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CNF: Active Areas and Strategic Directions

• Electronics
• Organic and Flexible 

Electronics
• Spintronics and Magnetics 
• MEMS/NEMS 
• Optoelectronics 
• Materials Characterization
• Nanophotonics
• Smart Textiles 
• Nanomedicine
• Hard and Soft Materials

• Heterointegration Convergence
• Quantum Materials and Devices Quantum Leap
• 2D Materials Convergence
• Life Sciences/Digital Ag Rules of Life

Over 40 years of experience as a User Facility
Extensive facilities and processes to support: 

Strategic Directions

Other Active Areas

Fig. 3. Graphene–glass bimorphs can be used to fabricate numerous 3D
structures at the micrometer scale. These include, but are not limited to,
tetrahedron (A), helices of controllable pitch (B and C), high-angle folds
and clasps (D), basic origami motifs with bidirectional folding (E), and boxes
(F). In Left, we show the device flattened and still attached to the release
layer. After they are etched, the bimorphs self-assemble to their targeted 3D
geometries (Center). Images of the folded devices were obtained by focal
plane stacking. All of the figures in Center are at the same scale. For com-
parison, we present paper models of the target geometry in Right.

but when the pH is raised above pH 9 by adding sodium hydrox-
ide, it unrolls to a flat state. This process is fast (<1 s) and
reversible: when the environment is rendered acidic again, the
bimorph curls back into a coil. By varying temperature and pH
independently, we find that the strain state in the bimorph is a
linear combination of thermal stress and chemical stress: devices
in basic solutions that start flat fold when heated.

The two ions present in our experiment, sodium and hydro-
nium, exchange with one another within the glass layer of the
bimorph to produce the discrete transition in strain. The ratio
of their concentrations in the glass is fixed by an equilibrium

constant: pK=� log10

✓
[SiONa][H3O+]
[SiOH3O][Na+]

◆
. Thus, if enough sodium

hydroxide is added to solution, the glass will eventually exchange
the large hydronium ions for smaller sodium ions. Assuming that
the bimorphs are swollen because of hydronium present in the
glass, the strain in the bimorph will be given by (SI Materials and
Methods)

✏ =
✏m

1 + 10�pK+pH�pNa ,

where "m is the maximum strain that results when every dangling
bond associated with a hydronium molecule. We show that this
equation best fits the data with pK = 3.5 in Fig. 2.

This mechanism allows us to shift the pH transition point arbi-
trarily by independently adjusting the sodium concentration of

the solution. For example, when the salt concentration is held
at 1 M, the critical pH should shift from pH 9 to the equilib-
rium constant pK = 3.5. Indeed, when titrating bimorphs in 1 M
sodium chloride by adding small volumes sodium hydroxide, the
devices unfold at a new critical pH of 3 ± 1.

The data in Fig. 2 enable us to rationally design 2D material
patterns that self-fold into targeted 3D structures. Given a set of
environmental conditions, we map the corresponding radius of
curvature to a target fold angle by varying the length of bimorph
between the rigid panels. Since every bimorph bends the same
way, the angle between two panels at a fold is proportional to
length of the bimorph between them divided by the bimorph
radius of curvature. By varying the span between hinges, we can
program specific fold angles. We present a range of structures
designed by this approach to self-assemble at room temperature
in acidic environments (Fig. 3). We can make polyhedra, includ-
ing a 20-µm tetrahedron (Fig. 3A) and 50-µm cubes (Fig. 3F).
We are able to build helices with programmable pitches (Fig. 3 B
and C). We can also fold two faces on top of each other and clasp
them shut with five interdigitated latches: three on one face and
two on the other (Fig. 3D).

Using mathematical constraints from rigid origami design,
we can make structures where folds take on positive or nega-
tive curvature. For instance, at a fourfold vertex, at most, three
folds can be bent upward: the fourth must bend downward if
the pads are sufficiently rigid (Fig. 3E, Right). We can pro-
gram which bimorph bends downward by removing material
along the width of one hinge (Fig. 3E, Left). In this case, the
lowest energy state for the system as a whole is to bend this
slender bimorph downward against its preferred folding direc-
tion (14). We use this scheme to realize the Muira fold, a
foundational fourfold vertex used heavily in origami structures,
robotics, and metamaterials at the macroscale (3, 10, 12) (Fig.
3E, Center).

All of these structures are capable of fast and reversible fold-
ing through the pH actuation mode. We show what happens
when a concentrated drop of sodium hydroxide is dripped on
top of a folded 20-µm tetrahedron in Fig. 4A. The tetrahedron
springs open, returning to the flat state in approximately 100 ms.
This high-speed motion is a unique feature of working with thin
films: for bimorphs driven using either thermal effects or chem-
ical diffusion, response times scale with the square of the layer
thickness. For a given material, moving from micrometer- to
nanometer-thick films speeds up actuation 1 million-fold. When
a drop of acid is added to neutralize the base, the box refolds
(Fig. 4B). The process can be repeated multiple times (Movies
S1 and S2).

Fig. 4. Devices made from graphene–glass bimorphs can fold and unfold
in fractions of a second in response to local pH changes. When the local pH
surrounding a folded tetrahedron exceeds the critical unfolding threshold,
the device springs open and into the flat state within 0.5 s (A). Changing
the surrounding environment to acidic can refold the tetrahedron within
4 s (B).

468 | www.pnas.org/cgi/doi/10.1073/pnas.1712889115 Miskin et al.

Porous Zero-Mode Waveguides for Picogram-Level DNA Capture
Vivek Jadhav,† David P. Hoogerheide,§ Jonas Korlach,! and Meni Wanunu*,†,‡

†Department of Physics and ‡Department of Chemistry and Chemical Biology, Northeastern University, Boston, Massachusetts
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ABSTRACT: We have recently shown that nanopore zero-mode waveguides are e"ective tools for capturing picogram levels of
long DNA fragments for single-molecule DNA sequencing. Despite these key advantages, the manufacturing of large arrays is
not practical due to the need for serial nanopore fabrication. To overcome this challenge, we have developed an approach for
the wafer-scale fabrication of waveguide arrays on low-cost porous membranes, which are deposited using molecular-layer
deposition. The membrane at each waveguide base contains a network of serpentine pores that allows for e#cient
electrophoretic DNA capture at picogram levels while eliminating the need for prohibitive serial pore milling. Here, we show
that the loading e#ciency of these porous waveguides is up to 2 orders of magnitude greater than their nanopore predecessors.
This new device facilitates the scaling-up of the process, greatly reducing the cost and e"ort of manufacturing. Furthermore, the
porous zero-mode waveguides can be used for applications that bene!t from low-input single-molecule real-time sequencing.
KEYWORDS: Nanopore, nanofabrication, ZMWs, SMRT sequencing, porous membrane

Over the past few decades, researchers have put
tremendous e"ort into developing new methods for

low-cost, high-throughput DNA-sequencing methods.1"4

Because sequencing is indispensable for probing a variety of
genomic characteristics, the revolution sparked by second-
generation sequencing (SGS) methods has led to unprece-
dented growth in the !elds of genomic research, clinical
diagnostics, and personalized medicine.5,6 Some limitations of
SGS include short read lengths,7 short consensus assembly,
and ampli!cation bias.8 Recent developments in the
sequencing of individual DNA molecules have alleviated
some of the drawbacks of SGS methods. In so-called third-
generation sequencing (TGS) platforms, individual DNA
molecules are read in each sensor, which o"ers longer median
read lengths, consensus maps that are orders of magnitude
longer9 than SGS methods, and the ability to directly detect
epigenetic modi!cations (e.g., base methylation) in native
DNA molecules.10,11 A pair of notable examples of mature
TGS methods include nanopore-based sequencing12,13 and
single molecule, real-time (SMRT) sequencing.3

In nanopore-based sequencing, ion current through a
nanopore embedded in a membrane is read out during the
passage of DNA molecules, and the local base sequence of the
DNA strand is read out. Using this method, long reads lengths
of 882 kb (N50 > 100 kb)14 were obtained, and the
sequencing and assembly of complete microbial genomes
(500 Mb to 2 Gb) have been demonstrated.15"17 More
recently, nanopore sequencing was successfully used for
challenging projects, such as sequencing and fully assembling
the human Y-chromosome.18,19

In SMRT sequencing, a DNA-polymerase complex is
immobilized by biotin"streptavidin coupling at the bottom
of nanowells (100 nm diameter) called zero-mode waveguides
(ZMWs).20 The ZMWs are produced in a 100 nm thick
aluminum !lm deposited on a fused silica substrate.21 These
ZMWs are ordered in dense arrays, each having a zeptoliter-
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Expertly-staffed user program providing rapid, affordable, hands-on 
24/7 open access to advanced nanofabrication tools

NSF Big Idea

New website:
www.cnf.cornell.edu
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CNF: User Geography and Location

Academics can stay in CNF apartment located within 10 minute 
walk to facility ($40/night)

Ithaca, 
NY

(under NNCI)

Boston  
Ithaca,  NY 

New York City 
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Process Integration                        Instrumentation & Training                    Process Characterization

Inspection Deposition

Thin Films Metrology

Lithography

Plasma Etch

CNF: Extensive Fabrication Resources
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CNF: A Leader in High Resolution Lithography

ASML Deep 
UV stepper 

JEOL 
JBX-9500FS 

JEOL 
JBX-6300FS 

• 248 nm
• Sub 200nm resolution 
• Backside alignment 
• 3 inch to 200 mm wafer 

capability

• Only one in US university
• 100 keV, 100 MHz
• Improved column optics 
• 5.5 nm or less feature size
• 5 mm – 300 mm sample 

size 

• 100 keV, 50 MHz
• Sub – 10 nm features 
• Up to 150 mm sample size
• Capable of writing on non-

planar substrates  
• Scripting Software
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CNF: New Facilities and Tools

Etch

Plasmatherm - Atomic Layer Etch (ALE) System 
• Precise (atomic layer by layer) etching 
• Joint development agreement with Plasma Therm
• Supports our efforts in 2D materials 

New Director of Operations  – Ron Olson
• 32+ years of progressive industrial experience 

• GE Global Research, Xanoptics, Lockheed Martin, Raytheon
• Former CNF user 

Deposition

OEM AlN deposition system-
• Novel  S-GUN design allows for high deposition rate of 

piezoelectric Aluminum Nitride
• Dedicated system
• Highly versatile in its ability to tune material properties
• Supports our efforts in the Quantum Computing

Additional new resources: 
Flip Chip bonder, AJA sputtering system, Xallent Nanoprobes
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CNF Research Impact
• Use up 15% each year of NNCI

• Total 344 PPPs (underreported) for 2018
– 178 Publications (25% High impact journals) 
– 87 Conference Papers
– 79 Patent (Disclosures, Applications, Issued)

• Users: 30 small companies, 10 large Companies

• Leverage estimated $40M in grant funding per year

• 10 StartUps in first 4 Years (Xallent, Esper Biosciences, FloraPulse, 
Ultramend, Jan BioTech, Heat Inverse, JR2J, White Light Power, 
Odyssey Semiconductor, GeeGah)

• PRAXIS:  Engineering and Physical Sciences Business Incubator, co-
located in Duffield Hall

• Big Success Story: Pacific Biosciences – Illumina offers $1.2B for 
acquisition

• NNCI makes possible open doors at CNF, outreach and enables us to 
talk to Cornell administration in search for resources
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12
3

FUNDING AGENCIES

• MEMS based Nanoscale Multi-probing Solutions
• SEM and Ambient probing solutions

• Founded in 2016, Xallent builds nanoscale testing 
solutions to enable customers to identify faults 
during the early stages of manufacturing.

• Products allow customers to perform tests that 
typically take days in minutes, translating to 
significant cost savings and faster time-to-
market. 

• Xallent nanomachine technology is based on 
trailblazing discoveries at Cornell University and 
follow-on subsequent innovations as CNF Users

• Xallent nanoprobers are available in CNF (SEM 
and ambient)

Startup Impact:

Kwame Amponsah, 
Founder, PhD ‘13
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Diversity – Essential Aspect of All We Do 
• NNCI Diversity sub-committee 

– Diversity survey
• A key part of REU and iREU program since inception
• Work closely with Cornell Diversity Programs in Engineering

– Diversity open house
– Outreach to schools – New York inner city
– Recruit diverse student and faculty community to Cornell and to nanoscience
– Support to send students to NSBE and SHPE
– LSAMP program activities with DPE

• Nellie Whetten Award – given to outstanding
young women whose research was conducted 
in CNF, and whose lives exemplify Nellie's 
commitment to scientific excellence, interdisciplinary 
collaboration, professional and personal courtesy 
and exuberance for life (since 1989)

– Cindy Harnett (U of L) 2019 speaker
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User Research: Measurement of a Superconducting 
Qubit with a Microwave Photon Counter 

§ In Science, McDermott (Wisconsin), 
Plourde (Syracuse) and coworkers used 
the Cornell Nanoscale Facility to produce 
quantum devices. 

§ Fast, high-fidelity measurement is a key 
ingredient for quantum error correction. 

§ They introduce an approach to 
measurement based on a microwave 
photon counter demonstrating raw single-
shot measurement fidelity of 92%. 

§ Their scheme provides access to the 
classical outcome of projective quantum 
measurement at the millikelvin stage and 
could form the basis for a scalable 
quantum-to-classical interface.

R. McDermott, B. L. T. Plourde et al., Science, 
361, 1239–1242 (2018) 

Funding: ARO grants W911NF-14-1-0080
and W911NF-15-1-0248. 
(CNF NNCI-1542081).

vp/2L0, where vp is the phase velocity of propaga-
tion in the cable. With these complications in
mind, L0 was chosen to avoid destructive inter-
ference in the vicinity of w1 and w2, which can
substantially degrade photon transfer efficiency
[see (15), section S5].
In the timing diagram of the measurement

(Fig. 3A), the cartoon insets depict the dynam-
ics of the JPM phase particle at critical points
throughout the measurement sequence. We be-
gin with a deterministic reset of the JPM, which
is accomplished by biasing the JPM potential
into a single-well configuration [see (15), section
S1]. A depletion interaction between the JPM
and capture cavity mode immediately follows
in order to dissipate spurious microwave excita-
tions generated during reset. Additional details
of this depletion process are described below and
in Fig. 4, A and B. Next, we use mode repulsion
between the JPM and capture cavity to tune w2 in
order to maximize photon transfer efficiency. The
response of the capture cavity to an applied drive
tone at four distinct JPM-capture cavity detun-
ings, and thus four different values ofw2, is shown
in Fig. 3B; the detuning is chosen such that w1 =
w2. At the beginning of the tune and capture stage,
a qubit X-gate (I-gate) is performed and a sub-
sequent qubit cavity drive tone is applied to pre-
pare the bright (dark) pointer state [see (15),
section S6]. The cavities are held on resonance
for 750 ns to allow the pointer states to leak
from the qubit cavity to the capture cavity; this
time was determined by maximizing measure-
ment fidelity with respect to the drive pulse
duration. The bright pointer state corresponds to
a mean qubit cavity photon occupation !n1!10,
calibrated using the ac Stark effect (Fig. 3E)
[see (15), section S8] (22, 23). After pointer state
transfer, the JPM is biased into resonance with
the capture cavity, and occupation of that mode
induces intrawell excitations of the phase parti-
cle on a time scale p/2g2 ~ 6 ns (Fig. 3C) (24).
Finally, a short (~10 ns) bias pulse is applied to
the JPM to induce interwell tunneling of excited
states (25); the amplitude of the bias pulse is ad-
justed to maximize tunneling contrast between
qubit excited and ground states (Fig. 3D). At this
point, the measurement is complete: The mea-
surement result is stored in the classical flux state
of the JPM. To retrieve the result of qubit mea-
surement for subsequent analysis at room tem-
perature, we use a weak microwave probe tone to
interrogate the plasma resonance of the JPMafter
measurement. The JPM bias is adjusted so that
the plasma frequencies associated with the two
local minima in the potential are slightly differ-
ent; reflection from the JPM can distinguish the
flux state of the detector with >99:9%fidelity in
<500 ns [see (15), section S4].
Each measurement cycle yields a binary result

—“0” or “1”—the classical result of projective
quantum measurement. To access qubit state
occupation probabilities, the measurement is
repeated 10,000 times. The JPM switching prob-
abilities represent raw measurement outcomes,
uncorrected for state preparation, relaxation, or
gate errors. In Fig. 3, F and G, we display the raw

measurement outcomes for qubit Ramsey and
Rabi experiments, respectively. The JPM mea-
surements achieve a raw fidelity of92%. The bulk
of our fidelity loss is due to qubit energy relax-
ation during pointer state preparation and dark
counts, which contribute infidelity of 5% and 2%,
respectively. In our setup, dark counts stem from
both excess j1i population of the qubit and spu-
rious microwave energy contained in our dark
pointer state. We attribute the remaining infi-
delity to imperfect gating and photon loss during
pointer state transfer. The qubit T1 of 6.6 ms mea-
sured in these experiments is consistent with
separate measurements of the same device using
conventional heterodyne readout techniques; we
see no evidence of JPM-induced degradation of
qubit T1.
As noted earlier, JPM switching events release

a large energy on the order of 100 photons as the
JPM relaxes from a metastable minimum to the
global minimum of its potential (26). It is critical
to understand the backaction of JPM switching
events on the qubit state. The JPM tunneling
transient has a broad spectral content, and Fou-
rier components of this transient that are reso-
nant with the capture and qubit cavities will
induce a spurious population in these modes that
will lead to photon shot noise dephasing of the
qubit (27, 28). In Fig. 4A, we show the results of
qubit Ramsey scans performed with (orange) and
without (blue) a forced JPM tunneling event be-
fore the experiment. In the absence of any miti-
gation of the classical backaction, qubit Ramsey
fringes show strongly suppressed coherence and a
frequency shift indicating spurious photon occu-
pation in the qubit cavity (29). However, we can
use the intrinsic damping of the JPM mode itself
to controllably dissipate the energy in the linear
cavities and fully suppress photon shot noise
dephasing. Immediately after JPM reset, the

JPM is biased to a point where the levels in the
shallow minimum are resonant with the linear
cavity modes. Energy from the capture cavity
leaks back to the JPM, inducing intrawell tran-
sitions; at the selected bias point, the interwell
transition probability is negligible. The JPMmode
is strongly damped, with quality factor Q ~ 300,
set by the loss tangent of the SiO2 dielectric used
in the JPM shunt capacitor (30). As a result, the
energy coupled to the JPM is rapidly dissipated.
With this deterministic reset of the cavities, fully
coherent qubit Ramsey fringes that correspond
to the absence of a JPM switching event are re-
covered for depletion times "40 ns, as shown in
Fig. 4B.We reiterate that no nonreciprocal compo-
nents are used in these experiments to isolate
the qubit chip from the classical backaction of
the JPM.
In Fig. 4C we explore the quantum nondem-

olition (QND) character of our measurement
protocol (31). We prepare the qubit in the super-
position state !j0i" ij1i=

!!!
2

p
# aligned along the

#y axis of the Bloch sphere.We verify the state by
performing an overdetermined tomography (20).
Here the direction q and length t of a tomo-
graphic pulse are swept continuously over the
equatorial plane of the Bloch sphere before mea-
surement. For control pulses applied along the
x axis, the qubit undergoes the usual Rabi oscil-
lations; for control applied along y, the qubit
state vector is unaffected. After an initial JPM-
based measurement (including an additional
1.4 ms of delay for qubit cavity ringdown), we
perform a tomographic reconstruction of the
qubit state by applying a prerotation and a fi-
nal JPM-based measurement. In the right-hand
panel of Fig. 4C, we display tomograms corre-
sponding to the classical measurement results “0”
(top) and “1” (bottom). When the measurement
result “0” is returned, we find a tomogram that

Opremcak et al., Science 361, 1239–1242 (2018) 21 September 2018 2 of 4

Fig. 2. Experimental setup.
(A) Circuit schematic. The qubit
circuit (purple) is connected to
the JPM circuit (green) via a
coaxial transmission line (black)
[see (15), tables S1 to S3].
(B) Micrograph of the transmon
circuit with superconducting
island (green), qubit cavity
(maroon), and Josephson junc-
tions (orange). (C) Micrograph of
the JPM circuit (capture cavity
not shown) with its 3+3 turn
gradiometric loop inductance Lg
(blue), single Josephson junction
with critical current I0 (orange),
parallel-plate capacitor Cs (red),
and on-chip flux bias line with
mutual inductance M (green).
(D) JPM spectroscopy versus
external flux. Insets show
cartoons of a phase particle
bound to the left and right wells.
(E) Enlargement of the avoided
level crossing between the
JPM and capture cavity.

RESEARCH | REPORT

on April 4, 2019
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User Research: Adaptive Metalenses with Simultaneous 
Electrical Control of Focal Length, Astigmatism, and Shift 

§ In Science Advances, Clarke, Capasso and coworkers 
(Harvard) and CNS collaborated with the Cornell 
Nanoscale Facility to fabricate adaptive metalenses. 

§ Focal adjustment and zooming are universal features of 
cameras and advanced optical systems. However, the 
recent advent of ultrathin planar lenses for mobile 
devices based on metasurfaces (metalenses) mandates 
fundamentally different forms of tuning based on lateral 
motion rather than longitudinal motion. 

§ They demonstrate electrically tunable large-area 
metalenses controlled by artificial muscles capable of 
simultaneously performing focal length tuning (>100%) 
as well as on-the-fly astigmatism and image shift 
corrections which until now were only possible in 
electron optics. 

§ Their results demonstrate the possibility of future optical 
microscopes that fully operate electronically, as well as 
compact optical systems that use the principles of 
adaptive optics to correct many orders of aberrations 
simultaneously. 

She et al., Sci. Adv. 2018;4:eaap9957 

Acknowledgement: J. Treichler, A. Windsor, G. Bordonaro, K. 
Musa, and D. Botsch thanked for their help in using CNF.
Funding: AFOSR MURI: FA9550-12-1-0389. NSF CMMI-
1333835;  MRSEC DMR 1420570. CNS ECCS-0335765. 
(CNF NNCI-1542081).

Materials and Methods). The voltage dependence of the focal length
provided by the DEA is

f
f0
! 1

1" #e=Y$#V=t$2
#3$

where V is the voltage and e, Y, and t are the permittivity, Young’s
modulus, and dielectric layer thickness, respectively. Tuning in this
manner introduces negligible aberrations (fig. S1; see also Materials
and Methods).

In practice, an infinite number of wavefront aberrations can exist
and can be quantified in terms of Zernike polynomials (table S1). In
most cases, the eight lowest terms are sufficient: piston, tip, tilt, defocus,
oblique and vertical astigmatism, and vertical and horizontal coma. Be-
cause the Zernike terms are linear and orthogonal, specific aberrations
can be targeted and tuned by introducing the appropriate displacement
field to the phase profile. In general, applying the stress of a particular
configuration induces a strain field, resulting in a displacement field.
The displacement field can be regarded as the sum of deformation (!)
and rigid-body displacement (!B) components, in which the transformed
coordinates can be expressed as follows:!x!!!A#x; h$%!B#h$, where h is a
parameter (for example, voltage) and !x and !x! are the original and
transformed coordinates, respectively (26). For metasurfaces, the phase
profile transforms as f(x, y)! f(x!, y!). The rigid-body displacement
is simply a lateral shift of the entire phase profile, whereas the de-
formation changes the shape or size, resulting in a shape change of
the passing wavefront. In the case of asymmetric biaxial strain, the
coordinates of the phase profile transform as (x, y)! (x/sx, y/sy):f !

±k#
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#x=sx$2 % #y=sy$2 % f 20

q
" f0$, where sx! sy. Light propagating

along two perpendicular planes experiences different focal lengths,
which is astigmatism. Thus, through an electrically controlled strain
field, it is possible to create the optical analog of image shift and stig-
mators (Fig. 1, C and D) found in electron microscopes (27).

RESULTS
Adaptive metalens design
A polarization-insensitive, converging metalens [diameter (ø) = 6 mm,
f = 50 mm, l = 1550 nm; see Fig. 2A] was combined with a DEA con-
structed using transparent polyacrylate elastomers with transparent,
stretchable patterned electrodes made of single-walled carbon nano-
tubes (SWCNTs) (figs. S2 and S3; see also Materials and Methods)
(28). The DEA was measured to exhibit large transparency windows
in the visible, near-infrared, and mid-infrared spectra (fig. S4). Focal
length tuning was implemented by applying a voltage through the
center electrode V5 to increase focal length or from V1 through V4 to
decrease focal length (Figs. 1B and 2), corresponding to lateral expan-
sion or contraction of post spacings, respectively. Control of vertical
astigmatism in the x,y directions (“x,y stigmators”) was implemented
by activating opposing pairs of electrodes (Figs. 1C and 2). Image shift
was implemented by activating one peripheral electrode, V1 throughV4,
such that its expansion caused the entire metasurface to shift in space
(Figs. 1D and 2). Any combination of actuations, each implemented
using different voltages, was also possible (fig. S5).

Two types of deviceswere fabricated andmeasured: a single-layer (SL)
device and a double-layer (DL) device (fig. S5A). Although the SL

A

B

C

D

Metasurface lens

x

y

x

y

z

Wavefront

x
y

z

Original

Defocus

Astigmatism

Shift

Fig. 1. Principle of strain field–mediated tunable metalens. A metasurface (left column) is constructed by digitizing an analog optical phase profile on a flat surface
into discrete cells, each of which contains a metasurface element that locally imparts the required phase shift to the incident light to reconstruct the desired wavefront
(middle column; dashed line: optical axis). The wavefront generated by the metasurface determines the subsequent beam shaping (right column). (A) Original: metasur-
face without stretch. (B) Defocus: metasurface with uniform and isotropic stretch. (C) Astigmatism: metasurface under asymmetric stretch. (D) Shift: metasurface dis-
placed laterally in the x,y plane.
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User Research: Porous Zero-Mode Waveguides for 
Picogram-Level DNA Capture 

§ In Nano Letters, Wanunu and coworkers 
(Northeastern, NIST, Pacific Biosciences) used 
the Cornell Nanofabrication Facility to develop an 
approach for the wafer-scale fabrication of 
waveguide arrays for DNA sequencing. 

§ They have recently shown that nanopore zero-
mode waveguides are effective tools for capturing 
picogram levels of long DNA fragments for single-
molecule DNA sequencing. 

§ In a new design the membrane at each 
waveguide base contains a network of serpentine 
pores that allows for efficient electrophoretic DNA 
capture at picogram levels while eliminating the 
need for prohibitive serial pore milling.

§ Here, they show that the loading efficiency of 
these porous waveguides is up to 2 orders of 
magnitude greater than their nanopore 
predecessors. 

Wanunu et al., Nano Lett. 2019, 19, 921−929 Funding: NIH: NHGRI 1R01 HG009186
(CNF NNCI-1542081).
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User Research: MEMS-in-the-lens architecture for a 
miniature high-NA laser scanning microscope 

• In Light: Science & Applications, Dickensheets
and colleagues at MONT collaborated with the 
Cornell Nanoscale Facility to develop MEMS-
in-the-lens

• Laser scanning microscope was miniaturized 
for in vivo imaging by substituting optical 
microelectromechanical system (MEMS) 
devices in place of larger components.

• MEMS-in-the-lens architecture incorporates a 
reflective MEMS scanner between a low-
numerical-aperture back lens group and an 
aplanatic hyperhemisphere front refractive 
element to support high-numerical-aperture 
imaging. 

• Developed new optical system using a recently 
developed hybrid polymer/silicon MEMS 3D 
scan mirror that features an annular aperture. 

• Imaging of hard targets and human cheek cells 
demonstrated with a confocal microscope that 
is based on the new objective lens design.

patterned to form a set of quadrant electrodes and bond
pads for electrical connection to external supporting
printed circuit boards (PCBs). The design and fabrication
processes of the electrode wafer accommodate the option
of an annular aperture matching that of the gimbal plat-
form. As this aperture does not affect the imaging results
in this paper, it was omitted for ease of fabrication. A layer
of SU-8 was spin-coated onto the electrode wafer to
prevent shorting of the center plate to the quadrant
electrodes in the unpredicted event of physical contact.
Then, the singulated devices from the gimbal wafer and
the electrode wafer were aligned and bonded. The com-
pleted 3D scan mirror was wire-bonded to a supporting
PCB, which is shown in Fig. 6b.

Focus depth and spherical aberration control
The 3D MEMS scanner adjusts the focus by electro-

statically changing the curvature of the optical surface.
The axial Rayleigh resolution, de!ned as the distance from
the peak of the axial light distribution to the !rst null, can
be expressed as zR ! 2n!o=NA2, where n is the index of
refraction of the medium being imaged (human skin: n=
1.3451,52), !o is the vacuum wavelength, and NA is the
image-space numerical aperture. For the miniaturized
microscope described in this paper, for NA= 0.70 and !o
= 633 nm, ZR= 3.46 µm. Based on paraxial Fourier ana-
lysis of a circular pupil, the phase delay that is required for
shifting the focus by zR is 2!"2, where " is a normalized
radial variable at the pupil. A mirror sag of !o=2 is
necessary to achieve this phase delay. Therefore, the
number of axial zones (Rayleigh distances) that are resol-
vable can be expressed as Nz ! 2#=!o, where # is the
maximum achievable mirror de"ection. At higher NA, a
derating factor a should be included such that
Nz ! 2a#=!o, with a= 0.86 for NA= 0.7. In this paper,
the mirrors have demonstrated de"ections that exceed
9 µm, which, when integrated into our optical system,

corresponds to Nz ! 2 ´ 0:86´ 9=0:633 ! 24:5 resolvable
zones. This provides 85 µm of focus range. This maximum
de"ection is currently limited by electrostatic pull-in. For
our next generation of mirrors, a larger air gap under the
membrane can further increase this focus range.
As described in the Results section, the spherical aber-

ration of the system changes as a function of the focus
depth. Therefore, the mirror was designed with con-
centric electrodes that add an additional degree of free-
dom for further tuning the optical surface to offset the
induced spherical aberration as it is defocused. To vary
the force radially on the deformable mirror, the con-
centric electrodes are biased using independent voltages.
The amount of spherical aberration correction that can be
achieved at a given defocus is limited by the differential
voltage that can be tolerated between the electrodes,
which is limited by electrical breakdown (arcing). The
location on the 3D scanner that is most prone to electrical
breakdown is at the hinges, where the separation between
neighboring electrode traces becomes as small as 8 µm.
To avoid arcing, it is necessary to evaluate the maximum
voltage differential that can be tolerated. To do this, each
of the concentric electrodes, in turn, were biased relative
to the remaining three electrodes. The experimental
results showed that the electrodes can handle differential
voltages in excess of 200 V and up to 250 V between the
outermost electrode and the innermost electrode. The
increased tolerance between the outermost and innermost
electrodes is owing to the layout of the electrodes and the
traces on the device. Adhering to the voltage limitations
that are speci!ed above, the ranges of adjustment for !rst-
order (Z0

4) and second-order (Z0
6) spherical aberration

(coef!cients of the normalized Zernike polynomials) were
evaluated, which were superimposed on a baseline defo-
cus (Z0

2) value of ~ 1068 nm (3.7 "m nominal de"ection).
The range of observed values for the normalized Zernike
coef!cient of Z0

4 was ! 66 nm to + 114 nm for the mirror

a b

Fig. 6 3D MEMS scan mirror. a Devices on wafer after the release process. b The MEMS scanner after wirebonding to support PCB
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surface height, which corresponds to ! 132 nm to +
228 nm of wavefront aberration. The range of observed
values for the normalized Zernike coef!cient of Z0

6 was !
89 nm to + 66 nm for the mirror surface height, which
corresponds to ! 178 nm to + 132 nm of wavefront
aberration. This does not represent the full range of values
that can be achieved. A more in-depth analysis of the
spherical aberration adjustment performance that can be
realized using a deformable mirror that is similar to that
of this paper was conducted by Lukes et al.58.

Benchtop imaging demonstration
A confocal microscope was constructed for assessing

the imaging performance of the new objective lens with
an integrated 3D MEMS mirror. A schematic diagram of
the optical setup is shown in Fig. 7.
The benchtop system follows the compact optical sys-

tem diagramed in Fig. 1b, except without the retro-
re"ection from an annular ring mirror. The beam is only
re"ected by the MEMS scanner, which can now be con-
veniently mounted at the right side of the setup. The
system preserves the essential order with the sample,
imaged by a hyperhemisphere lens, followed by the active
3D mirror scanner, as illustrated in the inset of Fig. 7. It
also employs an annular beam. The observed performance
is fully representative of the proposed MEMS-in-the-lens
architecture. A consequence of the simpler optical test
setup is that the sample is now located within the system,
where it must be placed in contact with the glass using
gel; the sample must also not exceed the diameter of the
hyperhemisphere lens to prevent further obscuration of
the imaging beam. However, this did not limit the !eld of
view and this method of sample mounting did not nega-
tively impact our experiments.
The illumination was from a 633 nm helium neon laser.

The optical !ber was a single-mode !ber with NA
between 0.10 and 0.14 and a mode !eld diameter of

3.6–5.3 µm (Thorlabs SM600 !ber). The objective lens
system had an effective focal length of 14.78 mm (in air),
an image-space NA of 0.57 and an object-space NA of
0.06, which was limited by the MEMS mirror as the
aperture stop. The back compound lens group is also
illustrated in Fig. 7. This lens group comprises two back-
to-back achromatic doublets (Thorlabs AC508-200, f=
200mm) followed by two meniscus lenses (Thorlabs
LE1015, f= 200mm and Thorlabs LE1076, f= 100 mm),
all of which are in contact. A thick glass plate (18mm)
provides spherical aberration compensation for the
desired focus depth of the instrument. A 2mm diameter
hyperhemisphere front lens was constructed from a 2mm
diameter half-ball lens (BK-7 glass) centered on and
cemented to a 500 µm thick, 50.8 mm diameter glass
wafer (D263T ECO glass), which also serves as the sample
stage. The sample was attached to the side of the glass
wafer opposite to the hyperhemisphere lens. The resultant
1.5 mm thick glass hyperhemisphere with 1 mm radius of
curvature has minimal spherical aberration when imaging
at a depth of 110 µm in water.
The MEMS scanner was mounted onto a stage (not

shown) with three degrees of translational freedom and
two degrees of rotational freedom facilitating focus
adjustment and alignment. A 50/50 beam splitter was
situated between the optical !ber and the compound lens
element to separate the re"ected light. A 10 µm-diameter
pinhole was positioned conjugate to the optical !ber to
spatially !lter the re"ected light. An avalanche photodiode
detector was used to collect the light. The image forming
beam is an annular beam, with the central portion blocked
by the hyperhemisphere lens and the sample during the
forward passage through the transparent sample stage.
During imaging, a raster scan pattern was used in which
the slow axis was driven nonresonantly using a sawtooth
waveform (Vy), whereas the fast axis (Vx) was driven at its
resonant frequency using a sinusoidal waveform. To date,
the polymer "exures have shown no effects of aging (no
change in the resonant frequency) despite accumulating
over one billion cycles for the fast axis (> 280 h of
operation).
The control voltages that were applied to the quadrant

electrodes (Fig. 1b) are as follows: V1=VDC+Vx+Vy,
V2=VDC!Vx+Vy, V3=VDC!Vx!Vy and V4=VDC

+Vx!Vy. For Figs. 3a, b, 4, the applied voltages were
VDC= 300 V, Vx= 200 V pk–pk and Vy= 300 V pk–pk.
Figure 3 was cropped for display. Linear interpolation has
been applied to all of the confocal images that are dis-
played in the Results section to correct for the sinusoidal
distortion of the fast scan.
The edge response was measured by using the MEMS

scanner to image the edge of a cleaved wafer piece. A
65 µm thick microscope coverslip was inserted between
the wafer piece and the sample stage to place the wafer
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Fig. 7 Schematic diagram of the confocal imaging setup. A
magni!ed view of the MEMS scanner, hyperhemisphere, and sample
stage is also included
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Funding: NIH:NIBIB 1R21EB018507;  
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1542210 (CNF NNCI-1542081).
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CNF: Education and Outreach Impact

All reported activities organized and 
conducted by CNF staff  

Major CNF Activities # events # Participants (annual)
Nanooze Magazine >100000
Nanooze Disney >250000
Nanodays at Sciencenter 1 160
College/Community college events/visits 30 388
TCN Short course 2 36
FIRST Jr. Lego Event 1 300
4-H 4 149
Girl Scout Engineering Day -Graduate 
Society of Women in Engineering 1 240
International REU 1 6
REU 1 5
CNF Annual Meeting 1 154
K-12 visits to CNF 11 196
Visits to Schools 8 634
Nanometer Newsletter 2 2000
CNF Research Accomplishments 1 1000
Technical courses/workshops 6 153

Conference booths 2 352
General public events/tours 84 684

Evaluated Activities
Total CNF >350,000
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Nanooze – Outreach Impact

• Produced by Prof. Carl Batt and distributed by CNF
• Distributed free to classrooms and other 

organizations
• 100,000 copies per issue printed (16 issues)
• >1.5 million copies distributed

CNF’s Science Magazine for Kids
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Societal and Ethical Implications

Responsible Research in Action  

• Introduced during new user training 
• ~1 hr interactive discussion
• Provides an overview of the 

• Importance of SEI
• Examples and scenarios

• Perception of nano-ethics 
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Computation Support of CNF Users  

• Nanostructure modeling
• Cluster with open source molecular dynamics 

and electronic structure modeling  

• Fabrication support
• Cadence

• Chip design to chip packaging
• Circuit simulation, GDS layout 

• Coventor SEMulator
• 3D process simulation/modeling

• L-Edit- CAD/GDS layout and design, 
• PROLITH – Modeling for resist exposures 
• GenIsys – BEAMER, TRACER, LABopc (litho

simulation), ProSEM --CAD to exposure 
optimization and conversion 

• JetStream—JEOL conversion program for 
CAD file to exposure file. 
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Network Collaboration:
Intra-network projects

• Intra-Network Interactions
• Standing open accounts for other facilities 
• Expedited access for intra-network cooperation  
• Proof of concepts are explored Intra network
• Tool sharing - 2nd source for specialized tools 

• Etch Working Group is one of the most 
active in NNCI (V. Genova-Cornell)

• Most sites have at least one participant 
• Interactive forum sharing information

• Processes under development
• Maintenance
• Equipment Modifications

• Identification of complementary tools
• Effective use of resources to meet user needs.
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Network Collaboration:
Etch Working Group
• Etch Working is one of the most active in NNCI (V. Genova-Cornell)

– Most sites have at least one participant                                      

• Interactive forum sharing information
– Established Processes
– Processes under development
– Maintenance
– Baselining
– Equipment Modifications
– Acquisitions
– New Technologies

• Identification of complementary tools
– Effective use of resources to meet 

user needs.
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• Aug. 11-13, 2019 at Cornell
• 72 interns from across the NNCI sites 

attended the convocation and presented 
their research to their peers  

• Student talks
• Student posters
• Networking activities
• Plenary sessions and panels

Hosted By CNF 

Network Collaboration: 
2019 NNCI REU Convocation 

Historically (via longitudinal tracking since 
1997) , >50% of NNUN/NNIN/NNCI REU 
students go on to receive a Ph.D.
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• Conducted by CNF on behalf of the network
• Participants drawn from prior year NNCI REU program

• 10 week international summer research experience
• 81 students since 2008; 6 students in 2019

• 57 of the 81 are enrolled/completed Ph.D.
• 22 of those 57 (38%) have NSF Graduate Fellowships

• Formative experience in developing the intercultural 
research skills necessary in the 21st century.

National Institute for Materials Science , Tsukuba, Japan

Network Collaboration:
International REU

Co-funded by CNF and NNCI 
Coordination Office in 2019

Previous support from NSF OISE
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Future Network Collaboration?: 
Reducing Chemical Waste

• FOR DISCUSSION OFFLINE
• CNF is among the largest chemical waste producers on 

campus
• Recently Cornell asked CNF to increase its financial 

contribution to and responsibility for handling chemical waste
• As part of this change we are evaluating the waste we produce 

and how we can cut back
• We are also looking at how we can induce better, less 

wasteful behavior among our users (e.g. we do not charge for 
photoresists - should we?)

• A best practice discussion among sites would be helpful
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CNF: Collaborations Beyond NNCI 
• AI in the Clean Room

– Supported by SEMI as a pilot to introduce AI into 
cleanroom 

– Wanted non-commercial cleanroom to identify data 
roadblocks

– If successful may reduce downtime for new user 
developing CNF process chain

• Working with Morgan State University
– Through our former colleague and Ext Adv Bd member, 

Prof. M. Spencer
– Providing advice on cleanroom upgrade
– Teaching NNCI culture to Morgan State students

• iREU Program  
– Supported by Cornell and coordinating office 
– Was not renewed last year – recommended to resubmit
– Renewal submitted to NSF


