of electrode pairs in our interdigitated configuration.
Vaemax and lac max refer to maximum voltage and current amplitude
that can be delivered by the signal generator. To better visualize
the design space, in Figures 2(a) we illustrated Vg may for tox = 10
nm while meeting the electrical constraints.

From thermal modeling standpoint, our main constraint
is bubble formation due to the increase in the temperature upon
applying higher voltages [4]. Assuming bubble formation takes
place upon temperature increase of AT, Vermax CONstrained by
thermal limitations can be derived as:

~ Ksup
VR,max,tk = ﬁ (%)ATmax
In this equation kg, refers to the thermal conductivity of

_ Set®
the substrate (on which electrodes are patterned) and k=2 (tsubwa)
captures the role of geometrical dimensions (note in the expression
for S, wg refers to the width of the electrodes). For more precise
analysis we can calibrate the value of f through simulation (Figure

2(b)).

To complete our design methodology, we need to take
into account the effect of clausius mossotti factor fcy (which is
frequency- and conductivity-dependent) on DEP. As a result, in
our design space to achieve maximum DEP force we need to
operate in the region where Re{fCM}xVZRanax is maximized, as
illustrated in Figure 3.
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Figure 2: (a) Representative ‘electrical’ design space illustrating
V sontion TOr tox = 10 nm, while meeting the oxide breakdown
criterion (Egrox = 1 V/nm) and instrumentation limitation (here
assumed Ve max = 100 V, lyemax = 0.2 A) (b) Proportionality of the
raise in temperature with the generated power density (setting an
upper-bound on o ¥2gui0n ). Through calibration with simulation
(in our case by ~30%) we can precisely model the ‘thermal’
behavior of the coplanar configuration.

RESULTS AND DISCUSSION

We confirmed our developed model for electrical
interface through impedance spectroscopy (similar to our approach
in [2]). Also, through infrared microscopy characterization (Figure
4) we confirmed that DEP force stays dominant in the context of
our high voltage microsystem and that electrothermal effects can
be neglected.
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Figure 3: Representative ‘electrothermal’ design space illustrating
relative maximum DEP force (proportional to Re{foy}* V2 max) for
a 10-nm deposited oxide that can be achieved for 7 um wide and 7
um spaced IDE pair geometry while meeting the design
constraints. The limitations imposed by the dominant design
constraints are annotated on the graph. -/+ values correspond to
negative/positive DEP. For our application we prefer the most
negative value.

Figure 4: Representative infrared microscopy image of the device,
providing a non-invasive measurement of the two-dimensional

temperature map of the surface of the wafer. Here, the
microchannel is filled with diluted phosphate-buffered saline and
50 Vy, is applied across the IDE pair. This technique provides a
spatial resolution up to the diffraction limit (=2 pm). In the left
image the microchannel is outlined as it was not visible in the
original captured image.

Upon characterization of the device’s electrothermal
behavior, we patterned an array of 16 uDEP IDEs along a single
channel, and extended the enhanced and localized switch-like
operation of the uDEP device to demonstrate the multiplexed
actuation capability. Through a series of incubation and wash
steps, 2.8 um-diameter goat-anti-mouse-1gG covered beads were
bound to mouse-1gG coated surface through specific interactions
on each element of the array. We selectively detached
immunobound beads from each element of the array, by applying
voltage (turning uDEP on) at each IDE pair, one-by-one (Figure
5a). In addition to multiplexed protein analysis, our platform
enhances the DEP capability in statistical characterization of the
force spectrum of biological interactions, since the multiplexed
format enables performing force spectroscopy on multiple devices
independently (Figure 5b), with high dynamic range in a single
channel; minimizing inter-experiment variations that originate
from disparities in buffer conditions and assay preparation steps.
We envision a plethora of possibilities for performing rapid and
inexpensive multiplexed protein biomarker analysis using this
localized electronic actuation method.
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Figure 5: (a) Five neighboring IDEs 1-5. Initially uDEP was off
for all IDEs (row 1), and then uDEP was sequentially turned on by
applying voltage at IDEs 1,2, and 3 (corresponding to rows 2,3,
and 4). (b) Detachment percentage of protein-bound beads when
ramping up the applied voltage at each of the IDE pairs one-by-
one. The results represent the collective detachment profile when
actuating anti-lgG-1gG bound beads using our 16-plex platform.
The array format allows performing force spectroscopy multiple
times while ensuring operation under the same buffer conditions
and assay preparation steps (DEP force is proportional to the
square of the applied voltage).
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ABSTRACT

Here we present a novel method for creating three-
dimensional, photocaptured protein patterns that can be completed
with no additional linker molecules required. We utilized the
photopatterned proteins to selectively capture antibodies and
implemented a microfluidic sandwich assay. We demonstrate
Hepatitis C virus (HCV) diagnostic device based on the technology
and show that the device is capable of assaying human sera and
can positively identify HCV+ human patient serum samples in 60
minutes. We also demonstrate a barcode assay using lectins to
detect differences in prostate specific antigen (PSA) glycan
structure. Additionally, we image the HCV diagnostic chip using a
low-resource setting compatible imagining system - the
fluorescence CellScope.

INTRODUCTION

Near-patient clinical diagnostics require simple-to-use assays.
A powerful canonical format is the ‘dipstick’ lateral flow assay
(e.g., home pregnancy test, HIV oral fluid screening test). These
low or no power rapid dipstick tests provide only “yes/no”
readouts for limited biomarkers. Nevertheless, to address 21st
century challenges spanning from global health to skyrocketing
costs in the developed world, new fast and simple — yet
multiplexed and quantitative — tests are needed. Consequently, cell
phones are emerging as feasible for diagnostic questions requiring
sophisticated (beyond binary) readouts." To yield a sophisticated
diagnostic compatible with cell phone imaging, we introduce a
simple and rapid microfluidic “barcode” immunoassay format,
demonstrated for confirmatory diagnosis of Hepatitis C. The 60
minute, low-power (ImW) barcode assay advances telemedicine
by eliminating the need for a centralized clinical laboratory.

In tandem with use of mobile technology in telemedicine,*’
healthcare delivery would benefit from reduced dependence on
centralized laboratory facilities. For hepatitis C virus (HCV)
confirmatory diagnosis after a positive rapid screening result,
semi-quantitative measurement of reactivity against specific
antigens or test of viral RNA presence comprises the gold-standard
confirmation of infection. Current HCV confirmatory assays
require a clinical lab facility. Taken together, we see assays that
require no sophisticated hardware — e.g. pumps/valves — and
mobile devices as potentially central to advancing towards new
solutions to global health challenges.

The microfluidic format is uniquely suited to work with
mobile imaging modalities. First, the small footprint of
microfluidic devices along with the reduced bulk of smartphone-
based imaging techniques lends to being adapted to the point-of-
care setting. Second, materials used to fabricate microfluidic
devices are usually optically clear — elastomers, glass and plastics
— and are therefore compatible with the optical detection
mechanism used for phone-based diagnostic systems. Lastly, the
inherent small volumes leveraged in the microfluidic format are
often difficult to be visualized with the naked eye. The ability to be
combined with a low-cost mobile reader device greatly increases
the utility of microfluidics in near-patient settings. A variety of
microfluidic assays have been demonstrated to work with a mobile
imaging device.®*!

The ability to define distinct regions in microfluidic devices
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serves as the basis for the creation of multiplexed analytical
platforms. Of the more commonly employed methodologies,
photopatterning has emerged as perhaps the most prominent
techniques in creating complex patterns inside microfluidic
devices.? Immobilization on bare channel surfaces suffers from
the disadvantage of requiring grafting of reactive groups onto the
surface and/or the use of linkers to attach proteins to the surface.
Additionally, only a low percentage (as low as 0.01%) of proteins
from the bulk solution can be captured onto the surface.'® The low
immobilization efficiency onto microchannel surfaces is largely
due the extremely low surface area to volume ratio while operating
in the microscale. Polymer monoliths occupy part of channel
volume and provide increased surface area for the immobilization
of proteins. However, the use of polymer monoliths still requires
linker groups to be attached to the monoliths. Lastly, hydrogel
matrices have been used as an immobilization matrix as well.
However, as opposed to covalently immobilizing the proteins, the
dense gel matrix physically traps the proteins.***" In a recent
implementation of immobilization inside hydrogel matrices,
streptavidin-functionalized hydrogel was utilized. However, the
technique involves a blocking step that lead to long processing
times when creating complex patterns.*®

In this manuscript we demonstrate a heterogeneous barcode
immunoassay implemented in a microfluidic format (Figure 1a)
that is capable of multiplexed detection against up to 5 distinct
targets. We leverage a photopatternable gel substrate - light-
activated volume-accessible gel (LAVAgel)®® as the functional
matrix. A multiplexed Hepatitis C virus (HCV) barcode assay on a
microfluidic chip is used to test human serum samples to
distinguish patients with and without HCV infection. We also
demonstrate a barcode assay using lectins to detect differences in
prostate specific antigen (PSA) glycan structure. Additionally, the
HCV diagnostic chip can be imaged directly using the fluorescence
CellScope (Figure 1b) — a low-resource setting imagining system
based on a mobile phone.”® Taken together, we believe the
microfluidic barcode assay and fluorescence CellScope offers a
robust and facile platform for implementing multiplexed
heterogeneous  immunoassays point-of-care
applications.
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Figure 1 Microfluidic assay and imaging platform. a) Photograph
of microfluidic chip with 4 (devices) well-pairs each connected by
3 microfluidic channels. The channels are filled with dye to
facilitate visualization. b) Photograph of microfluidic chip being
placed into the fluorescence CellScope.
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MATERIALS AND METHODS
Chemicals and Reagents

Aqueous solution of 30% (w/v) (29:1) acrylamide/bis-
acrylamide, glacial acetic acid, ammonium persulfate (APS),
N,N,N’,N’-tetramethylethylenediamine (TEMED), methanol and
3-(trimethoxysilyl)-propyl methacrylate and sodium hydroxide
(NaOH) were purchased from Sigma-Aldrich (St. Louis, MO). N-
[3-[(4-benzoylphenyl) formamido-[propyl]-methacrylamide
(BPMAC) was custom synthesized by PharmAgra Labs (Brevard,
NC). AlexaFluor 488 (AF488) and AlexaFluor 555 (AF555)
labeled Ovalbumin (OVA) and bovine serum albumin (BSA) were
purchased from Life Technologies (Carlsbad, CA). FITC-labelled
anti-BSA antibody was purchased from MyBiosource Inc. (San
Diego, CA). Hepatitis-C Virus (HCV) positive serum, AF488
conjugated HCV Core(c22p), NS3(c33c) and NS4(c100p) antigens
were provided by Norvartis Diagnostics (Emeryville, CA). HCV
negative human sera were purchased from SeraCare Life Sciences
(Oceanside, CA). AlexaFluor 568 (AF568) conjugated secondary
goat anti-human antibody was purchased from Life Technologies
(Carlsbad, CA). All antigen, antibody and serum samples were
diluted into 1X Tris-Glycine buffer before introduction into the
chip. 1X Tris-Glycine buffer was purchased at 10X concentration
from Bio-Rad (Hercules, CA).

Image Acquisition, Control and Patterning Instrumentation

Fluorescence images were acquired on an Olympus 1X-50
inverted microscope (Olympus USA, Center Valley, PA) with
fluorescence illumination provided by X-cite exacte illumination
system from Lumen Dynamics (Mississauga, Canada). Images
were acquired through a 10X/0.3 NA objective (Olympus USA,
Center Valley, PA) with filter cubes for GFP — Omega XF100-3
and Texas Red — XF102-2 (Omega Optical, Brattleboro, VT).
Image analysis and stitching of multiple adjacent microscope
images was performed using ImageJ from NIH (Bethesda, MD).
Custom-built programmable high-voltage power supply (HVPS)
was used for electrophoretic control with platinum electrodes
directly inserted into the sample reservoir wells. UV for
photopatterning was provided by a Hamamatsu Lightningcure LC5
unit (Bridgewater, NJ) through a Lumatec series 380 liquid light
guide (Deisenhofen, Germany). Photomasks designs were created
in-house and laser cut from 50um thick stainless steel sheet using
Universal Laser PLS6MW with a 30W fiber laser cartridge
(Scottsdale, AZ).

Microfluidic chip preparation

Chip designs were performed in-house and fabrication was
performed by Caliper Life Sciences (Hopkinton, MA). Standard
wet etching and drilling methods were used followed by thermal
bonding. Each device consists of three parallel microfluidic
channel of 1.2mm length, 90pum width and 20pum depth connecting
wells of 2mm in diameter and 1mm deep that serves as the sample
reservoirs. Fig. 1a shows a photograph of a single device. One of
the reagent wells is filled with dye to assist with visualization of
the three microfluidic channels. Each chip contains 4 devices with
3 channels each.

Prior to introduction of polyacrylamide gel precursor
solutions the glass channel surfaces were functionalized with
acrylate-terminated  self-assembled monolayer as previously
described. Precursor solution with 1X TG, 4% wt/vol total
acrylamide (4%T) with 2.6% of the total as cross-linker
bisacrylamide (2.6%C) and 1.6nM BPMAC were mixed and
degassed with sonication and vacuum. The BPMAC imparts
photo-activatable capture capability to the polyacrylamide gel.
Immediately prior to introduction into the device 0.08% (wt/vol) of
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APS and 0.08%(vol/vol) of TEMED were added to the precursor
solution to initiate polymerization.

Barcode assay fabrication

Photopatterning of proteins bands (barcodes) inside the
microfluidic channels are performed after completion of chip
preparation. Briefly, proteins to be immobilized (labeled or
unlabeled) are diluted into 1X TG buffer prior to pipetting into the
sample wells (~6pL). The samples are then electrophoretically
loaded into the microfluidic channel by applying a 200V electrical
bias between the sample and sink wells. After loading, the
photomask was placed on top of the channels and the light guide is
placed directly on top of the opening and in contact with the mask.
Subsequently, UV illumination is applied for five seconds at 20%
diaphragm opening controlled through the instrument interface.
After illumination the wells were each rinsed three times with 1X
TG buffer and a reverse bias of 500V was applied for five minutes
to electrophoretically wash out non-immobilized proteins.
Successful protein band patterning was confirmed using
fluorescence imaging.

Mobile Microscope Design

The CellScope fluorescence microscope used in this study
consisted of a transmission light path capable of fluorescence and
bright-field illumination and a finite conjugates imaging pathway
built into a 3D printed casing designed to couple to an iPhone 4S.
The collection optics included a 10x/0.25 NA objective (Edmund
Optics, Barrington, NJ, #36-132) spaced 160mm from a 20x
widefield eyepiece (#39-696) with a pair of silver turning mirrors
(Thorlabs, Newton, NJ, CM1-P01) to make the design more
compact. The casing, stage, and phone adapters were printed using
thermally extruded ABS plastic utilizing a desktop 3D printer
(Stratasys, Eden Prairie, MN, uPrint Plus). Illumination for the
simultaneous dual-color fluorescence was provided by a mounted
RebelNeutral White (4100K) LED purchased from Luxeon
Star(MR-WNO090-20S, Brantford, ON, CA) attached to a heat sink
(Digikey, Thief River Falls, NY, 294-1111-ND). An aspheric lens
(Newport, KPA031) with a diameter of 25 mm and 17 mm
effective focal length was separated from the LED by its back
focal length and used as a collector lens with a second asphere of
the same type used as a condenser lens. The dual band-pass
excitation filter (59022x, Chroma Technology) was placed after
the collector to select two excitation bands centered at 470 nm and
570 nm from the collimated source. After the excitation filter, a
coverslip set at 45° is used to couple in light from a standard 5mm
green LED for bright-field imaging of the chip. An emission filter
(59022m, Chroma Technology) is placed as close as practical to
the back focal plane of the objective to select emission bands
centered at 520 nm and 630 nm. A separate modular enclosure
contains a rechargeable lithium ion battery (Astro Pro External
Battery, Anker), a 700 BuckPuck DC Driver (3023-D-E-700,
Luxeon Star), and a switch for selecting between fluorescence and
bright-field illumination. Final separation of spatially overlaid
fluorescent probes was done through the on-board Bayer Filter on
the phone which, in combination with an on-board demosaicing
algorithm, assigns a red, green, and blue value to each pixel.
Imaging was done using the default camera application on the
iPhone 4S with the exposure time and focus locked on a dark field
to maximize sensitivity.

RESULTS AND DISCUSSION
HCV Diagnostic with Human Serum Sample
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Figure 2 Microfluidic barcode assay testing biological samples. a)
Fluorescence readout of Hepatitis C virus(HCV) assay examining
human serum samples using an epi-fluorescence microscope with
stitched images. HCV+ sample shows clear bands at 2 of the 3
HCV antigen locations. HCV- Sample shows only signal at the
positive control location. b) Profile plots of the antigen patterns
and blotted serum signals. c) Lectin-based barcode assay can be
used to test for differences in prostate specific antigen glycan
structure.

In order to demonstrate the platform’s ability to make
biologically relevant measurements, we move to implement a
microfluidic barcode Hepatitis C virus (HCV) diagnostic assay.
For the HCV diagnostic device a five band pattern was created
(Fig. 6a) including three AF488-labeled HCV antigens, one
negative control (UV only) and one positive control band patterned
with protein L. Protein L is a bacterial protein that binds to human
immunoglobulins and is used in the assay as positive control to
verify the successful loading of serum samples. The first
photograph — “Pattern” — in Fig. 2a shows a typical fluorescence
image of the patterned proteins after patterning of all five bands.
The three HCV antigens can be clearly visualized as three green
bars on the left side of the microchannel, while the negative control
band has no proteins immobilized and the positive control (Protein
L) is unlabelled and shows no fluorescence.

To test the device’s ability to identify HCV infection, serum
samples are diluted 1:40 into 1X Tris-Glycine buffer and
electrophoretically loaded into the HCV diagnostic device. The
volume of human serum consumed per triplicate assay is
approximately 150nl. After antibody washout the device is imaged
using an inverted fluorescence microscope, the results are shown in
Fig. 2a. The HCV+ serum sample shows secondary antibody signal
at the c100p and c33c antigen locations in addition to the protein L
band, suggesting the serum sample contains human antibodies that
react with the patterned viral proteins — indicative of HCV

26

infection. The HCV- sample shows only a single fluorescence band
at the protein L location suggesting successful sample loading but
no reactivity at any of the patterned antigen sites. Fig. 2b shows the
electropherograms — patterned antigen in green line and secondary
blotting results in red — for the HCV+ and HCV- sample. In the
HCV+ case the blotting result peaks align perfectly with the
patterned antigens at c¢100p and c¢33c, suggesting specific
interactions of human antibodies with those antigens. The region
with only UV illumination shows no signal indicating no
nonspecific interaction with the activated gel. The HCV- sample
device traces shows comparable levels of patterned antigens
compared to the HCV+ sample device but no probed signal,
suggesting the serum contains no HCV-reactive human IgGs. As
non-infectious diseases, such as cancer become increasingly urgent
in global settings, we also demonstrate a lectin-based barcode
assay to assess differences in prostate specific antigen (PSA)
glycan structure to potentially differentiate healthy vs. cancer-
correlated PSA (Fig. 2c).

To further demonstrate the platform’s potential to create
diagnostic tools that are compatible with the point-of-care setting
we imaged the HCV diagnostic device using a customized
fluorescence-capable CellScope. It provides high resolution
imaging in a portable form factor that takes advantage of the recent
improvements in LED illumination and phone camera sensitivity.

white LED source
condenser lens
dual bandpass
excitation filter

dichroic mirror

microfluidic chip
10X objective

Dual bandpass
emission filter

smart phone as image
acquisition device

Protein L

b) c100p

Pattern

HCV-

HCV+

Figure 3 a) Photograph of the customized fluorescence CellScope.
The light path used for imaging the microfluidic chip and the
schematic of the optical components used is overlaid and labeled.
b) Readout from microfluidic barcode assay device obtained using
the fluorescence CellScope. Images were obtained by splitting the
RGB image acquired from the smartphone into 3 separate
channels/images. Only the green and red channel was used in the
figure as no signal was present in the blue channel.



In the customized CellScope shown in Fig. 3a, a white light
LED illumination source was paired with a dual band-pass filter set
and the built-in Bayer Filter Array of the mobile phone to collect
two channels of fluorescence data. Each photopatterned protein
band in the barcode assay was imaged simultaneously in the green
and red channels, enabling the correlation of the position of the
antigen and captured antibodies. By utilizing this approach, there is
no need to switch filters or illumination source during imaging of a
given protein band location. This avoids the cost and complexity of
the additional optics, electronics, and mechanical components that
are used in multi-color fluorescence imaging with a scientific
monochrome camera. Fig. 3b shows the set of images acquired
using the CellScope that are analogous to those from Fig. 2a. The
system was designed to capture the full field of view of the
microscope, yielding a circular field of view inscribed on the
rectangular sensor of the mobile phone. The first row shows each
of the patterned protein bands with the second and third row
showing the HCV- and HCV+ immunoblotting results
respectively. As in Fig. 2a, the HCV+ and HCV- assays were
performed in different devices with the identical pattern. In this
case the pattern images were taken after the assay was complete.
This allowed the images of the antigen pattern and the HCV+
probed results to be acquired simultaneously without the need to
move the chip; resulting in perfect alignment of the imunnoblotted
band and the patterned antigen.

CONCLUSION

We presented here a novel methodology for photopatterning
complex patterns in microfluidic devices using a functionalized
polyacrylamide gel matrix (LAVAgel). We then implemented a
multiplexed microfluidic HCV diagnostic tool that is capable of
detecting human anti-HCV antibodies from dilute human patient
sera within 60 minutes. The microfluidic diagnostic assay was
interfaced with a custom fluorescence CellScope and together
demonstrates the platforms’ potential to be used in a point-of-care
setting. Taken together, we believe the microfluidic barcode assay
and fluorescence CellScope offers a robust and facile platform for

implementing multiplexed immunoassays for point-of-care
applications.
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ABSTRACT

Nanoelectromechanical systems (NEMS) switches are a can-
didate “beyond CMOS” technology, with a key benefit being mas-
sively reduced power consumption. However, the reliability of the
contact interface is a principal challenge, as the electrically con-
ducting contacting surfaces need to be able to open and close up to
a quadrillion times without excessive adhesion, wear, or contami-
nation. Similar failure mechanisms occur in microelectromechani-
cal systems (MEMS). These failure mechanisms are not well un-
derstood, and materials that can exhibit the needed performance
have not yet been demonstrated. Here we highlight key challenges
and opportunities for applying scientific insights from nanotribolo-
gy to address these reliability challenges.

INTRODUCTION

Nanoelectromechanical systems (NEMS) switches have been
identified as a potential next-generation transistor with far lower
power consumption than existing electronic integrated circuits, a
critical technological need. These switches are nanoscale moving
devices that convert an electrical input signal into motion to close a
conductive contact [1]. NEMS switches are thus a mechanical
version of a transistor with topologies that often mimic larger mi-
croelectromechanical systems (MEMS) switches. However, NEMS
switches require small dimensions for the fast, competitive switch-
ing speeds (<100 ns) desired in computer logic applications. The
nanoscale dimensions and complex operating conditions at the
electrical contact make NEMS logic switches susceptible to tribo-
logically-mediated failure mechanisms. In particular, low contact
and restoring forces may lead to device “stiction” (device perma-
nently stuck closed), or intolerable increases in switch contact
resistance due to the formation of insulating tribopolymer (TP)
films. It may be possible to mitigate these failures with the use of
low adhesion and catalytically inactive contact materials. This
paper will review the opportunities presented by NEMS switch
technology, and will discuss needs and approaches to address the
technological barriers arising from tribological issues.

The Need for Low Power Computation

Sustained growth in computing power and decrease in compu-
ting cost has led to the proliferation of devices utilizing integrated
processors in the last half century. These processors are over-
whelmingly based on fully-electronic CMOS technology. While
this technology has proven exceptional for decreasing transistor
real estate and increasing speed [2], it is currently encountering a
“power crises.” Further scaling of CMOS leads to intractable in-
creases in power loss per computation due to irreversible processes
inherent to the physics controlling device operation [2]-[4]. The
significant power requirements of computer processors, the power
crisis of conventional CMOS, trends towards smart devices, the
increasing penetration of home and laptop computers, the desire
for long lasting battery-operated mobile devices, and power con-
sumption requirements of CMOS outpacing battery capacities
motivates the need to explore lower power transistors. Recognizing
the physical limitations of existing CMOS technology, the Interna-
tional Technology Roadmap for Semiconductors (ITRS) has in-
cluded nanoelectromechanical systems (NEMS) switches as a pos-
sible disruptive, low-power technology to cohabitate or usurp the
conventional, fully electronic transistor.
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NEMS Switches as an Alternative to the Transistor

Ohmic NEMS switches provide the same functionality as the
conventional metal-oxide-semiconductor field-effect transistor
(MOSFET). In both technologies, the application of a gate signal
results in current transfer from the source to drain. However,
CMOS relies on a fully-electronic, semiconductor junction to
achieve this functionality whereas NEMS logic switches rely on
the mating of conductive contacts (see Figure 1).

NEMS ohmic switches utilize mechanical motion to modulate
the distance between two conductive contacts which serve as the
source (S) and drain (D) electrodes. Figure 1(a) shows the topolo-
gy and working principal of a NEMS switch prototype by Piazza
and co-workers [5], [6]. The device is in an “off-state” when the
source and drain electrodes are separated by a physical gap, and
the “on-state” when the source and drain electrodes are closed with
sufficient force to establish an electrical connection. The space
separating the electrodes in the off-state is the switch gap. Ideally,
closure of the source and drain electrodes results in current flow
from the biased source to the drain, while contact release results in
a near-infinitely resistive junction. Successful operation is depend-
ent on reliably and repetitively making and breaking the source and
drain electrodes while maintaining a conductive contact in the
device on-state and a high resistance in the off-state.
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Figure 1. (a) SEM top view image of a working NEMS switch. (b)
The device shows a steep subthreshold slope, low leakage current,
and low switching voltage (Vy = switch body bias voltage, V,, =
gate threshold voltage for switching, V,., = total actuation voltage,
R¢ = contact resistance). From [6].

An input voltage, the gate (G) signal, is converted to mechan-
ical motion to modulate the gap. This motion can be achieved
through various means of transduction using many topologies.
Ohmic NEMS switches utilizing electrostatic [7]-[9] and piezoe-
lectric [S], [6] actuation employing a range of geometries (see
review in [10]) have been demonstrated. Regardless, all ohmic
NEMS switches depend on reliable closure and separation of a
conductive interface to achieve switching.

CMOS faces a scaling and power crisis. Continued Moore’s
Law scaling has contributed to increasing device leakage, resulting
in significant power loses even when switching is not occurring
[11]. Furthermore, a breakdown of Moore’s law is predicted by
approximately 2020 as critical MOSFET dimensions exceed phys-
ical limitations [2], [12]. Ohmic NEMS logic switches that reduce
power draw per computation have been identified in the ITRS as a
potential next-generation technology to cohabitate or usurp FETs
[2]. Comparisons between NEMS relay-based logic to convention-
al CMOS revealed that energy savings of one to three orders of
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magnitude may be achieved with NEMS relays due to the low
power consumption at the individual switch level [13]-[15] and
design advantages unique to mechanical relays that reduce the
number of switches necessary to perform logic operations [16].
The reduced power consumption is primarily a consequence of the
physics underpinning device operation [17]. Figure 1(b) demon-
strates the potential power savings via the steep on-off slope and
the low gate voltage, as low as 0.4 mV through use of a body bias.
The power consumption of a digital switch is characterized by
power dissipated during both the off-state (V5<0, sub-threshold
leakage) and on-state (Vg>0, dynamic switching power). NEMS
logic switches afford power savings both regimes [18], [19].

Off-state leakage in CMOS is dominated by source-drain and
gate leakage that scales unfavorably with decreasing device dimen-
sions [17]. This is seen as a current offset for voltages below the
turn on threshold voltage. This leakage is due shorter and thinner
oxide gate channels necessary to continue Moore’s Law scaling.
Sub-threshold leakage in CMOS currently represents ~50% of the
total microprocessor power density [17] with standby leakage cur-
rents of 1 nA/transistor having been reported at 250 nm gate-width
node. This leakage is dominated by gate leakage through the thin
gate oxide and continues to increase with device downscaling.
NEMS logic relays have already demonstrated leakage values five
orders lower than MOSFET at the single device level [5]. These
lower leakage values are due to the physical gap between the
source and drain, eliminating source to drain leakage so long as the
gap is >2 nm [2]. Unique to mechanical relays, physical gaps and
low leakage gate materials (in the case of piezoelectrically-
actuated devices) reduce gate leakage to effectively zero.

NEMS relays also offer far lower dynamic switching power
than CMOS. The sub-threshold swing describes the inverse slope
of the [-V curve and determines the voltage needed to attain a dec-
ade change in source to drain current [20]. Lower sub-threshold
swings correspond to lower turn-on voltages, which confer lower
active transistor power consumption. CMOS sub-threshold swing
is thermodynamically limited by electron drift and diffusion to 60
mV/dec [11], with existing CMOS sub-threshold swings typically
70 — 100 mV/dec [17], [20]. This translates to turn on voltages of
0.3 — 1 V [21], several orders of magnitude larger than the mini-
mum voltage (a few mV) necessary for communication. NEMS
prototype logic relays offer the lowest sub-threshold slope of all
potential transistor replacement devices [17] with sub-threshold
slopes of 0.03 — 2 mV/dec already demonstrated [5], [6], [22],
translating to threshold voltages of just a few mV [6].

In addition, NEMS logic relays are amenable to application
spaces not accessible by CMOS. The functionality of CMOS relies
critically on delicate doping levels that impose strict thermal budg-
ets and minimization of heat generation due to device leakage. As
NEMS logic does not rely on doping levels, these devices may be
amenable to high temperature computing, allowing sensors in pre-
viously inaccessible, harsh environments such as temperatures up
to 500 °C [23], [24]. Furthermore, co-integration of NEMS relays
with CMOS —possible due to the low thermal budget of typical
NEMS processing [2] — has led to the exploration of programmable
gate array logic based on NEMS relays and traditional MOSFET
[25], [26]. The presence of physical gaps in NEMS relays also
confers robustness against electromagnetic shocks, which makes
these transistors attractive in military applications where radiation-
hard attributes are desired. Adhesion between the electrical con-
tacts of NEMS relays may also be used for nonvolatile memory
applications where the switch retains its last state (open or stuck
closed) [27], [28]. NEMS relays are also amenable to three dimen-
sional integration, which could increase functional density per
given real-estate of a microchip to continue Moore’s Law scaling.
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CONTACT: NEMS’ “ACHILLES’ HEEL”

Despite the potential benefits of NEMS logic switches, tribo-
logical failure mechanisms at the electrical contact interface limit
their viability [2]. Transistor functionality critically depends on
maintaining high isolation in the off-state and low resistance in the
on-state. Failure due to stiction that results in permanent welding
of the switch interface, wear of contact materials, adsorbed layers
of insulating contaminant films on free surfaces, and insulating
tribopolymer (TP) formation of chemomechanical origin have been
observed in microscale and nanoscale electrical contacts testing
[10], [29]. The term tribopolymer (TP) is used in place of the more
commonly used term “friction polymer”. Friction polymers were
first observed in sliding electrical contacts. However, it has since
been observed that such polymer formation can be achieved under
normal stresses (absence of significant shear stresses)[30].

The effects of stiction, insulating contaminant layers, and TP
formation are expected to increase in severity as NEMS relays are
scaled down in size. This is a consequence of the dominance of
surface forces and the limited closure and separation forces availa-
ble to NEMS relays. Figure 2(a) compares the closure and separa-
tion forces of micro- and nanoscale electrical switches and the
necessary separation force for single (the fundamental unit of con-
tact in nanoscale switches) to multiple contacting asperities indica-
tive of multiasperity, microscale contacts. This approximation
shows that the surface forces of NEMS relay contacts will outpace
the relative generative force of the device. Microscale switches
with soft, low hardness metallic electrical contacts (e.g. Au) have
been particularly susceptible to stiction due to electromigration or
softening that results in contact area growth [31]. Consequently,
highly adhesive materials must be avoided to prevent stiction.

<]
g ;
(a) 5S¢ 510 A=
o bl | £ 5 *"[= Au (hot switched)
Z 10 RO 3 g % ___________-—’ - Pt (cold switched)
g w"‘c _ E o — Pt (hok switched)
2 _ s c 0 Sudden Increase
2 [ e - % 10 in Resistance
107 =g 2 —Y_——/“’ /‘
_— ot & 73
el R
wﬁ‘fﬁ”m ° 5 OC Stuck Closed
o0 22
0 =
10 z 3 4 8
1 —NEMS —»10 < MEMS 100 10 10 10 10 10 10

Contact Cycles

Number of contacting asperities
Figure 2. (a) Separation force of electrical contacts of various
ranges of work of adhesion ranges, W, vs. the number of simulta-
neously interacting surface asperities. The asperity interactions
are treated with adhesive contact mechanics. The adhesive force of
nanoscale contacts can exceed the restoring force of typical NEMS
actuators. (b) Contact resistance vs. make/break cycles for mi-
croscale electrical contacts of Au and Pt. TP formation causes
dramatic increases in contact resistance.

Inhibiting the insulating TP formation may be the greatest
challenge facing NEMS switches. It is affected by the gas envi-
ronment, mechanical, electrical, and chemical properties of the
contact materials, and the electrical power through the contacts.
Figure 2(b) shows the effect of repetitive cycling of microscale
noble metal contacts under both cold and hot cycling. Even for
such non-reactive materials, contact resistance increases after 10°
to 10° cycles, attributed to carbon and oxygen contaminants [29].
The origin of this effect appears to be mechanochemical — the
presence of free surfaces, environmental contaminants, and pres-
sure activate bond formation and chain lengthening. Even hermeti-
cally-sealed devices have demonstrated similar behavior [30]. Re-
cent evidence suggests that operation of contacts in reducing envi-
ronments such as oxygen can significantly reduce TP buildup [32]
However, such device packaging can be costly to implement and
limit the operation space of the device. Ultimately, conductive and
non-reactive electrical contact materials must be sought.



NEMS SWITCH OPERATIONAL REQUIREMENTS

Since NEMS relay topologies and much work on electrical
switch contact behavior borrows from MEMS switches, it is useful
to identify how the local contact conditions vary between the two
technologies. MEMS relays have been used for power savings and
superior functionality in RF systems [33], are now considered a
mature technology, and have been commercially deployed. Many
lessons learned for the contact behavior of conventional switch
materials (i.e. metals) can be attributed to work focused on mi-
croscale, multiasperity MEMS contacts. Table 1 compares the
contact environment and needs of NEMS and MEMS relays.

The lifetime requirements for NEMS logic switches differ
substantially from RF MEMS switches, which are designed as
interrupts for RF transmission lines. While these contacts carry RF
signals up to GHz frequencies, making and breaking of the contact
happens far less frequently, usually on the order of kHz or less,
requiring 10%-10"! cycles before failure in commercial applications.
NEMS logic relays carry a DC signal and the interruption of that
signal determines the clock frequency of the device. Thus, NEMS
relays must exhibit nanosecond closure times, which requires up-
wards of 10 operating cycles without failure [2].

Requirement MEMS RF Switches |NEMS Logic Switches
Lifetime (cycles) 108~ 10" [33] 10 -10"[2]

True contact area 10%-10" m? 1077 - 10" m?

Adhesion N
Actuation force uN — mN [33] 5-150nN

Voltage across contact |2—-70V Several mV to V

Current through contact | 50 — 150 mA [33] nA - pA

Current density 10° - 10" A/m? 10°- 10" A/m?

Power <500 mW [33] <1l mW

Max. contact resistance |0.5 -2 Q <10°Q

Main contact materials
selection characteristics

High conductivity and
non-fouling

Moderate  conductivity,
non-fouling, low adhesion

Table 1: Operational requirements of MEMS vs. NEMS switches.

The electrical constraints and power handling requirements of
the electrical contacts of NEMS switches also differ substantially
those of ohmic RF MEMS. Commercially viable ohmic RF MEMS
switches demand contact resistances from 0.5 - 2 Q [33, p. 5] in
order to minimize insertion loses, which limits possible set of con-
tact materials to high conductivity metals. Permissible NEMS logic
relay contact resistances have a broader range — from several kQ
up to 100 kQ, depending on device topology and the electrical time
constants of the implementation — such that alternative, novel, and
previously unconsidered materials could be implemented at the
contact. Furthermore, the power across ohmic RF MEMS contacts
often reaches 100+ mW with power being transferred across the
contact after closure (cold switching). NEMS logic relays are ex-
pected to experience, at most, a few mW of power across the con-
tact and operate in a hot-switched mode (bias applied across the
contact during closure) with <1 V across the contacts during
switching. These differing environments could change the degrada-
tion mechanisms. For instance, high voltages (>10 V) across
MEMS contacts can lead to field evaporation, that may not be
significant in nanoscale NEMS switch contacts.

HIGH-THROUGHPUT MATERIALS ASSESSMENT

We have developed a new high-throughput protocol devel-
oped for assessing the reliability of NEMS contact materials. An
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atomic force microscope (AFM) tip and a sample are each coated
with the thin film materials of interest, using the same coating
methods and conditions to be used for NEMS production. Tips are
then imaged in scanning and transmission electron microscopes
(SEM, TEM) to determine the quality of the coatings. TEM analy-
sis requires no special sample preparation; the nano-scale tip diam-
eter renders it sufficiently electron transparent (Figure 3). This
approach has been tested by coating and characterizing tips with
many different materials, e.g., Pt, Au, Fe, amorphous carbon, dia-
mond, and Pt,Si (from annealing a Pt/Si coating). Typical deposi-
tion times are only a few minutes and multiple tips can be coated
in a single run for reproducibility tests.

x10°

3 After Cycling

Before Cycling

Coated
nano tip

N

Sample

(?é)\/.\ 1’/ N /' Y
100 102 104 106 108 100
Hot switching cycles
Figure 3: Left: High-throughput AFM test setup. High cycle testing
of a series of Pt-Pt nanocontacts undergoing 5x10° test cycles in
one day; failure (high resistance) is see at ~10" cycles. Inset: Dy-
namic AFM setup for high cycle testing. Right: TEM images of a
Pt tip before and after 10° hot switching tests against a Pt surface.

Contact resistance (Q)
N

The cantilever is then inserted in the AFM and oscillated at
high frequency to simulate a dynamically-contacting asperity with-
in a NEMS interface (Figure 3). Contacts can be cycled with our
without bias. The state of the interface is probed in situ by regular-
ly interrupting the cycling to acquire current- and force-
displacement measurements. These measurements can reveal sig-
natures of TP, the role of contact area, and the tip-sample adhesion
force. At present, the cantilever is oscillated at its resonance fre-
quency, typically ~50 kHz which corresponds to ~5x10° contact
cycles in one day of testing. The right side of Figure 3 shows TEM
images from before and after cycling a Pt tip against a Pt surface
after 10° hot switching cycles. Interestingly, nanoscale TP buildup
is evident, while plastic deformation is undetectable, consistent
with the resistance increase observed for the contact. Significant
resistance increases in these tests are observed to occur at similar
cycle numbers as those seen in actual NEMS switches, suggesting
the method has promise for screening candidate NEMS contact
materials, and for developing scientific understanding of failure.
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ABSTRACT

In this work we present migration phenomenon of through-
holes in silicon membranes. The sealing of through-holes in hy-
drogen ambient at high temperature (1130°C) with various dimen-
sions and annealing time durations was investigated in both single-
crystalline silicon (sc-Si) and poly-crystalline silicon (poly-Si)
membranes. The sealing process in silicon was observed as highly
dependent on local crystal grain geometry, leading to more distrib-
uted, unpredictable migration rates and shape evolutions in poly-Si
compared to holes in sc-Si. These findings can be leveraged in
fabrication processes that require a balance between silicon migra-
tion and deposition.

INTRODUCTION

Silicon migration is a mass transportation effect that occurs
even below the melting point of silicon. This effect is well-
documented for single-crystalline silicon (sc-Si) by various groups
at high temperatures and low-pressure deoxidizing ambient such as
hydrogen (H,) and at ultra high vacuum (UHV) [1,2]. The atomic-
level smoothening of silicon transforms small features to minimize
the surface energy [1,3,4]. Silicon migration is already utilized in
instances such as the “silicon-on-nothing” developed by
Mizushima et al [5].

The “epi-seal encapsulation” process developed by Robert
Bosch GmbH and Stanford University, which utilizes epitaxially
deposited silicon as the released membrane, has demonstrated
promising results in diverse MEMS products such as resonators [6]
and pressure sensors [7]. This process utilizes poly-crystalline
silicon (poly-Si) membranes which function as encapsulation for
resonators/inertial sensors and a diaphragm for pressure sensors.
The membranes are patterned with through-holes and after remov-
ing silicon dioxide (SiO,) with vapor-phase hydrofluoric acid
(VHF), epitaxial poly-Si deposition is employed to seal these holes.
This sealing deposition is conducted at a very high temperature
(>1000°C) in hydrogen ambient, and as a by-product, silicon mi-
gration occurs around the through-holes.

The effect of release-hole migration during this sealing depo-
sition can be an important factor for the sensor performance. For
example, in case of pressure sensor applications, if these through-
holes are not sealed at the bottom of the membrane, which is often
the case of typical non-conformal deposition-based sealing, it
makes the membrane softer, resulting in unpredictable sensitivity.
In the case of inertial sensors, the topography in out-of-plane elec-
trodes can become the source of noise during the in-plane move-
ment. For such reasons, the effect of silicon migration on through-
holes in the epitaxially deposited silicon membrane has to be fur-
ther investigated and controlled.

Though the phenomenon of silicon migration of through-hole
geometries in membranes has been preliminarily explored in pre-
vious works [5,3], these past studies limited their scope to only
sc-Si and a few through-hole geometries. Therefore more research
needs to be done to make it rather applicable for real MEMS de-
vice fabrication. Consequently this work extends our previous
studies for better understanding with the following three primary
focuses: 1) expansion to poly-Si for the comparison of migration
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behavior in sc-Si and poly-Si, 2) diverse through-hole geometries
to investigate the effects of size/shape differences of etched
through-holes, and 3) time-dependence evolution of the hole ge-
ometry migration aiming at three-dimensional hole geometry engi-
neering.

For such purposes, through-holes with diverse shapes and dimen-
sions were patterned in both sc-Si and poly-Si suspended mem-
branes, and the shape evolution of those through-holes were ob-
served and analyzed using a scanning electron microscope (SEM)
after a high temperature anneal in low-pressure H, ambient for
different time durations. The time dependence of through-hole
shapes was also compared with the Matlab-based simulation re-
sults from the previous work in [8].

a) ' : Spum

Figure 1: Image of direct comparison of single-crystalline and
poly-crystalline through-holes after 10,000s of annealing in
hydrogen ambient

FABRICATION

Since most previous work on this topic was performed on
sc-Si, two sets of samples were fabricated. This allowed compari-
son of the results to previous studies as well as a direct comparison
between sc-Si and poly-Si (Figure 1).

Figure 2 shows the schematics of the fabricated devices. For
the single-crystalline variant commercially produced 100 mm sili-
con-on-insulator (SOI) wafers were used with a 2-um-thick buried
silicon oxide (BOX) and a 10-pm-thick device layer with (100)
orientation (p-type boron doped, 1-2 mQcm). For the poly-
crystalline samples, the process started on 100 mm silicon wafers
(100) with a resistivity of 10-20 Qcm, also p-type doped with bo-
ron. These wafers were then processed to become “poly silicon-
on-insulator” (PSOI) wafers (Figure 2 a*) as a comparable starting
point to the SOI wafers. Therefore a 2-pm-thick silicon dioxide
(Si0,) layer was thermally grown at 1000°C, followed by epitaxial
deposition of a 12-pum-thick boron doped (p-type) poly-Si layer.
The poly-Si deposition was performed in a reduced-pressure epi-
taxial reactor by Applied Materials (Centura EPI). The 12 pm of
poly-Si were deposited in steps of 3 um due to the tool limitations,
including a seed layer before the first step. For the seed layer dep-
osition, which is negligibly thin compared to the total thickness,
silane (SiH4) with H, as carrier was used as a precursor at 800°C
and 600 Torr with a gas flow of 60 sccm for 90 s. For each 3 um
poly-Si deposition step the precursor was Dichlorosilane (DCS,
SiH,Cl,) at 1080°C and 30 Torr with flow rate of 400 sccm in a H,
carrier for 196 s; p-type dopant (1% diborane, B,Hs) was simulta-

Solid-State Sensors, Actuators and Microsystems Workshop
Hilton Head Island, South Carolina, June 8-12, 2014



neously flowed at 100 sccm. After the deposition the thickness
was reduced to 10 pm and the surface was smoothened by chemi-
cal mechanical polishing (CMP). At this point the PSOI wafers
had comparable properties to the chosen SOI wafers and therefore
the following processing steps could be performed on both variants
in parallel (Figure 2 al/bl).

With optical lithography the wafers were patterned (Figure 3
and Table 1) and the device layer etched utilizing deep reactive ion
etching (DRIE) to get high aspect ratio through-holes (Figure
2 a2/b2). Table 1 shows the different shapes and dimensions of the
various structures. Due to constraints in lithography and etching
0.8 um was chosen on the lower end as the limiting dimension.
This width is constant for variants V2, V3, V6, and as diameter for
V1. The length of each was varied from 0.8 pym to 5 pm. V4 and
V5 have the same area as V2 but a different aspect ratio and there-
fore the width is wider than the limiting dimension. The through-
holes were arranged in two patterns: One is rectangular, where all
holes are equally distanced, and the other a circular one with alter-
nating through-hole density due to the radial arrangement (Figure
3d). The circular version is used for a membrane in an actual de-
vice design by this group [7].

b4)

Figure 2: Process flow for a) poly-Si and b) sc-Si wafers.

a*) thermal SiO; grown on Si wafer and deposition of poly-Si in
epitaxial reactor; al) CMP to smoothen the surface; a2)
through-hole patterning with DRIE a3) vHF etching to release
membrane a4) annealing in H, ambient

bl) SOI wafer b2) through-hole patterning with DRIE b3) vHF
etching to release membrane b4) annealing in Hy ambient

Table 1: Overview of through-hole shape variations. These shapes
were patterned using deep reactive ion etching (DRIE) through the
10-um silicon device layer. The hole coverage is regarding to the
rectangular membrane.

Vi V2 V3 V4 V5 V6
Shape o HEmmEEm = . B ==
circular  rectangular rect. rect. rect. rect.

. 0.8 pm 08pum 2pum 14pum 0.8 um
Dimen- ¢, ¢ pm x x x x x
sions 5 pm 08pum 2pum 2.86pum 2.5um
Area 0.503 pm?* 4 pm? 0.64 pm*> 4pum*> 4pm> 2 um?
Hole 1.7 % 7.4 % 21%  95% 95% 47%
coverage
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The underlying oxide was removed by vHF etching after re-
ducing the moisture with a rapid thermal annealing (RTA) step
(Figure 2 a3/b3). To confirm that the membranes are completely
released, the samples were inspected with an infrared microscope.

The wafers were subsequently annealed in the epi process
chamber (Figure 2 a4/b4) for varying time durations at 1130°C and
20 Torr in a H, ambient. For the poly-crystalline wafers the an-
nealing time durations were chosen as 0 s (no annealing), 1000 s,
2000s, 3000 s, 4000 s, and 10000 s and for the SOI wafers O s,
2000 s, 4000 s, and 10000 s.

a)

d)

Figure 3: Mask layout for the through-holes a) arrangement on
wafer of the various through-holes regions b) arrangement of the
reticles for each through-hole variant, high number of repetition
to raise chances for successful cleaving c) reticle layout d) left:
circular membrane; right: rectangular membrane

CHARACTERIZATION AND DISCUSSION

The characterization was done on an SEM. Top-surface, bot-
tom-surface, and cross-section images were taken of the mem-
brane. For the cross-section images samples were mechanically
cleaved. For the bottom-surface view of the membrane double
coated conductive tabs were used; by attaching the tabs to the top
surface and quickly removing, membranes were ripped out-of-
plane, revealing the bottom side.

a3)
Figure 4: SEM images of sc-Si and poly-Si V6 through-holes
after 10000 s of annealing.
al) sc-Si top view a2) sc-Si cross section a3) sc-Si bottom view
bl1) poly-Si top view b2) poly-Si cross section b3) poly-Si bottom
view




These results are qualitatively consistent with the results from
a silicon migration model developed by Kant [8] based on Mullins
surface diffusion equation for sc-Si. Simulations with the same
through-hole dimensions and similar conditions (temperature,
pressure, ambient) were performed and are shown in Figure 5. The
displayed progression towards closure can be compared with the
cross-section shown in Figure 6.

) S t=400 =800 t=1200  t=1600  t=2000  t=2400  t=4800
10 10‘ 0‘ 10 10 10 10‘ 10‘
8 8| 8] 8 8 8 8| 8
6 6/ 6 l 6 ‘ 6 I 6 x s @ o @
4 4 4 4 4 4 4 4
2. 2 2 2 2 2] 2| ® 24 ©
212 21‘12 Q s PR s F I s 21‘12 21‘12

b) t=0 t=400 t=800 t=1200 t=1600 t=2000 t=4000 t= 35800
10; 10 10 10 10 10 ‘ 10
8 8 8 8 8 8! 8
6 6 6 6 6 6 6
4 41 4 4 4 4 4
27 2 2 2] 27 2 2
T e LN N e 5 . o

Figure 5: Simulation V3 based on Mullins surface diffusion
equation (time units do not correspond to seconds)
a) V3 through hole b) V6 through-hole

Spm 5 pm

Fzgure 6: Cross section of szngle crystal Si VI through-hole
a) after 2,000 s b) after 10,000 s

The thickness of the membrane for SOI wafers stays approx-
imately the same (measured to be about 9.9-10.1 pm for sc-Si after
10,000 s of annealing). A reduction in thickness due to volume
conservation like witnessed by Provine et al [9] was not observed
nor expected to be significant enough to notice. The volume of the
through-holes is too small in relation to the pitch, so that the cov-
erage of the through-holes is in the range of 1-10 % (Table 1).

Another finding in poly-Si is a clear distinction between the
upper and the lower side of the membrane; nearly all patterned
through-holes were closed on the bottom side after the 10,000 s
anneal, while some holes remain open on the top side (Figure 4b).
Additionally, the migration sealing of poly-Si through holes left
‘lids’ that grew out-of-plane (Figure 4b2), in contrast to the indent-
ed trench closures on the top side and in sc-Si samples shown in
Figure 4a. This can be explained by the vertically oriented grain
size gradient in the poly-Si membrane, which was also observed by
Ng et al [10] using a similar fabrication process. The grain size
increases from the base (~200 nm) towards the top (~3 pm).
Therefore the diffusion mobility is higher at the bottom side lead-
ing to more active migration.

Figure 7 shows the evolution of the top-side openings for a)
sc-Si and b) poly-Si. In Figure 7a3) the cross-section of the simu-
lated V6 through-hole (0.8 pm x 2.5 um) over 1000 time units is
plotted. The qualitative transformation of the simulation correlates
with the measured results. Both sc-Si and poly-Si morph from an
elongated rectangular shape to a circular footprint. In the single-
crystalline case the result is an almost perfect circle, for the poly-Si
the trend towards a circular shape is clearly visible although it is
more non-uniform (Figure 7b3).
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Figure 7: Transformation of a) sc-Si and b) poly-Si V6 through-
holes from no annealing (al,bl) to 2000 s (a2,b2/3). a3) shows
the predicted evolution by the simulation for 1000 time units.
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Figure 8: Comparison of V6 through-holes grown closed
between sc-Si and poly-Si. All holes in sc-Si were in virtually the
same sealing state: all open at 4,000 s and all closed at 10,000 s.
In contrast, holes in poly-Si evolve gradually towards closure:
some are already closed after 4,000 s while a few are still open
even after 10,000s

Figure 8 compares the top side of the V6 membranes for sc-Si
and poly-Si. Note that holes in sc-Si migrate at the same pace: all
open at 4,000 s and all closed at 10,000 s. In contrast, through-
holes in poly-Si evolve gradually towards closure; some are al-
ready closed after 4,000 s while a few still remain open even after
10,000 s indicating a high degree of non-uniformity across the
device and the wafer.

The dependency of the through-hole orientation is displayed
in Figure 9. In the case of sc-Si, there is an influence in the hole-
sealing behavior clearly visible after 2,000 s and 4,000 s, but after
10,000 s all holes appear circular. This is explainable by the crys-
tal orientation in the SOI wafers and the dependency of the migra-
tion rates on crystal orientation [8]. After a certain time changes in
shape become slower (see Figure 5), and the differences in migra-
tion rate consequently even out. For the poly-Si samples the varia-
tion between through-holes has no correlation to the orientation on
the wafer, since there is no global crystal orientation, and therefore
the migration process is more non-uniform.



Figure 9: Top view
orientation on the example of through-hole V2; a) sc-Si;
b) poly-Si. In the case of sc-Si, the crystal orientation depend-
ence is clearly visible until 2,000-4,000 s, whereas holes in poly-
Si migrate more non-uniformly.

SEM comparing the influence of crystal

CONCLUSION

The analysis of the samples and comparison with previous
studies shows, that despite of the similarities, there are major dif-
ferences in the evolution of the through-holes and the surface to-
pology between sc-Si and poly-Si. Whereas the through-holes in
sc-Si are generally uniform and homogeneous all over the mem-
brane respectively the wafer, each through-hole in poly-Si evolves
differently. The uniform behavior of the sc-Si makes the annealing
process a reliable method for sealing, since after a specific time
period all through-holes are closed. Migration of through-holes in
poly-Si on the other hand is less predictable and gradual. While
some holes are closed even earlier than in sc-Si, others take signif-
icantly longer than the average portion of the through-holes. It is
more of a statistical process, which leaves the possibility of un-
closed through-holes. Because a single open hole will compromise
the hermeticity of the encapsulation, the exclusive use of migration
in poly-Si is not an acceptable encapsulation technique on its own.

Also within the scope of a single through-hole, there are sig-
nificant differences between the upper and lower side of the mem-
brane, in contrast to the fairly symmetrical migration process in sc-
Si. The bottom and top side of the closed off through-holes in the
membrane are in the sc-Si scenario indented. In the case of poly-
Si the vertical gradient in silicon grain size causes indented or
quasi plane top surfaces but “out-of-plane lids” on the bottom side
of the membrane.

In addition, there is a dependency in shape evolution visible
for sc-Si. Due to the fact that there is no global crystal orientation
in a poly-Si membrane, there is no such orientation dependent
pattern noticeable.

Unlike the sealing with conformal deposition, the migration
process is highly dependent on the through-hole geometry. For
deposition, either the width or the length, the shorter one deter-
mines the critical dimension to seal the through-holes, which is not
the case for migration sealing which depends more on the overall
geometry such as shape, area, and perimeter of through holes. On
the other hand it is difficult to seal the through-hole from bottom to
top simultaneously with deposition methods, therefore insufficient
sealing on the bottom side is usually observed.

To prevent the risk of possible unsealed release-holes and to
minimize the annealing time, but also accomplish a satisfactory
plane lower membrane side, a hybrid of migration sealing and
deposition is proposed. The outcome of this study enables further
investigation to find optimum release-hole geometry for poly-Si
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and is directly applicable to release-hole sealing in silicon film
encapsulation technology such as “epi-seal encapsulation”. It can
be also directly applicable to other MEMS device fabrication such
as micro-fluidic channels for lab-on-a-chips or chip coolers.
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ABSTRACT

This paper reports on the design and test results from a
dual-probe Scanning Tunneling Microscopy (STM) system,
suitable for scaling to 1-D array parallel imaging with an eventual
purpose for batch-nanofabrication. The 1-D array is fabricated using
CMOS-MEMS technology. Each probe is individually addressable,
equipped with an electrothermal (ET) microactuator for tip vertical
deflection. A hierarchical dual servo system is tested to validate
parallel STM operation with two probes on the chip. Dual STM
images are obtained on a custom grating calibration sample. A
second generation of probe array is being developed, where on-chip
ET actuated micro-goniometers are designed for more scalable
probe array-sample alignment.

INTRODUCTION

Scanning probe microscopy (SPM) is a powerful tool in
surface science. SPM techniques make use of the interaction
between the nano-scale sharp tip and the sample surface to study its
local properties. Tip-based nanofabrication (TBN) extends the SPM
functionalities where the tip is used for direct nanopatterning and
modification on the surface [1]. While the minimum feature size has
been scaled down to 14 nm using the current state-of-the-art
photolithography technique, feature size down to sub-10 nm is
achieved via TBN with little difficulty.

Unlike the sample-averaged techniques such as spectroscopy
and crystallography, the probe of SPMs interacts with the materials’
surface locally, point by point, and therefore provides direct
information of material property at atomic and nano-scale that leads
to the understanding of the materials in a different way. Yet it is also
this nature of reliance on localized interaction of SPMs that make it
a much slower surface characterization technique than the
sample-averaged ones. It may require a few minutes to scan a few
pm? areas while it may only take a couple of seconds in SEM.

To overcome the disadvantage of the intrinsic drawback of
low-efficiency of SPM, probe arrays are developed. Multiple
micro-probes work in parallel on multi-areas of a surface so the
efficiency of surface characterization will be multiplied. A variety
of 1D and 2D probe arrays have been developed and used in
applications like “Millipede” probe-based data storage [2] and dip
pen nanolithography [3]. Millimeter-scale parallel imaging in AFM
constant force mode has been achieved using a 1 x 10 CMOS
MEMS probe array [4]. In both imaging and fabrication, the array
probes are in contact with the examined surface.

In our work, we have developed CMOS MEMS probe array
technology intended for non-contact (NC) mode STM-based
parallel imaging and nanofabrication. Compared to contact mode
SPM operation, only NC mode SPM, like STM or NC AFM tapping
mode, may achieve true atomic resolution because it relies on the
short range tip-sample interactions that is comparable to the size of
the atoms [5]. This indicates that the NC mode SPM may be able to
produce an even smaller feature size than the contact mode SPM.

We previously demonstrated the parallel STM imaging via a
dual CMOS-MEMS probe array system on a commercial calibration
sample [6] along with establishing on-chip switched-capacitor
transimpedance amplifier circuitry [7]. The alignment of the probe
array and the sample surface was through an external macro
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goniometer [6]. In the present work, a custom calibration sample is
designed and fabricated for the image validation of the dual probe
system. A second generation of CMOS probe array is developed,
where the spacing between adjacent probes is reduced by 20 times.
On-chip active micro-goniometers are designed for this more
scalable probe array-sample alignment.

A HIERARCHICAL DUAL-PROBE STM SYSTEM

The concept and configuration of a hierarchical dual-probe
STM system was reported in [6]. The system block diagram is
shown in Fig. 1. The CMOS MEMS probe array chip is mounted on
the piezoscanner head of a Veeco Dim3000 conventional SPM
system. A master servo controls position of the probe chip and its
master STM tip relative to the sample and uses the piezoelectric
actuator embedded in the conventional system. The second, slave
servo controls the second tip relative to the sample while in the
frame of reference of the master servo. Slave servo action is
performed with the ET bimorph actuator embedded on the probe
cantilever. In both servos, the tip current preamplifiers and PI
controllers are implemented in custom off-chip analog electronics.
For parallel STM image processing, the topography under the
master tip is directly constructed from the piezo drive voltage. The
topography under the slave tip is extracted by taking the weighted
difference of the piezo and ET drive signals, as shown in Fig. 1 (b).
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Figure 1: (a) Schematic of master-slave dual probe array system.
(b) Slave image constructed by taking the weighted difference of two
drive signals [6].

Fig. 2 shows the SEM images of the CMOS probe chip that is
used in dual-probe STM system. An array of 5 identical active
probes is arranged along one side of the chip, with each probe
329 pum in width. They are equipped with respective ET actuators
for individual vertical deflection. The master probe is passive,
without on-cantilever actuation mechanisms, and is located on the
corner of the probe chip. One from the 5 active probes is used as the
slave probe. In principle, the system can be extended to
accommodate more active probes as slave probes with
corresponding servo electronics. The platinum STM tip shown in
the inset is prototyped with electron-beam induced deposition.

Solid-State Sensors, Actuators and Microsystems Workshop
Hilton Head Island, South Carolina, June 8-12, 2014
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CUSTOM CALIBRATION SAMPLE

Previous characterization of the dual-probe STM system
imaged a commercial grating calibration sample where all the
gratings assume a same orientation, so the features under the master
tip and the slave tip were essentially the same [6]. A custom
calibration sample, following the schematic design in Fig. 3 (f) and
the process steps in Fig. 3 (a) to (e), provides distinguishable images
under different probes during the parallel operation. A series of
grating patterns with different orientations and periods are
fabricated on the substrate. Grating patterns are first made via
e-beam lithography on 950 PMMA A4 resist spun on a 1" Si
substrate. Next the patterns are transferred to the Si via anisotropic
etch in a Plasma-Therm RIE 790 system. The resist is then washed
off, and 5 nm-thick gold is deposited on the substrate bearing the
patterns. Fig. 4 shows a representative optical image and an AFM
image of the fabricated patterns. The patterns have periods ranging
from 200 nm to 600 nm, with pitch depth of ~25 nm.

PARALLEL STM IMAGING OF DUAL-PROBES

In the parallel STM operation of the dual probes, the
relationship between the piezo drive voltage and the slave drive
power needs to be known for the construction of the image under the
slave tip. The relationship is obtained through an in situ
characterization using a piezo actuator-based STM servo. Fig. 5
describes the measurement method. The probe chip is mounted on
the piezo-actuator of the conventional SPM system. One of the
active array probes is used as a regular STM end-effector, relying on
the piezo-actuator-driven feedback loop to perform the constant
current mode STM scanning while the x- and y- direction movement
is disabled. When operating in constant current mode, the separation
between the tip and the sample surface is fixed at z, by the current
set point. When using the on-cantilever ET actuator to drive the
probe, it moves vertically and the tip-sample distance changes by
Az. To compensate for this distance change so as to maintain the
constant current between the tip and the sample, the piezo actuator
has to respond accordingly, i.e., the piezo actuator has to drive the
probe by Az in the direction opposite to ET actuator’s movement.
Fig. 6 shows the obtained relationship, indicating that the travel
distance caused by a change of 1 V of drive voltage on piezo scanner
is equivalent to that caused by a change of 0.129 mW of drive power
on ET actuator. The ET drive sensitivity is 131 nm/mW using the
nominal piezo drive sensitivity of 17 nm/V.
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Figure 3: Process of fabricating STM calibration sample with
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Figure 5: Schematic of the measurement of ET drive sensitivity via
in situ STM scanning: (a) the tip is z, from the substrate, keeping a
constant current, (b) the tip is lifted up by Az from the substrate via
ET actuation, (c) the piezo drive is extended by Az to compensate
for ET travel distance.
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Representative line plot on the images. Peaks correspond to tips
crossing steps of the grating

Figure 7: Dual images when
the master probe is on the
grating and the slave probe is
not. (a) Image under the
master tip, (b)Raw image
from the slave tip; (c) Real
image under the slave tip via
the weighted addition of (a)

and (b)

The dual probes are scanning on the custom calibration sample
for parallel image acquisition. The custom gratings on the
calibration sample can be manually moved under either the master
probe or the slave probe. In one scenario, the master probe falls on
the pattern while the slave probe is scanning on an unpatented area.
Fig. 7 shows the obtained dual images. The image under the master
tip shows the pattern with a period of around 282 nm. Although
scanning on an area with no grating pattern, the slave image directly
built from the ET drive power shows a grating that corresponds with
that in the master image. Fig. 7 (c) shows the actual topographical
image obtained from the weighted difference of the master piezo
drive voltage signal and the slave ET power signal. The grating
pattern disappears on this difference image, leaving behind only the
real features under the slave probe.

In a second scenario, a grating is under the slave probe while
the master probe is scanning on an area without gratings. Fig. 8
shows the obtained STM images. No grating patterns appear on the
master image. Gratings are identified in the raw slave image and are
preserved in the weighted difference image that removes the piezo
drive signal.

MICRO-GONIOMETER

In the current version of CMOS-MEMS probe arrays, adjacent
probes are spaced 340 um apart. The lateral scanning range of a
peizo-scanner on the commercial SPM system is generally 50 pm or
less. It is desirable that the spacing between adjacent probes be
smaller than this lateral scanning range so that the individual
scanning areas will overlap and combine. When the spacing
between array probes is scaled down to tens of microns, it is
possible to build an on-chip micro-goniometer which offers a
platform to hold an array of probes. It serves to provide the in situ
fine adjustment of relative height among these probes above the
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Figure 8: Dual images when
the slave probe is on the
grating and the master probe is
not. (a) Image under the master
tip,; (b) Raw image from the
slave tip, (c¢) Real image under
the slave tip via the weighted
addition of (a) and (b)

200 nm

sample surface. It will also facilitate the STM operation of probe
arrays particularly in an ultra-high-vacuum (UHV) system where a
macro-goniometer for tip-substrate parallelization is not easily
implementable. To this end, a scaled generation of STM probe array
is developed. Fig. 9 shows the SEM image of the STM probe array
on a micro-goniometer. It consists of two separate “trunk
cantilevers” which can be individually actuated, a leveling beam
bridging the trunk cantilevers through two twist beams, and an array
of active STM finger probes placed along the leveling beam, with a
spacing of 15.1 um between two neighboring finger probes. Similar
to the widely-spaced array probes, the micro-goniometer and finger
probes also adopt ET actuation as its driving approach. When the
two trunk cantilevers are unevenly heated, i.e., different drive
powers are applied on the ET actuators of two trunks, they will have
different vertical deflection, so one end of the leveling beam will be
elevated higher than the other end, and the relative height among
finger probes is therefore changed.

Different drive powers were applied on two trunk cantilevers
to measure the tilt of the leveling beam. It is found that a critical
power exists. Below the critical power, the tilt of the leveling beam
has a linear dependence on drive powers, and the deformation is
reversible, i.e., the trunks of the goniometer recover their original
shape. Above the critical power, the leveling beam is not straight
anymore but bends. Furthermore, irreversible deformation occurs,
i.e., the leveling beam tilt remains after the power is removed.

The test started with a freshly released goniometer device. The
drive power, which varied between 0 W and 32.2 mW but never
went beyond this range, was applied on one trunk cantilever of the
goniometer, while the other trunk was not powered. Fig. 10 shows
the white light interferometric image when the goniometer is
unevenly powered at 32.2 mW. Upon heating, the heated trunk
bends downwards, and assumes a lower position than its counterpart
on the other side. The leveling beam is tilted by 1.19°. The tilt angle
is linearly dependent on the power and has a drive sensitivity of
0.038°/mW.
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Figure 10: Tilt of the goniometer when a power of 32.2 mW is
applied on the right trunk cantilever: (a) 2D contour. (b) The tilt of
the leveling beam. (c) 3D contour. (d) Tilt dependence on the drive
power below critical point.

Furthermore, irreversible deformation is introduced after a
high enough drive power is applied and then removed from the
trunk cantilever. To examine the time and power dependence of
irreversible deformation, a freshly-released goniometer with no
previous heating history and hence no irreversible deformation was
tested. A fixed drive power was applied to its right trunk cantilever,
maintained for different durations and the leftover deformation was
measured after the power was removed. The process is akin to
annealing, i.e., heating the material to above a critical temperature,
maintaining for a certain amount of time and then cooling. It is
found that the heated trunk that experiences annealing restores to a
higher position than its non-annealed counterpart after the removal
of the power. Fig. 11 (a) shows the evolution of the tilt of the
leveling beam with annealing time at three different drive powers.
At a fixed power, the tilt angle increased with the annealing time,
showing a logarithmic time response up to 1000 s. Fig. 11 (b) shows
the tilt angle dependence on the power. Irreversible deformation
occurs at around 28.4 mW, as extrapolated from the graph. No
higher power than 66.7 mW was applied on the trunk cantilever
during the test to avoid any possible damage from melting of the
aluminum in the goniometer structure.
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CONCLUSION

The custom grating calibration sample was successfully
employed to verify the functionality of a hierarchically driven
dual-STM servo system. Two simultaneous STM images were
obtained, where the pseudo-features on the raw slave images
introduced by the master servo are successfully removed by
differencing the image signals. The measured drive sensitivity
relationship between the ET actuator and the piezo actuator
provides the weighting factor for this difference, validating the
fundamental understanding of the system operation.

A second generation of scaled probe array is developed, which
is placed on a micro-goniometer. That a permanent tilt angle can be
introduced by asymmetrical annealing of the two trunk cantilevers
indicates that continuous power is not needed to maintain a desired
tilt angle, which is favorable in terms of power scaling for a large
system. Besides, thermal coupling between the ET actuated
goniometer and ET-actuated finger probes can also be avoided.

While operation of only two probes is demonstrated, the active
probe technology is available to enable future multiple STM images
obtained by a larger array of probes to be stitched together to make a
large-area STM image. On-chip circuits such as in [7] will be
desirable to scale the system to tens or even hundreds of probes.
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ABSTRACT

Many magnetic MEMS devices such as magnetic-based
microscale energy harvesters rely on the availability of microscale
permanent magnets capable of generating significant magnetic
fluxes. Ideally, these magnets would be able to be integrated with
MEMS in a batch-fabrication-compatible manner. A number of thin
film permanent magnets possessing excellent intrinsic magnetic
properties have been discussed in the literature. In order to achieve
higher extrinsic properties such as magnetic flux, an intuitive
approach is to simply increase the magnetic film thickness.
However, it is observed that as the magnetic film thickness
increases, the intrinsic magnetic properties (such as remanence and
maximum energy product) often deteriorate, limiting the maximum
achievable magnetic fluxes from these small-scale integrated
magnets. In this work, we present a microfabricated permanent
magnet with a multilayer structure that preserves the high magnetic
energy density (and resultant magnetic flux density) of thinner
magnetic films while simultaneously achieving a significant
magnetic thickness and resultant extrinsic properties. The
fabrication process relies on sequential multilayer electroplating:
alternating layers of relatively thin (in microns) magnetic films and
non-magnetic materials were electrodeposited in a multilayer
fashion realizing a laminated permanent micromagnet up to a total
magnetic thickness of 80pm. A maximum energy product as high as
16.2kJ/m® (~ 70% of the value of a 1-pm-thick thin film) was
retained in the laminated permanent micromagnet, and a 30%
improvement over a CoNiP nonlaminated film with the same
magnetic thickness has been successfully achieved. This fabrication
approach could potentially be adapted to other permanent magnet
materials systems.

INTRODUCTION

A key challenge in magnetic MEMS is the realization of
large-volume, high-energy-product permanent micromagnets that
can be deposited in a fully-integrated and CMOS-compatible
manner. Such magnets are essential in applications ranging from
biasing of magnetic sensors in a portable compass [1] to high force
MEMS magnetic actuators [2] to energy harvesting [3]. As an
example, the generation of voltage in a permanent magnet energy
harvester depends on the rate of change of flux (rather than flux
density) according to Faraday's law of induction [4]. For a
vibration-based energy harvester operating at a given frequency,
increasing the rate of change of the magnetic flux is achieved by
increasing the total flux itself [4]. In an in-plane permanent magnet,
magnetic flux can be increased by increasing the thickness of the
magnet, as long as this thickness increase does not cause a
concomitant decrease in intrinsic magnetic properties such as flux
density or energy product. Although a number of thin films with
high magnetic energy density have been shown [5-8], typically the
energy density falls rapidly as the film thickness increases [2, 8-10],
resulting in weakened permanent micromagnets which are of
limited utility in the applications described above [11].
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To address this issue, we propose laminated permanent
micromagnets as illustrated in Figure 1. Since the magnetic
properties of thick films degrade as film thickness increases,
stacking multiple thin magnetic films with preserved properties can
be an effective way to achieve considerable overall magnetic
thickness while simultaneously retaining good magnetic properties.
To achieve this structure, we exploited sequential multilayer
electroplating [12], in which individual layers of relatively thin film
magnets were electrodeposited in a multilayer fashion to achieve a
laminated permanent magnetic structure in a stacked configuration
as shown in Figure 1.

Thin CoNiP
Low Cu
[0}
=
2
Thick g
Jes! .
m .
S’
High
THICK CoNiP Film Stacking of CoNiP/Cu
THIN CoNiP Film| Microlamination

Figure 1: lllustration of the concept of laminated hard magnets (not
drawn to scale). (Left) The intrinsic properties of thick
electrodeposited magnetic films tend to decrease with thickness.
(Center) Conceptually, stacking individual films can produce thick
magnets with preserved properties. (Right) Implementation of
stacking in-situ using sequential multilayer electrodeposition.

DESIGN AND FABRICATION
Material Selection

The laminated hard magnetic film is comprised of two types of
component layers: a hard magnetic material to act as a functional
layer and a nonmagnetic interlamination layer to act to ‘re-seed’ the
growth of high-energy-product magnetic films.

The candidate hard magnetic material for this work should be
compatible with electrodeposition (due to the relative economy and
large deposition rates achievable for films of substantial overall
thickness) and should have a controllable direction of magnetic
anisotropy. The multilayer structure of Figure 1 has magnetic films
with a high aspect ratio of in-plane dimension to thickness, resulting
in a high in-plane magnetic shape anisotropy. A magnetic material
with controllable magnetocrystalline anisotropy could potentially
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be engineered to align the shape and crystalline anisotropy, thereby
boosting overall magnetic performance.

The potential suitable hard magnetic materials include RE (rare
earth) magnetic alloys (NdFeB and SmCo), equiatomic Pt-TM
(Transition Metal) alloys (FePt L1, and CoPt L1,), Co-rich
hexagonal alloys (CoNiP, CoNiMnP, CoPt, CoPtP) and others [5,
6]. RE magnetic alloys often seen in bulk-scale applications could
be integrated in MEMS [13] but with restrictive processing
conditions [10]. Equiatomic Pt-TM alloys with attractive
performance commonly require either a high temperature
deposition environment or relatively high temperature post-process
annealing. Among the Co-rich hexagonal alloys, CoNiP can not
only be readily electroplated but also be conveniently tuned with
bath compositions [14] and electroplating parameters [15] to yield
in-plane magnetocrystalline anisotropy with significant in-plane
maximum energy product.

In addition to being electrically conductive (to support the next
deposition of magnetic material) and electrodepositable, it is
hypothesized that the interlamination material should have excellent
planarization properties such that the surface of the underlying
magnetic material is fully reset for subsequent depositions. Cu
plated from a commercial copper bath (Grobet, Clean Earth
Cu-mirror solution) containing brighteners and levelers was chosen
as the interlamination material for low surface roughness [16].

Magnetic Film Optimization

Park et al. [14] showed that the magnetic properties
(in-plane/out-of-plane (BH).x and anisotropy) of CoNiP were
strongly influenced by NaH,PO, concentrations in the bath.
Kirkwood et al. [15] demonstrated a strong correlation between
applied current density and c-axis orientation
(perpendicular/longitudinal) to the film plane. Based on these
results, the plating bath and deposition parameters summarized in
Table | were used in this work to achieve significant longitudinal
(in-plane) magnetic anisotropy and energy density in the magnetic
films. No agitation was applied and Ni sheet was used as an anode
for Ni ion replenishment. Due to the lack of Co ion replenishment as
plating continued, in order to ensure compositional uniformity of
each magnetic film layer in the multilayer structure, the bath volume
was adjusted such that the consumption of Co was less than 1% of
total dissolved ions in the bath for every batch.

Table I: Bath composition for CoNiP thin films.

Chemicals Concentration (g/L)
NiCl,*6H,0 475
CoCl, *6H,0 49.0
NaH,PO,eH,0 3.0
NacCl 40.9
H,BO; 24.7
Saccharin 0.88

Current Density: 20 mA/cm?, pH: 2.2

Figure 2 shows typical in-plane and out-of plane magnetic
hysteresis loops, measured by vibrating sample magnetometry, of a
single layer 1-pm-thick CoNiP thin film deposited using the
conditions discussed above. As desired, significant magnetic
remanence in the longitudinal direction was observed. EDX results
showed the 1pm thin films had a composition (in Atomic %) of 78
Co%, 13%Ni and 9% P. Both the thin film composition and the
magnetic performance are similar to literature values [14, 15].
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Microlamination Fabrication

The fabrication sequence is summarized in Figure 3. An
insulating layer of silicon dioxide was deposited on a silicon wafer
by plasma enhanced chemical vapor deposition (PECVD). An
electroplating seed layer structure (Ti/Cu/Ti) was then
sputter-deposited (Figure 3(a), (b)). A thick photoresist (NR
21-20000P, Futurrex, Inc.) mold was then formed consisting of an
array of circles, each 16mm?in area (Figure 3(c), (d)). To eliminate
possible oxidation of the Cu seed layer in the sandwich Ti/Cu/Ti
seed layer structure, the top layer of Ti was stripped in dilute
hydrofluoric acid just before electroplating commenced (Figure
3(e)). Robotically-assisted sequential multilayer electrodeposition
of CoNiP and Cu layers was then carried out in a dual bath system
with the customized CoNiP bath (with plating conditions detailed in
Table 1) and the commercial Cu bath (at a current density of 20
mA/cm?). Individual layer thicknesses of both the CoNiP and Cu
layers were set to 1pm by control of the deposition time (Figure
3(f)). After deposition, the photoresist mold was removed and the
morphology of resultant micromagnets (Figure 3(g)) were
characterized by a scanning electron microscope (SEM) equipped
with energy-dispersive X-ray spectroscopy (EDX). The magnetic
properties were characterized by vibrating sample magnetometery
(VSM). No correction for demagnetization effects was applied to
the data presented below.
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Figure 2: Typical in-plane and out-of-plane hysteresis loops of
1-pm-thick CoNiP films.

A cross-sectional SEM image of the fabricated magnetic
microlamination is shown in Figure 4(a), comprising a 10-pair
CoNiP(1pm)/Cu(1pm) laminated magnet. A short selective Cu wet
etch was performed to create contrast between the layers; the
brighter, protruding layer and darker, receding layer are CoNiP and
Cu, respectively (see Figure 4(b)).

Side View: Top View
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Figure 3: Fabrication process flow.



RESULTS AND DISCUSSION
Magnetic Characterization

In a multilayer structure such as the one fabricated here, the
relevant thickness for comparing the magnetic properties of various
structures is the total magnetic thickness (ty): the sum of the
thicknesses of the magnetic lamination layers. The magnetic
thickness will always be less than or equal to the total thickness. For
a single layer magnetic film, the magnetic thickness and the total
thickness are equal.
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Figure 4: Cross-sectional SEM images of (a) a 10-pair
CoNiP(1pm)/Cu(1pm) microlamination and (b) an enlarged view.

Figure 5 compares the dependence of various in-plane
magnetic properties of CoNiP/Cu multilayer and CoNiP single layer
films measured by VSM as a function of total magnetic thickness
(tm). Figure 5(a) shows the variation of in-plane maximum energy
product ((BH)max) Versus ty. It is evident that the (BH)ax Of the
CoNiP was well-maintained in the microlamination configuration
up to a total magnetic thickness of 80m, while a single 80pm thick
CoNiP film shows substantial degradation of (BH)max. (BH)max &S
high as 16.2kJ/m® was achieved even at a large magnetic thickness
of 80pm, an approximately 30% improvement over nonlaminated
CoNiP films of the same magnetic thickness.

Figures 5(b) and (c) compare the remanence and coercivity of

single layer and multilayer films as a function of magnetic thickness.

The deterioration of (BH)ax in single layer thick CoNiP films can
be primarily attributed to reduction of remanence rather than
coercivity. The decrease in B, with increasing film thickness in
single layer films may originate from the randomization of
crystallographic alignment (well-ordered in the case of thin films)
as the film thickness increases [7, 17]. The coercivity of single layer
CoNiP films exhibited a slight increase with increased magnetic
thickness (a similar trend is also found in the CoNiMnP system [8]).

Figure of Merit

The utility of the microlamination technique can be further
demonstrated by considering maximum areal magnetic energy
density (maximum energy per unit area, or the product of (BH)ax
and ty,), as an appropriate figure of merit for integrated MEMS
magnets. It is a manifestation of how much energy per unit area one
can obtain from a microfabricated magnet given a
MEMS-constrained footprint. Figure 6 compares the maximum
areal energy densities of films with same magnetic thicknesses from
this work and the literature [2, 8-10]. Figure 6 (a) shows all data
collected for comparison. For better illustration, some data were
selected and grouped into thickness ranges (Figure 6 (b)). As can be
seen in Figure 6 (b), in the case of MEMS magnets deposited in a
CMOS-compatible and fully integrated manner, the microlaminated
magnets presented in this work can achieve the highest maximum
areal energy density among the materials studied, due to their ability
to maintain high (BH).x at very large total magnetic thicknesses.
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Figure 5: Comparison of the variation of in-plane magnetic

properties: (a) maximum energy product, (b) remanence and (c)
coercivity as a function of total magnetic film thickness (ty) between
CoNiP(1pm)/Cu(1pm) microlamination and CoNiP single layer
films.

CONCLUSIONS

A large-volume, high-energy-product laminated hard
micromagnet enabled by a fully-integrated, CMOS-compatible
fabrication approach has been successfully demonstrated utilizing
the technique of sequential multilayer electroplating. The resultant
laminated micromagnets showed a 30% maximum energy density
improvement at a large magnetic thickness of 80 pm over
nonlaminated counterparts. Further, by comparison with the state of
the art of the same kind, the proposed micromagnet with laminated
structure possessed superior areal magnetic energy density with
which the capability of magnetic MEMS devices such as actuators
and energy harvesters could be further improved.



1.8

> r

é F(a)

2 16 r & CoNiP/Cu Microlamination (this work)

> 14E CoNiMnP[8]

2 e CoNiMnP[2]

[T . I

S E 12FA Co-rich CoPt[10]

o5 - N Co-rich CoPtP[9]

k) x 1F

%E r *

EEoor

g '3 06F * o

£ o04f o © m

2 ; ® s =

3 g Moo

S o—_

0 20 40 60 80 100

Magnetic thickness ty (jam)

o 18r

§ - (b)

3 16 Fl CoNiP/Cu Microlamination (this work)

- 14E CoNiMnP[8]

> Ar .

g o | CoNiMnP[2]

S e 1210 Co-rich CoPt[10]

o5 o | Co-rich CoPtP[9]

= I

S 1F

o2l

£ % 0.8 :—

§ j‘; 0.6

© r

g 04f

g i

i 0.2F

% r

= 0

0-15 25-30 45-50 80-85

Magnetic thickness ty, (pm)

Figure 6: Comparison of film maximum areal magnetic energy
density as a function of total magnetic film thickness (ty) between
this work and data reported in literature: (a) full data and (b) data
groupings for selected thicknesses.

ACKNOWLEDGEMENTS

This work was supported in part by the DARPA AXiS program
(Grant #N66001-11-1-4198). Travel support to the Hilton Head
2014 workshop has been generously provided by the Transducer
Research Foundation. The authors would like to thank Dr.
Jungkwun Kim for valuable discussions and Mr. Richard Shafer for
helpful technical support on the electroplating robot.

REFERENCES

[1] D. Ettelt, P. Rey, M. Savoye, C. Coutier, M. Cartier, O. Redon,
M. Audoin, A. Walther, P. Robert, and Y. Zhang, "A new low
consumption 3D compass using integrated magnets and
piezoresistive nano-gauges,” in IEEE TRANSDUCERS'2011,
pp. 40-43.

T. Liakopoulos, W. Zhang, and C. H. Ahn, "Electroplated thick
CoNiMnP permanent magnet arrays for micromachined
magnetic  device applications,” in IEEE MEMS'96,
Proceedings, pp. 79-84.

M. Han, Q. Yuan, X. Sun, and H. Zhang, "Design and
fabrication of integrated magnetic MEMS energy harvester for
low frequency applications,”  Microelectromechanical
Systems, Journal of vol. 23, pp. 204 - 212, 2013.

(2]

(3]

43

[4] P.Wang, K. Tanaka, S. Sugiyama, X. Dai, X. Zhao, and J. Liu,
"A micro electromagnetic low level vibration energy harvester
based on MEMS technology," Microsystem technologies, vol.
15, pp. 941-951, 2009.

D. P. Arnold and N. Wang, "Permanent magnets for MEMS,"

Microelectromechanical Systems, Journal of, vol. 18, pp.

1255-1266, 2009.

G. Pattanaik, D. M. Kirkwood, X. Xu, and G. Zangari,

"Electrodeposition  of hard  magnetic films and

microstructures,” Electrochimica acta, vol. 52, pp. 2755-2764,

2007.

S. Piramanayagam, M. Matsumoto, and A. Morisako,

"Thickness dependence of magnetic properties of NdFeB thin

films with perpendicular magnetic anisotropy,” Journal of

magnetism and magnetic materials, vol. 212, pp. 12-16, 2000.

X.-M. Sun, Q. Yuan, D.-M. Fang, and H.-X. Zhang,

"Electrodeposition and characterization of CoNiMnP-based

permanent magnetic film for MEMS applications,” in IEEE

NEMS' 2011, pp. 367-371.

S. Kulkarni and S. Roy, "Deposition of thick Co-rich CoPtP

films with high energy product for magnetic

microelectromechanical applications,” Journal of magnetism

and magnetic materials, vol. 322, pp. 1592-1596, 2010.

[10] N. Wang and D. P. Arnold, "Thick electroplated Co-rich Co-Pt
micromagnet arrays for magnetic MEMS," Magnetics, IEEE
Transactions on, vol. 44, pp. 3969-3972, 2008.

[11] D. P. Arnold, "Review of microscale magnetic power
generation," Magnetics, IEEE Transactions on, vol. 43, pp.
3940-3951, 2007.

[12] F. Herrault, W. Galle, R. Shafer, and M. Allen,
"Electroplatingbased approaches for volumetric
nanomanufacturing," Tech. Dig. Technologies for Future
Micro-Nano Manufacturing, pp. 1-4, 2011.

[13] B. Peterson, W. Patterson, F. Herrault, D. Arnold, and M.
Allen, "Laser-micromachined permanent magnet arrays with
spatially alternating magnetic field distribution," Proceedings
of PowerMEMS 2012, Atlanta, USA, pp. 319-322, 2012.

[14] D.-Y. Park, N. Myung, M. Schwartz, and K. Nobe,
"Nanostructured magnetic CoNiP electrodeposits:
structure—property relationships,” Electrochimica acta, vol.
47, pp. 2893-2900, 2002.

[15] D. M. Kirkwood, G. Pattanaik, and G. Zangari,
"Electrodeposited CoNiP films with perpendicular magnetic
anisotropy," Journal of The Electrochemical Society, vol. 154,
pp. D363-D368, 2007.

[16] J. Kim, M. Kim, F. Herrault, R. Shafer, J. Park, and M. Allen,
"Nanolaminated permalloy core for high-flux, high-frequency
ultracompact power conversion,” Power Electronics, IEEE
Transactions on, vol. 28, pp. 4376 - 4383, 2013.

[17] Q. Yao, W. Liu, W. B. Cui, F. Yang, X. G. Zhao, and Z. D.
Zhang, "Growth mechanism and magnetic properties for the
out-of-plane—oriented Nd-Fe-B films," Journal of Materials
Research, vol. 24, pp. 2802-2812, 2009.

(5]

(6]

[7]

(8]

(9]

CONTACT
*Yuan Li, tel: +1-404-644-7238; yuanlil@seas.upenn.edu



mailto:yuanli1@seas.upenn.edu

ATOMIC LAYER DEPOSITED PLATINUM AS A SENSOR MATERIAL:

UNIFORMITY, 1/F NOISE, AND YOUNG’S MODULUS
T.S. English’, F. Purkl®®, A. Daus?, J Provine®, Y. Won®, G. Yama?, A. Feyh?,
G. O’Brien®, K.E. Goodson', O. Ambacher®, and T.W. Kenny*
!Stanford University, Stanford, California, USA
Robert Bosch RTC, Palo Alto, California, USA
*University of Freiburg, Freiburg, Germany

ABSTRACT

This paper examines previously unmeasured properties of
atomic layer deposited Pt films relevant to sensor design, including
wafer-scale uniformity, 1/f noise, Young’s modulus, and the
dependence of all these parameters on ALD processing. We
observe an increase in the 1/f noise Hooge parameter of nearly two
orders of magnitude with decreasing thickness, which introduces
constraints on the design of ALD Pt sensors with low noise
requirements. Additionally, we measure the variation in wafer-
scale electrical uniformity and Young’s modulus with thickness,
highlighting tradeoffs associated with integrating ALD Pt films
into wafer-scale processing to achieve freestanding structures with
high yield.

INTRODUCTION

Atomic layer deposition (ALD) provides several advantages
in the fabrication of thin films, including the ability to deposit
highly conformal and dense polycrystalline metals with low
impurity concentrations and digital thickness control between the
limits of nucleation and ~ 50 nm in thickness [1]. The upper
thickness limit is generally determined by practical considerations,
such as precursor cost and deposition time. Within this regime,
ALD provides a unique opportunity to engineer and broadly tune
material properties at the atomic scale.

Plasma-enhanced atomic layer deposition (PEALD) of Pt is of
particular interest in sensor applications for several reasons. First,
Pt has desirable thermistor properties, including a high temperature
coefficient of resistance (TCR), low 1/f noise, and corrosion
resistance [2]. These qualities have led to the adoption of resistive
platinum thermometers in numerous sensor applications spanning a
wide range of temperatures and operating environments. Second,
the ratio of heat capacity (Ci) to thermal conductance (Gtn) in
freestanding PEALD Pt films can be tuned due to increased
scattering of energy carriers contributing to Ginon grain boundaries
and surfaces [3], providing an avenue to engineer small thermal
time constants (tth = Cin/Gih) below 100 ps. This enables higher
bandwidth sensors in applications which were formerly limited by
the thermistor thermal time constant. Third, by using plasma-
enhanced recipes and seed layers optimized for nucleation, sub-20
nm Pt films can be deposited whose Young’s modulus and density
are within 15 and 5 percent of bulk values, respectively. These
robust mechanical properties allow for freestanding structures with
aspect ratios as large as 10,000:1 to be integrated with traditional
batch wafer-scale processing [4].

In recent years, we’ve reported the fabrication of uncooled
infrared detectors (bolometers) whose performance benefits from
these unique characteristics of atomic layer deposited Pt [4,5].
However, practical questions remain, including, at what lower
limit of Pt thickness do these beneficial characteristics begin to
degrade? In the regime above ~ 12 nm, sheet resistance of PEALD
Pt films scale linearly with film thickness. However, below this
thickness, sheet resistance scales non-linearly in the regime where
nucleation effects and Volmer-Weber style growth occur before a
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continuous and fully dense polycrystalline film is formed.
Nucleation strongly influences the evolution of film properties
beyond the formation of a conducting film. As a result, many
properties of Pt pertinent to sensor design evolve gradually with a
dependence on the film nucleation history. This introduces
practical design tradeoffs to ensure not only that material
properties are reliably obtained, but also that the films have both
sufficient mechanical robustness to survive processing and
uniformity to meet design specifications with high yield.

To obtain a more complete understanding of PEALD Pt as a
sensor material in the sub-20 nm regime, we characterize the
evolution of wafer-scale uniformity, 1/f noise, and Young’s
modulus through the transition from contiguous nucleation islands
to continuous and dense films.

FABRICATION

300, 200, 150, 125, and 100 cycle PEALD Pt films are co-
deposited in a Cambridge Nanotech Fiji reactor onto oxidized 4-
inch silicon wafers coated with 5 nm PEALD AlOs and die
containing polysilicon cantilever arrays. Following Pt deposition,
the sheet resistance of each ALD film is measured at 49 equally
spaced locations using an automated wafer probing station.
Measurements are performed using a blunt ruthenium tipped probe
and care is taken to ensure that the measurement locations do not
coincide with the regions of Pt subsequently patterned to form 1/f
noise test structures. Center tapped 4-point probe tests structures
(also referred to as 5-point probes) are patterned by ion milling to
form matched resistors for insertion into the lower half of a
Wheatstone bridge. A scanning electron microscopy (SEM) image
of a test structure is shown in Fig. 1. Each die contains arrays of 5-
point probe test structures with nominal resistances spanning from
~ 100 Q to more than 100k Q. Following ion milling, 10 nm of Cr
and 100 nm of Pt are evaporated to form an adhesion layer and
bond pads for electrical contact.

Figure 1: SEM of a 5-point probe 1/f noise test structure.
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The Young’s modulus is determined by measuring the resonant
frequency shift of cantilevers before and after conformal ALD
coating using a laser doppler vibrometer. The details of the
experimental setup [6] and analysis are outlined elsewhere [7].

Materials Characterization

Each film is characterized using high-resolution transmission
electron microscopy (TEM) in both cross-section and plan-view
configurations. Figure 2 shows TEM characterization of a subset of
PEALD Pt films which span thicknesses > 15 nm (continuous &
fully dense) down to < 7 nm (discontinuous) which exhibit
Volmer-Weber island growth (Figures 1a,b). A subset of thinner
films are characterized using Rutherford backscattering
spectrometry (RBS) to provide complementary information to
deconvolve thickness, density, and roughness in order to normalize
the thickness of discontinuous films to an equivalent thickness at
bulk density. This facilitates the comparison of 1/f noise in both
continuous and discontinuous films using Hooge’s empirical
formulation, which depends upon the number of charge carriers
and was originally intended to describe homogenous films. It is
otherwise challenging to independently quantify the thickness,
density, and roughness of such films because TEM
characterization is strongly influenced by sample preparation and
imaging conditions. Specifically, contrast from transmission
through multiple grains of a discontinuous film in cross-section
can cause films to appear thicker and/or denser then they truly are.

|
|

16 nm

| (d) 300 cycle |

)

Figure 2: Transmission electron microscopy characterization
of a subset of PEALD Pt films showing (c) fully dense and
(a,b) non-dense films.
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1/F NOISE
Theory

While the origins of 1/f noise continue to be debated to this
day, there is broad experimental evidence and consensus that 1/f
noise in metals originates from defects and therefore serves as a
metric for the quality of a metal film [8]. The following empirical
description of 1/f noise was postulated by Hooge

S, =1 &)

where Sv is the power spectral density (PSD) in units of V2/Hz, N
is the number of charge carriers, V is the bias across the sample, y
is an empirical noise parameter (Hooge constant), f is frequency,
and o~1. The PSD dependence on the number of charge carriers
suggests that 1/f noise originates from a bulk or volumetric effect,
and furthermore, that 1/f noise increases with decreasing film
thickness. This has motivated a great number of experimental
studies with the objective of measuring 1/f noise in thin films
common in micro- and nanofabrication [9]. However, the limited
accuracy of experiments and control in fabrication has precluded
systematic studies of 1/f noise in polycrystalline metals deposited
on substrates where the effects of nucleation on 1/f noise can be
measured. Furthermore, in the case of Pt, we might expect
significant deviations in 1/f noise behavior during Volmer-Weber
nucleation due to the accompanying transformation of grain
structure, defect densities, and electron scattering dynamics.

We have addressed the former limitations by fabricating ALD
Pt test structures optimized for 1/f noise measurements [10] and by
extending recent advances in the design of noise spectroscopy
experiments utilizing digital signal processing to remove errors
which typically plague the measurement and interpretation of 1/f
noise measurements in low-noise materials such as Pt [11,12].

Experimental Setup

Direct current (DC) measurements are challenging to apply to
low-noise samples due to the 1/f noise within the first preamplifier
stage itself. Additionally, low frequency temperature and biasing
drifts can corrupt the 1/f noise measurements and prevent accurate
determination of the experimental noise floor. Surrounding this
challenge is the question of whether one is measuring the noise of
the actual DUT, as desired, or the 1/f noise of the instrumentation
in the signal path and interference from other sources. Alternating
current (AC) measurements with a Wheatstone bridge provide a
means of modulating the 1/f voltage fluctuations as noise
sidebands at a frequency chosen such that the preamplifier 1/f
noise is negligible (i.e., typically 250 Hz < f <1000 Hz). A dual
channel commercial DSP lock-in amplifier (Zurich Instruments) is
used to provide synchronous modulation of the 1/f noise, phase-
sensitive detection, and direct digital acquisition of the voltage
time series at the output filter of the lock-in. Furthermore, phase
sensitive detection allows the background experimental noise floor
to be measured simultaneously during data acquisition. By
subtracting the in-phase signal (1/f noise + background) from the
out-of-phase signal (background), a differential measurement is
made in the frequency domain, providing further rejection of
external noise sources along with a direct assessment of the noise
floor of the experiment. Figure 3 shows a schematic highlighting
key features of the experimental setup. A typical set of PSD
measurements from a 125 cycle PEALD Pt film are shown in Fig.
4 for several applied voltages and a summary of L1/f noise
measurements performed at 40 °C appear in Table I.
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Figure 3: Overview of the 1/f noise experimental setup. The
front end signal path is reconfigurable to allow for optimal
matching to the sample impedance using a step up
transformer pre-amplifier (no power gain) and high input
impedance, low-noise differential JFET pre-amplifier.
Conducting thermal paint is used to attach die to leadless
chip carriers which are mounted to a copper liquid heat
exchanger using a zero insertion force holder. A temperature
controlled thermal bath provides long-term temperature
stability without the noise of active temperature control
elements.
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Figure 4: Noise power spectral density of a 125 cycle Pt

film measured at several voltages.

Table 1: Summary of measured 1/f noise properties.

PEALD Pt Cycles | 100 | 125 150 200 300

Thickness (nm)

@ bulk density | *% | &6 8 10.7 16
1/t Hooge 1E-2 | 1L.5E3 | 2.8E-4 | 2.4E-4 | 2.4E-4
Parameter

1/f exponent 1.13 1.16 1.16 1.15 1.16

After acquiring the voltage fluctuation time series directly
from the lock-in, all subsequent data reduction is performed in the
digital domain using digital signal processing. The voltage time
series output at the lock-in is oversampled and decimated by a
factor of 32 using finite impulse response filters to achieve fast roll
off with a narrow transition band. This reduces the equivalent
noise bandwidth while improving rejection of out-of-band noise.
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EXPERIMENTAL RESULTS

The scaling of resistivity, TCR, 1/f noise Hooge parameter,
and Young’s modulus with number of ALD cycles is shown in Fig.
5. We observe an increase in the 1/f noise Hooge parameter of
nearly two orders of magnitude below 10 nm as the film
approaches nucleation. However, above this transition, PEALD Pt
films display low 1/f noise for which Pt is known. In thermistor
applications, the ratio of TCR to 1/f noise constant is a metric of
interest that relates the sensitivity (thermal to electrical
transduction) with the noise performance of the thermistor itself. In
this context, it is interesting to note that the overall thermistor
performance is reduced, not only by increasing 1/f noise below 10
nm (150 cycles) , but also by a reduction in the magnitude of the
transduced signal due to reduced TCR. An average Young’s
modulus of 146 GPa was measured for continuous films in the 10-
16 nm regime (figure 5d), between 85-90% of the bulk Pt value.
Collectively, the trends in figures 5a-d highlight two important
regimes surrounding the formation of continuous and dense films,
below which the desirable properties of PEALD Pt degrade.
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Figure 5: Measured resistivity with error bars reflecting
uniformity, TCR, 1/f noise Hooge parameter, and Young's
modulus as a function of PEALD Pt thickness normalized to
bulk density.



Increasing non-uniformity with fewer ALD cycles may lead to
portions of a wafer containing severely degraded thermistor
properties (i.e., higher 1/f noise, lower TCR) and heightened
sensitivity to processing conditions. While this presents challenges
in fabricating devices close to the transition point, it also presents
an opportunity to develop tuned recipes which may improve
nucleation and wafer-scale uniformity. For example, three PEALD
Pt recipe variations are evaluated to improve uniformity and
quality of 100 cycle films by altering carrier gas dynamics during
deposition. Sheet resistance was measured at 225 points per wafer
and binned to form the histograms shown in Fig. 6. We observe
that recipes tuned for the Pt precursor chemistry dynamics can
reduce sheet resistance by nearly 35% due to improved grain
nucleation and morphology while reducing the non-uniformity
(standard deviation/average) to between 1 and 2%. An assessment
of film thickness and density by TEM and RBS measurements
indicate a corresponding reduction in resistivity. Figure 7 shows
the improved spatial distribution of non-uniformity achieved with a
tuned recipe.
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Figure 6: Sheet resistance histograms constructed from 225
wafer-scale measurements of 100 cycle films demonstrating
an ability to tune electrical properties and uniformity via ALD
recipe. Thickness & density were independently measured by
TEM and Rutherford Backscattering spectrometry.
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Figure 7: 47 wafer sheet resistance maps plotted with a
constant color scale centered on the mean sheet resistance of
each wafer.

CONCLUSIONS

At the lower thickness limit approaching nucleation, the ideal
thermistor properties of PEALD Pt are found to degrade due to
increasing 1/f noise and a corresponding reduction in TCR. This
may drive tradeoffs and practical lower limits to thickness in the
design of ultrathin PEALD Pt sensors. In contrast, we observe that
PEALD Pt films retain their excellent thermistor and mechanical
properties with increasing thickness above a transition point
corresponding to the formation of dense and continuous films with
a mature grain structure. The interplay between material properties,
ALD recipes, and wafer-scale uniformity highlight the challenges
of using PEALD Pt as a sensor material near the observed
transition. Future work in this area includes the development of
tuned ALD recipes targeting improved electrical, thermal, and
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mechanical properties of ALD Pt films for emerging sensor
applications.
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