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Additive Manufacturing of Three-Dimensional Microfluidics

L. F. Velasquez-Garcia
Sponsorship: DARPA

In many cases, microfluidics are manufactured in clean-
rooms using semiconductor industry processes and
materials, making them fairly expensive to produce.
In addition, the device architecture is often a compro-
mise between what should be made based on model-
ing and what can be made based on the planarity and
thickness/depth limitation of most microfabrication
processes. Moreover, a change of any of the in-plane
features of the design typically requires the fabrication
of one or more new lithography masks, incurring sub-
stantial costs and time delays. A manufacturing tech-
nology that can circumvent these difficulties without
sacrificing device performance would greatly extend
the kind of devices that can be made and the kind of
commercial applications beyond research, high-end
products, and large-volume products that can satisfied
by microfluidic chips.

Additive manufacturing is a group of layer-by-layer
fabrication methods that use a computer file to generate
solid objects. Additive manufacturing started as a
visualization tool of passive, mesoscaled parts; however,
given the recent improvements in the resolution

i

A Figure 1: Computer-aided design file of a monolithic
array of 36 micro-sharpened, high aspect-ratio columns
with lateral striations on top of a perforated plate and
close-up of the side view of a tip.

FURTHER READING

capabilities and cost of commercial 3D printers,
additive manufacturing has recently been explored as a
fabrication technology that could address the complexity
of certain microsystems, e.g,, microfluidics.

We are exploring the use of stereolithography
to manufacture freeform microfluidics with three-
dimensional hydraulic networks with features (range
of dimensions, aspect ratio, morphology) that would
be very hard to make using standard microfabrication
processing. Stereolithography is an additive fabrication
processthatusesacomputerfile (Figure1l) tomanufacture
structures based on spatially controlled solidification
of a liquid resin by photo-polymerization. For example,
we have developed fabrication process flows for the
creation of three-dimensional structures that can be
used as multiplexed, externally fed electrospray emitter
arrays (Figure 2); these structures have a minimum
feature size and emitter density comparable to reported
single-crystal silicon multiplexed electrospray devices.
Current work focuses on exploring the resolution limits
and capabilities of the 3D printing process, as well as in
demonstrating working microfluidic chips.

A Figure 2: A monolithic array of 36 3D-printed, mi-
cro-sharpened, high aspect-ratio columns with lateral
striations on top of a perforated plate with close-up of
the side view of a tip and top view of one of the columns.
The structure could be used as a multiplexed externally
fed electrospray source.

« L. F Velasquez-Garcia, “SLA 3D-Printed Arrays of Miniaturized, Internally-Fed, Polymer Electrospray Emitters,” submitted.
« L. F Velasquez-Garcia, "Additive manufacturing of electrospray emitter arrays and other microfluidic systems,” submitted to USPTO.
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High-Throughput Manufacturing of Nanofibers using Planar Arrays of

Microfabricated Externally Fed Emitters

P.J. Ponce de Leon, F. A. Hill, L. F. Velasquez-Garcia
Sponsorship: DARPA

Electrohydrodynamicjetting occurs when a strong elec-
tric field is applied to the free surface of a conductive
liquid; the process can uniformly produce ion plumes,
fine aerosol droplets, or continuous fibers with submi-
cron diameters, i.e., nanofibers, depending on the prop-
erties of the liquid used and the ionization conditions.
Nanofabrication via electrohydrodynamic jetting has
received attention as a promising candidate for produc-
tion of nanostructures because of its ability to create
nano-thick films of high quality at lower temperature
than standard solid-state processing. A key advantage
of electrospinning, ie. electrohydrodynamic jetting
of nanofibers, over other fiber generation methods is
its versatility in producing fibers of arbitrary length
from a range of materials including polymers, metals,
ceramics, and semiconductors. The applications of elec-
trospun nanofibers include dye-sensitized solar cells,
scaffolds for tissue engineering, electrodes for ultraca-
pacitors, and separation membranes.

We created a technology for high-throughput
generation of polymer nanofibers using planar arrays of
microfabricated externally fed electrospinning emitters.
Devices with emitter density as high as 25 emitters/cm?
(Figure 1) deposit uniform imprints comprising fibers with
diameters on the order of a few hundred nanometers using
solutions of dissolved polyethylene oxide in water and
ethanol as working fluid (Figure 2). We measured mass flux
rates as high as 417 g/hr/m? ie, 4x the reported production
rate of leading commercial free-surface electrospinning
sources. Throughput increases with increasing array size
at constant emitter density, showing that the design can be
scaled up with noloss of productivity. The largest measured
mass flux resulted from arrays with larger emitter
separation operating at larger bias voltages, indicating the
strong influence of electrical field enhancement on the
performance of the devices. Inclusion of a ground electrode
surrounding the array tips helps control the spread of the
imprints over large distances.

A Figure 1: An array of 1515 externally fed electrospinning
emitters (25 emitters/cm?). From P. Ponce de Leon et al.,

Nanotechnology, vol. 26, no. 22, 225301 (10 pp.), June 2015.
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A Figure 2: Collector imprints from an array of 225 emitters
(25 emitters/cm?). From P. Ponce de Leon et al., Nanotech-

nology, vol. 26, no. 22, 225301 (10 pp.), June 2015.

« P Ponce de Leon, F. A. Hill, and L. F. Veldsquez-Garcia, “Batch-Microfabricated Arrays of Electrospinning Emitters for High Throughput
Generation of Nanofibers,” Technical Digest 12th International Workshop on Micro and Nanotechnology for Power Generation and Energy

Conversion Applications (PowerMEMS 2012), Dec., 2012, pp. 227 — 230.

« Ponce de Leon, F. A. Hill, E. V. Heubel, and L. F. Veladsquez-Garcia, “High-Throughput Manufacturing of Polymer Nanofibers via
Electrohydrodynamic Jetting from Planar Arrays of Microfabricated Externally-Fed Emitters,” presented at the 18th International Conference
on Solid-State Sensors, Actuators, and Microsystems (Transducers 2015), Anchorage AK, June 2015.

« P Ponce de Leon, F. A. Hill, E. V. Heubel, and L. F. Velasquez-Garcia, “Parallel Nanomanufacturing via Electrohydrodynamic Jetting from
Microfabricated Externally-Fed Emitter Arrays,” Nanotechnology, vol. 26, no. 22, 225301 (10 pp.), June 2015.
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Optimization of the Morphology of Arrays of Nano-Sharp, Photon-Triggered

Silicon Field Emitters to Maximize their Total Current Emission

C.D.Dong, M. E. Swanwick, P. D. Keathley, F. X. Kartner, L. F. Velasquez-Garcia

Sponsorship: DARPA

Femtosecond ultrabright cathodes with spatially
structured emission are a critical technology for ap-
plications such as free-electron lasers, tabletop coher-
ent x-ray sources, and ultrafast imaging. State-of-the-
art UV photocathodes have several disadvantages: (i)
they need to be fabricated, stored, and operated in ul-
tra-high vacuum and (ii) producing high current puls-
es reduces their lifetime due to the rapid degradation
of the low workfunction material. Cathodes based on
photon-triggered field emission, i.e., tunneling of elec-
trons due to the interaction of high-intensity optical
pulses with field enhancing structures, are a promising
technology to bypass these shortcomings. We recent-
ly reported batch-fabricated photon-triggered field
emission cathodes composed of massively multiplexed
arrays of nano-sharp high-aspect-ratio silicon pillars;
the devices are made using standard complementary
metal-oxide semiconductor batch fabrication process-
es, are stored at atmospheric conditions, and can be
operated at lower vacuum levels than standard photo-
cathodes with no degradation. The devices are capable
of pC-level emission with multi-kHz repetition, greatly
increasing the total emitted charge per pulse compared
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A Figure 1: Schematic of the experimental apparatus
used to characterize the photon-triggered silicon field
emitter arrays.
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to single-emitter sources. Through experiment and
simulations, this work explores the optimization of the
total electron yield of ultrafast photon-triggered field
emission cathodes composed of arrays of nanosharp,
high-aspect-ratio, single-crystal silicon pillars by vary-
ing the emitter pitch and height.

Arrays of 6-nm-tip-radius silicon emitters with
emitter densities between 12 and 73.9 million tips.cm?
and emitter height between 2.0 pm and 85 pm were
characterized using 35-fs 800-nm laser pulses (Figure 1).
Of the devices tested, the arrays with emitter pitch equal
to 2.5 um produced the highest total electron yield; arrays
with larger emitter pitch suffer area sub-utilization;
and in devices with smaller emitter pitch, the larger
emitter density does not compensate for the smaller per-
emitter current due to the electric field shadowing that
results from the proximity of the adjacent tips (Figure 2).
Experimental data and simulations suggest that 2-um-
tall emitters achieve practical optimal performance as
shorter emitters have visibly smaller field factors due to
the proximity of the emitter tip to the substrate, and taller
emitters show marginal improvement in the electron
yield at the expense of greater fabrication difficulty.
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A Figure 2: Total emitted charge per pulse vs. incident la-
ser pulse energy for devices with emitter pitch equal to
1.25 pm, 2.5 um, 5 pm, and 10 pm and emitter height
equal to 8.5 pm. From C. Dong et al., Nanotechnology,
vol. 26, no. 26, 265202 (11pp), 2015.

« M. Swanwick, P. D. Keathley, A. Fallahi, P. R. Krogen, G. Laurent, F. X. Kartner, and L. F. Velasquez-Garcia, "Nanostructured Ultrafast Silicon-Tip
Optical Field Emitter Arrays," Nano Letters, vol. 14, no. 9, pp. 5035-5043, Jul. 2014.

« P D. Keithley, A. Sell, W. P. Putnam, S. Guerrera, L. F. Veldsquez-Garcia, and F. X. Kértner, “Strong-Field Photo-Emission From Silicon Field
Emitter Arrays,” Annalen Der Physik, vol. 525, nos. 1-2, pp. 144-150, Feb. 2013.

« C.Dong, M. E. Swanwick, D. Keithley, F. X. Kartner, and L. F. Velasquez-Garcia, “Multiplexing and Scaling-Down of Nanostructured, Photon-
Triggered Silicon Field Emitter Arrays for Maximum Total Electron Yield,” Nanotechnology, vol. 26, no. 26, 265202 (11pp), Jun. 2015.
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Advanced X-Ray Sources for Absorption Imaging of Low-Z Materials

A.Basu, M. E. Swanwick, A. A. Fomani, L. F. Velasquez-Garcia

Sponsorship: DARPA

X-rays are widely used in applications such as healthcare,
airport security, crystallography, spectroscopy, and micro-
fabrication. The development of miniaturized X-ray sourc-
es could satisfy applications where the target areas are
small or where the smaller dimensions and lighter weight
of the X-ray source enable desirable capabilities such as
portability. For example, compact X-ray sources can revolu-
tionize computerized tomography (CT) by making possible
the implementation of a system with multiple X-ray sourc-
es that provides a wide range of information without the
need to implement a rotating gantry.

A field emission cathode is an attractive alternative to
a conventional thermionic cathode as an electron source
in a portable X-ray source because of the lower vacuum it
requires to operate, its faster response, and its resilience to
traces of reactive gases. Field emission cathodes use high-
surface electric fields on the emitter tip surface to narrow
the potential barrier that traps electrons in the material,
allowing electrons to quantum tunnel into vacuum.
Miniaturization and multiplexing of field emitters result
in nanostructured field-emitter arrays capable of high-
current emission at a low (< 150 V) voltage. The field
emitters used in our X-ray source are capable of generating
mA-level dc currents even when operated continuously
formany hours. High-current cathodes make it possible to
capture images in a short time, which helps to reduce any
blurriness of the image due to movement of the sample.
X-rays generated from a target anode can be catego-
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A Figure 1: The inside of the X-ray chamber as seen
through a glass port. The field emitter array is hidden

from view
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rized as either bremsstrahlung or fluorescent. On the
one hand, bremsstrahlung X-rays span the entire ener-
gy range of the bombarding electrons with the maxi-
mum energy being determined by the voltage applied
to the anode. On the other hand, fluorescent X-rays are
characteristic of the target material and appear as spe-
cific sharp peaks in the X-ray spectrum. While brems-
strahlung X-rays give rise to low-contrast polychromat-
ic images, fluorescent X-rays could be used to produce
quasi-monochromatic, high-contrast images.

For over four years our group has developed
advanced field-emission-enabled, near-monochromatic
X-ray sources capable of imaging soft tissue structures.
Our latest development is a portable X-ray source (200
cm3 chamber size) with a reflection anode composed of
a copper rod coated with a molybdenum thin film and a
field emission cathode (Figure 1). A 251/s portable ion pump
keeps the chamber base pressure at approximately 108
Torr. At an anode bias voltage of 35 kV, the X-ray source
maximizes the percentage of photons with 17.8 keV,
which corresponds to the Ko peak of Mo; these X-rays are
energetic enough to go through air without significant
attenuation (~95% transmission) but are of low-enough
energy to generate high-contrast absorption images when
interacting with soft tissue. Using the X-ray source, we
obtained absorption images of ex-vivo samples captured
on a CsI scintillator operated in fluoroscopic mode (Figure
2). Features as low as 160 pm were visible in the images.

10 cm

A Figure 2: Absorption X-ray image of ex vivo human hand cap-
tured with anode bias voltage equal to 35 kV and cathode current
of 250 pA for 60 seconds of exposure time.

« S.Cheng F. A Hill, E. V. Heubel, and L. E. Velasquez- Garcia, “Low-Bremsstrahlung X-ray Source Using a Low-voltage High-current-density
Nanostructured Field Emission Cathode And a Transmission Anode For Markerless Soft Tissue Imaging,” Journal of Microelectromechanical

Systems, vol. 24, pp. 373-383, 2015.

« A Basu, M. Swanwick, A. Fomani, and L. Velasquez-Garcia, “A Portable X-Ray Source With a Nanostructured Pt-coated Silicon Field Emission
Cathode For Absorption Imaging of Low-Z Materials,” Journal of Physics D: Applied Physics, vol. 48, pp. 225501, 2015.
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A Field Emission-Based Ultra-High Vacuum Pump for Cold-Atom Interferometry Systems

A.Basu, M. A. Perez (ColdQuanta, Inc.), L. F. Velasquez-Garcia
Sponsorship: DARPA

The discovery of magneto-optical trapping of alkali
metal vapors in the late 1980s generated a strong in-
terest in developing miniaturized atomic clocks and
sensors based on cold alkali atom interferometry. Chip-
scale, high-precision atomic sensors can be used in a
great variety of exciting applications including funda-
mental scientific discovery (e.g., general relativity and
geophysics), inertial navigation (e.g., gyroscopes and
accelerometers), and geological survey (e.g, magne-
tometers and gravimeters). Cold-atom interferometry
needs ultra-high vacuum (UHV, pressure < 10 Torr) to
operate; therefore, portable cold-atom sensors require
miniaturized UHV pump technology compatible with
alkali vapor that operates at low power. Standard UHV
ion pumps, which use high magnetic fields to increase
the ionization probability, are not ideal to maintain vac-
uum in a chip-scale atomic sensor because the intensi-
ty of the magnetic field increases with the reduction in
size of the pump and because the magnetic field of the
pump can alter the quantum states of the laser-cooled
atoms, leading to incorrect measurements. A better al-
ternative is to use an electron source to provide a sur-
plus of electrons to increase the ionization probability,
eliminating the need for a magnetic field. A field emis-
sion electron source is a good choice for that because,
unlike state-of-the-art thermionic cathodes, they do
not require high temperature to operate, which makes
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A Figure 1: Schematic of the pump architecture. The FEA'is
represented by a single emitter tip; the anode and ion collec-
tors are ring-shaped structures.
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them compatible with the reactive alkali environment
inside atomic vapor cells.

We preliminarily demonstrated a magnetic-less ion
pump design (Figure 1) that uses field electron emission
to create a self-sustained plasma within a 200 cm3
vacuum chamber. A silicon-based, nanostructured, self-
aligned, gated field emitter array (FEA) is used as electron
source. Two electrodes, both consisting of structural
rings wrapped with titanium wire, are placed above
the FEA and biased at voltages that enable collection
of either electrons or ions. The ion collector is the
getter of the pump, capturing the ions both physically
(bombardment) and chemically (chemisorption). The
apparatus has a rubidium dispenser for releasing the
alkali metal vapor inside the chamber, and the chamber
is connected to an external pump system capable of
maintaining a base pressure of ~108 Torr within the
chamber. The performance of the field emission cathode
did not deteriorate due to the presence of Rb at pressures
as high as 7x10 Torr. The pump performance is shown
in Figure 2. An initial rise in pressure (due to electron
scrubbing) was followed by a 25% drop in pressure (from
4.0x107 Torr to 3.0x107 Torr) when the ion current was
increased from 0 to 0.5 nA (by increasing the bias on the
negatively charged ion collector). Current work focuses
on the optimization of the electron impact ionization
process to improve pumping performance.
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A Figure 2: Chamber pressure vs. time. From “Nanostructured
Silicon Field Emitter Array-Based High-Vacuum Magnet-
ic-Less lon Pump for Miniaturized Atomic Spectroscopy Sen-

sors,” Transducers 2015, Anchorage AK, June 2015,

e A.Basu, M. A. Perez, and L. F. Velasquez-Garcia, “Nanostructured Silicon Field Emitter Array-Based High-Vacuum Magnetic-Less Ion Pump For
Miniaturized Atomic Spectroscopy Sensors, " 18th International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers

2015), Anchorage AK, June 2015.
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Electrospray-Printed 2D Material Humidity Sensors

A. P. Taylor, L. F. Velasquez-Garcia
Sponsorship: Edwards Vacuum

State-of-the-art conductometric gas sensors, based on
semiconducting metal oxide films (MOXs), are widely
used due to their simplicity and broad applicability to
detect many species. However, only a few MOXs show
an adequate combination of catalytic activity and ther-
modynamic stability for gas sensing; these MOXs need to
be doped with noble metal nanoparticles to compensate
for their poor gas sensitivity, which visibly increases their
cost. Fabrication via electrohydrodynamic jetting has
recently received attention as a promising candidate for
production of low-cost micro- and nanosystems because
of its capability to create thin films of high quality with-
out the extreme conditions of standard semiconductor
processing (i.e., high vacuum and/or high temperature).

An attractive substitute active material for chemical
gas sensing is graphene oxide (GO) because of its high
sensitivity to surface adsorbates and compatibility to
harsh environments. Thin-film GO sensors have been
fabricated with aqueous suspensions of GO flakes
using drop casting, air-brush spraying, spin coating, and
inkjet printing. Nonetheless, electrospray printing of
GO thin-film sensors offers more precise control of the
film properties than the other techniques and can also
lower production costs through emitter multiplexing.
We manufactured GO sensors at low temperatures
(< 100 °C) with average layer thickness around 60 nm
and characterized their response to humidity in an
environmental chamber.

We fabricated devices with multiple electrode
configurations on SiO,-coated Si wafers using contact
photolithography and the lift-off technique, and
electrosprayed a thin film of GO through a shadow
mask onto the electrode structures to form the sensors.
We then gold wire-bonded the completed sensor chips
into standard IC packages (Figure 1) and placed our GO
sensors along with a commercially available humidity
sensor (Honeywell HIH-4000) inside an environmental
chamber and varied the humidity. A datalogger recorded
the change in resistance of the GO sensor (Figure 2 top,
red curve) and the response of the commercial sensor
(Figure 2 top, black curve); the two data sets tracked each
other closely. The change in humidity shows a quadratic
behavior with the change in resistance of the GO sensor

FURTHER READING

(Figure 2 bottom) where AR/R,=(R ,,,-R.)/R, and R =39kQ.

The results were reproducible on different days, and the
GO sensors showed no signs of degradation after storage
for more than one month.
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A Figure 1: Electrospray-printed GO sensor (greenish
dot at center) on top of Au electrodes in the Van der Pauw
configuration.
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A Figure 2: GO sensor response to humidity (red) com-

pared with a commercially available sensor (top) and relative
humidity as a function of the sensor response (bottom).

¢ P Ponce de Leon, F. A. Hill, E. V. Heubel, and L. F. Velasquez-Garcia, “Parallel Nanomanufacturing via Electrohydrodynamic Jetting from
Microfabricated Externally-Fed Emitter Arrays,” Nanotechnology, vol. 26, no. 22, 225301 (10 pp.), June 2015.

¢ F A Hill E. V. Heubel, P. Ponce de Leon, and L. E. Velasquez-Garcia, “High-Throughput Ionic Liquid Ion Sources Using Arrays of Microfabricated
Electrospray Emitters with Integrated Extractor Grid and Carbon Nanotube Flow Control Structures,” Journal of Microelectromechanical

Systems, vol. 23, no. 5, pp. 1237-1248, Oct. 2014.

e A P Taylor and L. F. Velasquez-Garcia, “Electrospray-Printed Graphene Oxide Nanostructured Gas Sensors,” in preparation.

MTL ANNUAL RESEARCH REPORT 2015

Nanotechnology, Nanomaterials 159



Luis Fernando Velésquez-Garcia

Principal Research Scientist
Microsystems Technology Laboratories

MEMS and NEMS for space, energy, healthcare, manufacturing, and analyti-
cal applications. High-electric field phenomena, e.qg., electrospray, field emission,
X-rays. Nanosatellite propulsion.

39-657| 617-253-0730 | Ifvelasq @ mit . edu | multiplexed.mit.edu

POSTDOCTORAL ASSOCIATES
Anirban Basu

Arash Fomani

Michael Swanwick

GRADUATE STUDENTS
Chen Dan Dong, EECS
Philip Ponce de Leon, MechE

UNDERGRADUATE STUDENTS
Ayrton Munos, EECS

VISITORS
Anthony Taylor, Edwards Vacuum
Faraz Najafi, DESY

SUPPORT STAFF

Carolyn Collins, Administrative Assistant

SELECTED PUBLICATIONS

M. E. Swanwick, C. D. Dong, P. D. Keathley, A. Fallahi, F.
X. Kartner, and L. F. Velasquez-Garcia, “Pitch scaling of
ultrafast, optically-triggered silicon field emitter arrays,”
Technical Digest of the 27th International Vacuum Nano-
electronics Conference (IVNC 2014), Engelberg, Switzer-
land, pp. 69 -70, July 6-10, 2014.

C. Dong, M. E. Swanwick, P. D. Keathley, F. X. Kartner,
and L. F. Velasquez-Garcia, “Advances on ultrafast silicon
field emitter array photocathodes for coherent radiation
sources based on inverse Compton scattering,” Journal
of Physics Conference Series, vol. 557 (2014) 012055 (5pp).

A. Basu, M. A. Perez, and L. F. Velasquez-Garcia, “Nano-
structured silicon field emitter array-based high-vac-
uum magnetic-less ion pump for miniaturized atomic
spectroscopy sensors,” to be presented at the 18th Inter-
national Conference on Solid-State Sensors, Actuators,
and Microsystems (Transducers 2015), Anchorage AK,
USA, June 21-25, 2015.

P.Ponce de Leon, F. A. Hill, E. V. Heubel, and L. E. Velasquez-
Garcia, “High-throughput manufacturing of polymer
nanofibers via electrohydrodynamic jetting from pla-
nar arrays of microfabricated externally-fed emitters,”
to be presented at the 18th International Conference on
Solid-State Sensors, Actuators, and Microsystems (Trans-
ducers 2015), Anchorage AK, USA, June 21-25 2015.

MTL ANNUAL RESEARCH REPORT 2015

E.A.Hill,E. V. Heubel, P. Ponce de Leon, and L. E. Velasquez-
Garcia, “High-throughput ionic liquid ion sources using
arrays of microfabricated electrospray emitters with
integrated extractor grid and carbon nanotube flow
control structures,” Journal of Microelectromechanical
Systems, vol. 23, no. 5, pp. 1237-1248, 2014.

E.E.C.Chimamkpam, E. S. Field, A.I. Akinwande, and L.
E. Veladsquez-Garcia, “Resilient batch-fabricated planar
arrays of miniaturized Langmuir probes for real-time
measurement of plasma potential fluctuations in the
HF to microwave frequency range,” Journal of Microelec-
tromechanical Systems, vol. 23, no. 5, pp. 1131-1140, 2014.

M. Swanwick, P. D. Keathley, A. Fallahi, P. R. Krogen,
G. Laurent, F. X. Kartner, and L. F. Veldsquez-Garcia,

“Nanostructured ultrafast silicon-tip optical field emitter

arrays,” Nano Letters, vol. 14, no. 9, pp. 5035—-5043, 2014.

S.Cheng, F. A. Hill, E. V. Heubel, and L. E. Velasquez- Garcia,

“Low-bremsstrahlung X-ray source using a low-voltage

high-current-density nanostructured field emission
cathode and a transmission anode for markerless soft
tissue imaging,” Journal of Microelectromechanical Sys-
tems, vol. 24, no. 2, pp. 373-383, 2015.

P.Poncede Leon, F. A. Hill, E. V.Heubel, and L. E. Velasquez-
Garcia, “Parallel nanomanufacturing via electrohydro-
dynamic jetting from microfabricated externally-fed

emitter arrays,” Nanotechnology, vol. 6, no. 22, pp. 225301:

1-10, May 2015.

A.Basu, M. E.Swanwick, A. A. Fomani, and L. F. Velasquez-
Garcia, “A portable X-ray source with a nanostructured
Pt-coated silicon field emission cathode for absorption
imaging of low-Z materials,” Journal of Physics D—Applied
Physics vol. 48, no. 22, pp. 225501:1-11, May 2015.

Faculty Profiles 211


mailto:lfvelasq@mit.edu
http://multiplexed.mit.edu

	Foreword
	Acknowledgments
	Research Abstracts
	Circuits and Systems for Information Processing, Communications, Multimedia, Energy Management, and Sensing
	Electronic Devices: Transistors; Memory, Magnetic, and Superconducting Devices
	Energy: Photovoltaics, Energy Harvesting, Energy Storage
	Photonics, Optoelectronics
	MEMS, Field-Emitter, Thermal, Fluidic Devices
	Biological, Medical Devices and Systems
	Nanotechnology, Nanomaterials
	Research Centers
	Faculty Profiles

	Theses Awarded
	Glossary
	Index
	_GoBack
	_GoBack
	_GoBack
	_Ref342137393
	_Ref342037898
	_bookmark34
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	OLE_LINK6
	_GoBack
	OLE_LINK5
	OLE_LINK6
	OLE_LINK7
	OLE_LINK8
	12-bit 250MS/s CMOS Pipelined Analog-to-Digital Converter
	Time-Interleaved A/D Converters
	A Flash ADC with a Reduced Number of Comparators
	Continuous-Time Delta-Sigma Modulator for Next-Generation
Wireless Applications
	Ultra High-Performance GaN-on-Silicon Analog-to-Digital Converters
	High-Efficiency, Low-Leakage RF Transmitters for Low Duty Cycle Applications
	Broadband Inter-Chip Link Using Terahertz Wave on Dielectric Waveguide
	Monolithic GaN-MMIC MEMS-Based Oscillators
	Vertical Noise Coupling Mitigation in 3D-IC Using a Solenoid Inductor
	Energy and Area-Efficient Hardware Implementation of HEVC Inverse Transform and Dequantization
	A Navigation Device with 3-D Computer Vision Processor for Visually Impaired People 
	Energy-Efficient Hardware for Multi-Modal Object Detection
	A Deeply Pipelined CABAC Decoder for High Efficiency Video Coding Supporting Level 6.2 High-Tier Applications
	Towards High-Performance Bufferless NoCs with SCEPTER
	Energy-Efficient SRAM using Data-Dependency
	Energy-Efficient SRAM Design in 28-nm FDSOI Technology
	New AC-DC Power Factor Correction Architecture Suitable for High Frequency Operation
	A High-Power-Density Wide-Input-Voltage-Range Isolated DC-DC Converter with a Multi-Track Architecture
	A Systematic Approach to Modeling Impedances and Current Distribution in Planar Magnetics
	Investigating Magnetic Materials for Power Conversion at High Frequency 
	Energy-Efficient Wireless Power Transmitters and Receivers
	Picowatt Timer for Energy-Constrained, Battery-Less Systems
	Solar Energy Harvesting System with Integrated Battery Management and Startup using Single-Inductor and 3.2 nW Quiescent Power
	Authentication Tags for Supply Chain Integrity
	Low-Power Sensor Interfaces for Wireless Sensor Nodes
	A Graphene-CMOS Hybrid Sensor for Thermal Imaging
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	Efficient Device and Integrated Circuit Statistical Modeling and Extraction Using a Bayesian Inference Framework
	Impact of Intrinsic Channel Scaling on InGaAs Quantum-Well MOSFETs 
	Electrical Reliability of InGaAs MOSFETs 
	A New Emission-Diffusion Virtual Source Field-Electron-Transmitter Model 
	A Second-Generation Virtual Source Field Electron Transmitter Model 
	Nano-Scale Ohmic Contacts for p-InGaSb MOSFETs
	Effects of Drain-Side Thermal Barriers in InGaAs/GaAsSb 
Quantum-Well Tunnel-FETs
	Modeling of Parasistic Trap-Assisted Tunneling in Tunnel Field-Effect Transistors 
	InGaAs/InAs Heterojunction Vertical Nanowire Tunnel FETs 
Fabricated by a Top-Down Approach
	GaN-based High Electron Mobility Transistors for High Power THz Source
	Study of Phase Noise in GaN-Based Ring Oscillators 
	Process Development for GaN/SOI Heterogeneous Integration 
	Vertical Transistors and Diodes on Bulk GaN Substrates
	Positive-Bias Temperature Instability in GaN Power Field-Effect Transistors 
	Oxide Breakdown in High-Voltage GaN Field-Effect Transistors
	Permanent Degradation of InAlN/GaN HEMTs under High-Power Stress
	Reliability of AlGaN/GaN HEMTs on Silicon
	Transient Thermal Dynamics of GaN High Electron Mobility Transistors
	Thermal Characterization of GaN HEMTs via Photo-Thermal Reflectance Thermography
	Vertical Graphene-on-GaN Hot Electron Transistor
	High Performance 15-nm Channel Length Double-Gate MoS2 
Field-Effect Transistor
	A Diamond:H/MoO3 MOSFET
	High-Voltage Organic Thin Film Transistor
	Characterization of SrRuO3 and TaOx Resistive Switching Memory Devices by Scanning Tunneling Microscopy
	Carbon Nanotube Network using Silicon Oxide Non-Volatile Switches
	Driving Stage for SFQ Circuits using a Single Nanocryotron
	Modeling Superconducting Nanowire Circuits
	Magnetic Domain Wall Logic Devices
	_GoBack
	15.7% Efficient 10-µm-Thick Crystalline Silicon Solar Cells 
	Surface Passivation of Silicon using Organic Molecules
	Utilization of BaSnO3 and Related Materials Systems for Transparent Conducting Electrodes
	Ink-Jet Printing of Organic-Inorganic Halide Perovskites for Solar Photovoltaics
	Open-Circuit Voltage Deficit, Radiative Sub-Bandgap States, and Prospects in Quantum Dot Solar Cells
	Control of the Fermi Level of Lead Sulfide Quantum Dots through Ligand Steric Interactions 
	In Situ Vapor-Deposited Parylene Substrates for Ultra-Thin, Lightweight Organic Solar Cells
	Solid State Triplet-Triplet Annihilation Upconversion
	Thin Film Evaporation from Nanopores and its Applications to Solar Thermal Devices
	MEMS Energy Harvesting from Low-Frequency and Low-G Vibrations
	Fabrication of Ruthenium Oxide-Coated Si Nanowire-Based Supercapacitors 
	Materials and Structures for Lithium-Air Batteries
	Mechanical Stresses in Germanium Thin Film Microbattery Electrodes during Cycling
	Oxygen Exchange Kinetics in Pr2CuO4 Thin Film Cathodes: The Role of Doping and Orientation
	Development of Reversible Solid Oxide Cells: A Search for New Electrode Materials
	Investigation of Fuel Cell Cathode Performance in Solid Oxide Fuel Cells: Application of Model Thin Film Structures
	Fundamental Studies of Oxygen Exchange and Associated Expansion in Solid Oxide Fuel Cell Cathodes
	_GoBack
	_GoBack
	Design Method for Optical Phased Arrays that Emit 3D Holograms 
	Integrated LIDAR System Based on Frequency-Modulated Continuous-Wave Detection
	Fast Stochastic Simulation of Silicon Photonic Devices with Non-Gaussian Correlated Process Variations
	Irradiation Defects in Germanium
	Light Modulators for Holographic Video Displays
	Electrically Tunable Organic Vertical-Cavity Surface-Emitting Laser
	Ultra-Compact Low-Threshold Organic Laser
	Integrated Mid-infrared Laser Based on an Er-doped Chalcogenide Microresonator
	Design and Manufacture of Bio-Inspired Light-Emitting Optical Micro-Cavities
	Enhancement of Colloidal Quantum Dot Luminescence through Photonic Crystal Cavity Modes
	Inkjet Printing High-Resolution Patterning of Quantum Dot-LEDs
	Transport of Charge Transfer States in Organic Blends
	Quantum-Spillover Enhanced Surface-Plasmonic Absorption at the Interface of Silver and High-Index Dielectrics
	Integrated Graphene-Based Photonic Devices
	Free‑Space Coupled Superconducting Nanowire Single‑Photon Detectors 
for Mid-IR Optical Communications
	Measuring the Timing Jitter of WSi SNSPDs with Integrated nTron Readout
	Ionic Conduction Studies in TlBr Radiation Detector Materials
	A Tabletop Deep Reactive Ion Etching System for MEMS Development and Production
	A Miniature MEMS Vacuum Pump with Curved Electrostatic Actuation
	Additive Manufacturing of Three-Dimensional Microfluidics
	Piezoelectric Nonlinearity in GaN Lamb Mode Resonators
	Controlled Fabrication of Nanoscale Gaps using Stiction 
	Printed MEMS Membrane Electrostatic Microspeakers
	Electromagnetic Imaging of Nanostructures
	Purification of High Salinity Brine by Multi-Stage Desalination via Ion Concentration Polarization (ICP) 
	Enhanced Flow Boiling in Microchannels via Incorporated Surface Structures
	Experimental Characterization of Thin-Film Evaporation from Silicon Micropillar Wicks
	Elementary Framework for Cold Field Emission: Emission from Quantum-Confined Emitters
	High-Throughput Manufacturing of Nanofibers using Planar Arrays of Microfabricated Externally Fed Emitters
	Optimization of the Morphology of Arrays of Nano-Sharp, Photon-Triggered 
Silicon Field Emitters to Maximize their Total Current Emission
	Advanced X-Ray Sources for Absorption Imaging of Low-Z Materials
	A Field Emission-Based Ultra-High Vacuum Pump for Cold-Atom Interferometry Systems
	_GoBack
	A Portable Bioimpedance Spectroscopy Measurement System for Congestive Heart Failure Management
	Subdermal Implantable EEG Recorder and Seizure Detector
	Continuous and Non-Invasive Blood Pressure Monitoring using Ultrasound
	Body-Coupled Communication and Implants
	Development of a Transcranial Doppler Ultrasound System
	Stretchable Touch and Finger Position Sensors Molded into a Cloth Glove
	Piezoelectric Micro-machined Ultrasonic Transducer Array for Medical Imaging
	Weighing Nanoparticles in Solution at the Attogram Scale
	Microfluidic Blood Sorting for Improved Blood Quality over Prolonged Storage
	Single-Cell Study on the Role of ADAM17 in Cancer Drug Resistance
	A Nanofluidic Device for Size-Based Protein Concentration and Separation 
	Continuous Biomolecule Preconcentration Using Ion Concentration Polarization
	Microfluidic Cell Pairing for Studying Immunity
	Iso-Dielectric Separation of Cells and Particles
	Cell-Based Sensors for Measuring Impact of Microsystems on Cell Physiology
	Microfluidic Electronic Detection of Protein Biomarkers
	Ultrasound-based Cytometry: Absolute Concentration Measurement of Microparticles in Fluid
	Electrochemical Sensors for Monitoring Secreted Cardiac Markers from a Heart on a Chip
	Graphene Field-Effect Transistor Sensors for Quantitative Real-Time Polymerase Chain Reactions
	Chronic, Flexible Electrodes for Interfacing with the Central 
and Peripheral Nervous System
	Reconfigurable Neural Probes for Chronic Electrical Recording
	Probing Neural Circuits with Multifunctional Fiber Probes
	Automated Modeling for Large-Scale Arterial Systems 
	MARIE: A MATLAB-Based Open Source MRI Electromagnetic Analysis Software
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	_GoBack
	Templated Self-Assembly of Block Copolymer Thin Films 
Under Lithographic Confinement
	Lithographic Control of Surface and Volume Plasmons in Aluminum
	Interaction-Free Measurement by Three-Crystal Electron Interferometer
	Membrane Nano-Gratings for Electron Diffraction
	Slurry Abrasive Particle Agglomeration Experimentation and Modeling for Chemical Mechanical Planarization 
	Pad-in-a-Bottle: Planarization with Suspended Polyurethane Beads 
and a Stiff Counterface
	Volatile Organic Compounds Sensors based on Oxidative Chemical Vapor Deposition
	Strain-Engineered Manufacturing of Freeform Carbon Nanotube Microstructures
	Mechanism and Enhanced Yield of Carbon Nanotube Growth on Stainless Steel by Oxygen-Induced Surface Reconstruction
	High-Speed Roll-to-Roll CVD of Graphene using a Concentric Tube Reactor
	Modular Robotic System for Photopatterning Large 3D Surfaces
	Application of Tungsten as a Carbon Sink for Synthesis of Uniform Monolayer Graphene free of Bilayers/Multilayers
	Roll-To-Roll Transfer of CVD-Grown Graphene onto Flexible Substrates Using Heated Roll Lamination and Electrochemical Delamination
	Integration of 2D Materials into 3D Printing
	Electrospray-Printed 2D Material Humidity Sensors
	Quantitative Analysis and Modeling of Templated Solid-State Dewetting of 
Thin Single-Crystal Ni Films
	Metal-Assisted Chemical and Anodic Etching to Form Arrays of Silicon Nanostructures
	Thermal Conductivity Spectroscopy Using Nanostructures
	Inducing Superconductivity in Semiconducting Atomically Thin Layers
	Electrostatic Coupling between Two Surfaces of a Topological Insulator 
	_GoBack
	Center for Integrated Circuits and Systems
	MIT/MTL Center for Graphene Devices and 2D Systems
	MIT/MTL Gallium Nitride (GaN) Energy Initiative
	The MIT Medical Electronic Device Realization Center 
	_GoBack
	OLE_LINK22
	OLE_LINK23
	OLE_LINK18
	OLE_LINK19
	OLE_LINK24
	OLE_LINK25
	_GoBack
	OLE_LINK26
	OLE_LINK27
	OLE_LINK28
	OLE_LINK29
	_GoBack
	Anuradha M. Agarwal
	Akintunde Ibitayo Akinwande
	Polina Anikeeva
	Dimitri A. Antoniadis
	Marc A. Baldo
	Karl K. Berggren
	Duane S. Boning
	V. Michael Bove, Jr.
	Edward S. Boyden
	Vladimir Bulović
	Anantha Chandrakasan
	Luca Daniel
	Jesús A. del Alamo
	Mildred S. Dresselhaus
	Dirk R. Englund
	Nicholas X. Fang
	Jongyoon Han 
	Ruonan Han
	A. John Hart
	Judy L. Hoyt
	Pablo Jarillo-Herrero
	Rohit Karnik
	Ali Khademhosseini
	Sang-Gook Kim
	Lionel C. Kimerling
	Mathias Kolle
	Jing Kong
	Jeffrey H. Lang
	Hae-Seung Lee
	Scott Manalis
	Tomás Palacios
	David Perreault
	Martin A. Schmidt
	Charles G. Sodini
	Vivienne Sze
	Carl V. Thompson
	Harry L. Tuller
	Kripa K. Varanasi
	Luis Fernando Velásquez-García
	Joel Voldman



