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4.1 NanoStructures Laboratory

The NanoStructures Laboratory (NSL) at MIT devel-
ops techniques for fabricating surface structures with
feature sizes in the range from nanometers to
micrometers and uses these structures in a variety of
research projects. The NSL includes facilities for
lithography (photo, interferometric, electron beam,
and x-ray), etching (chemical, plasma and reactive-
ion), liftoff, electroplating, sputter deposition, and e-
beam evaporation. Much of the equipment and
nearly all the methods utilized at the NSL are devel-
oped in-house. This is because commercial process-
ing equipment, designed for the semiconductor
industry, generally cannot achieve the resolution
needed for nanofabrication, is inordinately expen-
sive, and lacks the required flexibility.

Research projects within the NSL fall into three major
categories: (1) development of submicron and
nanometer fabrication technology, (2) short-channel
semiconductor devices, quantum-effect electronics,
and microphotonics, and (3) periodic structures for x-
ray optics, spectroscopy, atomic interferometry and
nanometer metrology.
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Figure 1 is a photograph of the scanning-electron-
beam lithography (SEBL) system (VS-PL) located in
Room 38-185. This instrument was obtained as a
donation from IBM in November 1993. The digital
pattern generator is based on a commercial high-per-
formance array processor, which utilizes dual RISC
processors. The system is capable of creating large-
area patterns composed of multiple stitched fields.
Conversion software has been developed which
allows a CAD data file to be fractured and translated
prior to exposure by the electron-beam tool.

The VS-PL system is the cornerstone of a facility for
high-performance, large area (up to eight-inch
wafers) electron-beam lithography at linewidth down
to ~70 nm. The goals of the facility are to (1) provide
the MIT research community with an in-house SEBL
capability for writing directly on experimental device
substrates; (2) advance the state-of-the-art in SEBL,
particularly with regard to pattern placement accu-
racy and long-range spatial-phase coherence; and
(3) pattern x-ray nanolithography masks for in-house
use. In order to enable writing concentric circular pat-
terns such as Freznel zone plates, software was
developed to generate arbitrary arcs of an annulus
with user specified start and finish radii and angles.
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substrate. Writing is done via a dot-matrix-printing
strategy, with the individual beams multiplexed by an
array of grazing-incidence micromechanical mirrors
located upstream of the zone-plate array. Registra-
tion of the writing will be done continuously under
laser interferometer control. If made from spent ura-
nium, Fresnel zone plates can focus 4.5 nm x rays
with 31 percent efficiency. The resolution or spot size
is approximately equal to the width of the outermost
zone. Hence, the resolution of the system is deter-
mined by one’s ability to make the zone plates by e-
beam lithography and dry etching.
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Figure 9. Schematic of a maskless projection
lithography scheme that employs 4.5 nm x-rays and
hence should be capable of sub-25 nm lithography.
Zone plates can focus 4.5 nm x-rays with 31 percent
efficiency. Writing is done via a dot-matrix strategy
using laser interferometry to ensure precise
registration. Although (b) depicts multiplexing of
individual beamlets by micromechanical shutters, in
practice this will most likely be done by upstream
grazing-incidence micromechanical mirrors (c).

The maskless projection system, shown in Figure 9,
would circumvent the problems associated with
masks, such as distortion, defects, and slow turn-
around. Moreover, because of the low energy of the
4.5 nm photon (280 eV) there will be negligible sub-
strate damage and no deleterious backscattering,
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photoelectrons or proximity effects. The only cur-
rently available source of 4.5 nm photons that has
the necessary temporal and spatial coherence is an
undulator attached to a synchrotron. Because such a
system is unavailable to us, we have begun our
investigation of zone-plate-based projection lithogra-
phy using a deep-UV source, the ArF laser. We have
fabricated phase-shifting zone plates in quartz plates
and built an apparatus that ensures the substrate is
in the correct focal plane of the zone plate array.
Implementing an array of micromechanical reflecting
mirrors for multiplexed writing represents our major
current hurdle.

4.6 Improved Mask Technology for X-
Ray Lithography
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At feature sizes of 100 nm and below the mask-to-
substrate gap, G, must be less than ~10 um (see Fig-
ure 5). Thus, for nanolithography the mask mem-
brane should be considerably flatter than 1 pm,
preferably ~100 nm. Our mask technology is based
on low-stress, Si-rich silicon nitride, SiNx. This mate-
rial is produced in the IC Laboratory at MIT in a verti-
cal LPCVD reactor. Membranes of SiNx can be
cleaned and processed in conventional stations.
Radiation hardness remains a problem at dose levels
corresponding to production (i.e., millions of expo-
sures). For research purposes, however, the material
is acceptable.

For absorber patterns, we use gold which is electro-
plated onto the membrane after resist exposure and
development using a specially designed apparatus.
A Ti/Au plating base is deposited on the membrane
prior to resist coating.

For patterning of x-ray masks with periodic struc-
tures, interferometric lithography (IL) is used, while
for patterns of arbitrary geometry, e-beam lithogra-
phy is used, either at the MIT SEBL facility or in col-
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what doping profiles were achieved versus the origi-
nal design then will allow us to go back and adjust
the process and to see how changes affect the dop-
ing profiles in the device. This approach should facili-
tate the optimization of device fabrication for deep-
sub-100nm MOSFETs.

Figure 24. Gate mask layout of a figure-eight
geometry MOSFET. The inner two white square
areas are the source and drain probe pads that will
be salicided. The dark wide ring is the gate pad with
the active gate being the fine line in the center. The
outer ring is a guard ring.

4.12 CMOS Technology for 25 nm
Channel Length
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The scaling of CMOS transistors into the sub-100 nm
region is extremely challenging because of short-
channel effects. We are pursuing two distinct
approaches that should permit scaling to 25 nm
channel lengths. Both can be considered three-
dimensional-gate CMOS (3DG-CMOS) technologies.
One is a planar twin-gate configuration, with either
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joint or independent control of the two gates per
MOSFET: the other features a gate that surrounds a
pillar-like vertical channel.

Monte-Carloc modeling predicts that twin-gated
devices scaled to L = 25 nm will have transconduc-
tances G, in excess of 2000 mS/um, while maintain-
ing almost perfect sub-threshold slope. However,
models also predict that the tolerance in aligning
front and back gates has to be within Lg/4 in order to
avoid performance deterioration due to overlap
capacitance. The Lg/4 requirement translates into 6
nm alignment tolerance for a 25 nm channel. In order
to meet this alignment challenge we will use the |BBI
alignment technique which achieves sub-nanometer
misalignment detectivity. The planar twin-gate
devices will be fabricated starting with a SIMOX
wafer. First, the gate stack for the back-gate will be
deposited and patterned by x-ray lithography. The
structure will then be covered by a layer of CVD
oxide, planarized, and bonded to a “handle wafer."
The bulk of the SIMOX wafer will then be chemically
etched using the back-oxide of the SIMOX wafer as
the etch-stop. The fabrication will then follow a con-
ventional SOl process, with front gate precisely
aligned to back-gate layer using the IBBI alignment
scheme. The final structure is depicted in Figure 25.

The second approach to 3DG-CMOS utilizes epitaxi-
ally grown vertical pillars of Si. Such a structure
addresses two major problems in ultra-short-channel
MOS fabrication. First, a surround-gate has maxi-
mum possible control of the channel potential,
improving sub-threshold slope and reducing short-
channel effects to allow scaling of the effective chan-
nel length (L.s) down to 25 nm for pillar MOS device
40-50 nm in diameter. Second, epitaxial definition of
a vertical channel allows almost arbitrarily short L
with tighter control than is possible with current
lithography technologies. It planar MOS devices,
gate length is limited by lithography; the inherent
variability in the lithography and etch processes can
lead to unacceptable variation in L frcm device to
device and wafer to wafer. This is especially critical in
ultra-short-channel devices, where the threshold volt-
age is extremely sensitive to gate length.

Previously demonstrated processes for epitaxially-
defined vertical MOS structures generally start with
the etching of a pillar from the epi wafer, and suffer
from severe difficulties in the subsequent contact and
isolation of gate and source/drain regions. These
problems are avoided in our proposed vertical-MOS
process, illustrated in Figure 26 where the gate elec-
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4.17 Design and Fabrication of an
Integrated Channel-Dropping Filter
in InP
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In order to meet the ever-growing demand for tele-
communications, it will be necessary to exploit the
enormous capacity offered by optical communica-
tions. Wavelength-division-multiplexing (WDM) is
one way to utilize more of the available bandwidth in
optical communications by transmitting several dis-
tinct communications channels on one optical fiber,
each channel at a different wavelength within the
communications band (analogous to AM/FM radio
transmission.) This technology relies on optical filters

to distinguish between the various channels. The
channel dropping filter which we are building at MIT
is one such device. Its function is to selectively add
or drop a single communication channel from an opti-
cal communication stream without affecting the
remaining channels.

Figure 37 is a sketch of our most recent design of the
channel-dropping filter. The bus waveguide carries
many communication channels, each centered at a
different wavelength. The filtering operation is per-
formed by the quarter-wave-shifted resonators,
located on either side of the bus waveguide. The
Bragg grating structure, containing an abrupt quarter-
wave phase shift in the center, acts as an optical res-
onator which is excited only by a specific wavelength.
The resonant wavelength is tapped off into the upper
waveguide of the device, while all other wavelength
channels continue along the bus undisturbed. Figure
37 also illustrates the calculated spectral response of
the device. Note that the device may also be used in
the reverse manner, i.e., to inject or add a specific
wavelength channel.
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Diagram of the channel-dropping filter design. Several wavelength channels propagate along the

bus waveguide, and one particular channel is tapped off into the upper waveguide.
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tion. If the fabricated grating period is uncertain to 1
nm, the center frequency of the filter could be off by
as much as 800 Ghz, which would make the filter
completely miss the desired channel. We have devel-
oped a novel interferometric lithography system
which allows us to repeatably control grating periods
to well within 1 nm.

It is crucial to the operation of the channel-dropping
filter that the bus waveguide and resonators be syn-
chronous. This means that at the center-frequency of
the filter the propagation constants of the two
waveguides depicted in Figure 38 must be equal.
This translates into tight tolerances on the waveguide
and grating geometry. It is therefore important that all
lithography steps be carefully characterized and con-
trolled. Additionally, when the final cladding layer of
InP is deposited over the top of the device, it is
important that the waveguide and grating structures
not be disturbed. To this end, we have developed
and demonstrated llI-V deposition techniques that
can be used to deposit material over fine-period grat-
ings without appreciably effecting the shape of the
underlying grating structure. The design of the chan-
nel-dropping filter has been completed and most of
the fabrication steps have been developed and char-
acterized. We are presently in the process of inte-
grating all of the process steps.

4.18 Fabrication of an Integrated Optical
Grating-Based Matched Filter for
Fiberoptic Communications
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For future all-optical communication systems, filters
are needed for a wide variety of network functions
including dispersion compensation, wavelength mul-
tiplexing, gain flattening, and noise suppression. This
project seeks to develop the technology for building
such filters using integrated Bragg gratings. Inte-
grated gratings provide a convenient way to perform
filtering operations in a package that can be inte-
grated on a chip with other electronic and optical
components of the communications system. As a
vehicle for demonstrating this technology, we are in

the process of fabricating an integrated matched fil-
ter. The matched filter is a grating-based device
designed to filter out unwanted noise from an optical
communication signal.

The dominant source of noise in most modern com-
munications systems is the broad-band noise gener-
ated by amplified spontaneous emission in optical
amplifiers. A filter is needed in order to separate the
communication signal of interest from this unwanted
background noise. Because the broadband noise
typically overlaps with the signal of interest, the most
suitable filter is one that has a spectral response
similar in shape to the signal. The goal of our project
is to build a matched-filter, i.e., a filter with a spectral
response that is matched to the communications sig-
nal. Such a filter is predicted to yield better perfor-
mance than currently-used Lorentzian filters.
Moreover, because the filtering is performed with an
integrated Bragg grating, the device has the potential
of being integrated with other components of the opti-
cal receiver.

One of the most common methods of encoding
binary information on an optical signal is to modulate
the amplitude or phase to represent a sequence of
ones and zeros. Usually, the modulation takes the
form of a square wave pattern, where each bit of
information occupies one available time-slot. For
such square-wave modulation the corresponding sig-
nal spectrum has the characteristic sinc shape, cen-
tered at the optical carrier wavelength. The
integrated Bragg-grating is an ideal filter for such a
communications signal. If the length and shape of the
grating are properly selected, the reflection spectral
response can be made to also have a characteristic
sinc shape, matched to the binary communications
signal.

Figure 39 illustrates the structure of the integrated
matched-filter. The grating is formed by etching a rel-
atively shallow corrugation onto the top surface of the
waveguide structure. The length and shape of the
grating are selected so that the reflection spectral
response is precisely matched to a 10 Gb/s optical
signal. In order to separate the reflected filtered sig-
nal from the incident noisy input signal, a Mach-
Zehnder interferometer configuration is used. A noisy
communication signal is launched into the upper port
of the device and a codirectional coupler splits the
input signal between the upper and lower arms of the
interferometer. A portion of the incident light is
reflected by identical Bragg gratings in the two arms
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of the interferometer The reflected signals are
recombined in the coupling region and emerge in the
lower port of the device.

The device depicted in Figure 39 can be extended to
perform other filtering functions needed in the optical
communications. By merely changing the properties
of the Bragg grating such as the shape, period, and
length, the spectral response can be tailored to suit
alternative needs.

The fabrication of integrated grating devices presents
many fabrication challenges. We have developed a
flexible and robust method of constructing integrated
Bragg-grating-based devices which solves some of
the critical problems of alignment, period selection
and grating fidelity.

While conventional photolithography is used to pat-
tern the waveguide features of the device, patterning
the fine-period grating structures requires high-reso-
lution nanolithography technigues. We employ inter-
ferometric lithography to generate uniform, spatially-
coherent gratings on x-ray masks. X-ray nanolithog-
raphy is then used to transfer the grating patterns
onto the substrate. We have devised an interferomet-
ric lithography system that enables us to control the
grating period to within 1 nm. This is essential in
order to achieve a desired center-frequency of the fil-
ter.

The integrated-matched filter requires that the sub-
micron-period gratings are etched into the top sur-
face of relatively tall (~7 um) waveguides. To perform
nanolithography over such extreme topography, we
have developed a novel scheme, depicted in Figure
39 which allows all of the lithography steps to be per-
formed over essentially planar surfaces. In this pro-
cedure, separate “hard mask” materials are used for
the waveguide etch and the grating etch. The “grat-
ing” hard-mask is patterned first; then the
‘waveguide” hard-mask is deposited and patterned
as illustrated in Figure 40. The two can be distin-
guished in a subsequent process step by selective
chemical etching.
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Integrated Bragg Gratings
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Figure 39. Schematic of an integrated optical
matched-filter. The waveguide consists of a
germanium-doped SiO, core, 6.6 um wide and tall,
surrounded by SiO, cladding. The 10 mm-long Bragg
grating is formed by etching a shallow, 535 nm-
period grating onto the top of the waveguide before
the upper cladding layer is deposited. The
waveguide interferometer is designed to redirect the
reflected filtered signal to a separate output port.
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Figure 44. Comparison of x-ray diffraction
efficiency measured at Lawrence Berkeley
Laboratory and electromagnetic finite element
calculations performed at Columbia University. Peak
gratings efficiencies achieved are ~35% greater than
those of the best available ruled masters of
comparable design.

4.21 Transmission Gratings as UV-
blocking Filters for Neutral Atom
Imaging
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Neutral-atom-beam imaging detectors are used to
study dilute plasmas in laboratory systems such as
tokamaks, and in astrophysical environments such
as the magnetospheric region of the Earth. Neutral
atom emission can be a particularly useful probe of
plasmas since neutrals travel in straight lines of sight,
unperturbed by electromagnetic fields.

Charge-exchange interactions between solar-wind
particles and atoms in the Earth’s tenuous outer
atmosphere are predicted to form strong currents of
neutral atoms (mostly oxygen and helium) emanating
from the Earth, which, if they could be imaged, would
provide unprecedented real-time mapping of this
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complicated magnetohydrodynamic environment.
This information would be valuable in safeguarding
the health of orbiting satellites and ensuring the sta-
bility of our nation’s electric power grid.

Unfortunately, sensitive orbiting neutral-beam detec-
tors are easily overwhelmed by the bright flux of UV
photons typically emitted from astrophysical plasmas
(mostly the 121.6 nm emission from hydrogen and
the 58.4 nm emission from helium). Filters which
allow the passage of low-energy neutral atoms but
block UV light are essential for the performance of
this instrumentation. Through several years of collab-
oration with the Los Alamos National Laboratory
(LANL), the University of West Virginia, and the Uni-
versity of Southern California, we have developed
neutral-beam filters which consist of mesh-supported
200 nm-period gold transmission gratings with 30-60
nm wide slots (Figure 45). The tall, narrow slots in the
gratings behave as lossy waveguides at or below
cutoff, providing discrimination on the order of mil-
lions between UV and atoms.
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Figure 45. Concept of UV filtering by means of a
metal freestanding grating. As a result of polarization
and waveguide effects UV is blocked while allowing
the passage of atoms. In this way, UV background
counts on the atom detector are avoided.

We are fabricating flight grating filters for the Medium
Energy Neutral Atom (MENA) instrument on the
NASA Magnetospheric Imaging Medium-Class
Explorer (IMAGE) mission, scheduled for launch in
January 2000. The gratings are fabricated by inter-
ferometric lithography with tri-level resist, followed by
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