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5.1 NanoStructures Laboratory

The NanoStructures Laboratory (NSL) at MIT
develops techniques for fabricating surface struc-
tures of integrated circuits (IC) 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, ion beam,
and x-ray), etching (chemical, plasma and
reactive-ion), liftoff, electroplating, sputter deposi-
tion, and e-beam evaporation. Much of the equip-
ment and nearly all of the methods utilized in the
NSL are developed in-house. Generally, commer-
cial IC processing equipment cannot achieve the
resolution needed for nanofabrication, and it lacks
the required flexibility. The research projects falil
into four major categories: (1) development of
submicron and nanometer fabrication technology;
(2) short-channel semiconductor devices, quantum-
effect electronics, and optoelectronics; (3) periodic
structures for x-ray optics, spectroscopy, atomic
interferometry and nanometer metrology; (4) crystal-
line films on nonlattice-matching substrates.

5.2 Scanning Electron Beam
Lithography
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Figure 1 is a photograph of the scanning electron
beam lithography (SEBL) system (VS-PL) located in
Room 38-185 at MIT. This instrument was donated
from IBM in November 1993. 1t is an experimental
system based on many years of IBM technology
development of SEBL. In 1994, a novel pattern
generator was fabricated and installed on the
system. The pattern generator is based on RISC
parallel processor technology, enabling the gener-
ation of arbitrary shapes, including curved geom-
gtries.

The VS-PL system is the cornerstone of a newly
established facility for high performance electron-
beam lithography. The goals of the new facility are
(1) to provide the MIT research community with an
in-house SEBL capability for writing directly on
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Our sources for x-ray nanolithography are simple,
low-cost electron-bombardment targets, typically
Cu. (A = 1.32 nm), separated by a 1.4 um-thick
SiN, vacuum windows from helium-filled exposure
chambers. In the future, we hope to replace the
CuL sources with higher flux plasma-based x-ray
sources.

For most applications that require multiple mask
alignment, we currently use a simple microscope-
based system which provides about 0.3 um super-
position precision. We are also developing a high
precision mask alignment system (see section 5.6)
that should provide overlay approaching 1 nm.

In earlier research, we showed that for x-ray wave-
lengths longer than ~0.8 nm, the range of the
photoelectron emitted when an x-ray photon is
absorbed in resist does not limit the resolution.
Down to feature sizes ~20 nm, diffraction is the
major concern. By means of accurate electromag-
netic calculations, taking into account the vectorial
character of the electromagnetic field and the
dielectric properties of the absorber, we have
shown that when source spatial coherence is opti-
mized, diffraction does not limit resolution as
severely as had been predicted by simple Fresnel
diffraction calculations. Figure 3 plots the maximum
mask-to-sample gap G versus minimum feature
size W for two values of the parameter o which
connects gap and feature size: G = o W%A. Mod-
eling and experiment verify that « can be between
1 and 1.5 while retaining good process latitude.

For gaps below 10 um, the mask and substrate
must be optically flat (see section 5.5) and dust par-
ticles must be detected and eliminated. To accom-
plish this, we use a jet of frozen CO, micropellets
impinging on the substrate or mask at a fow angle.
The pellets knock off adhering dust particles while
leaving no residue, and the CO, gas also tends to
remove thin layers of organic contamination.

For the linewidth range from 70 to 20 nm, mask-
substrate gaps must be below 5 um. This is not a
problem in a research setting, but may be unac-
ceptable for manufacturing. For this reason, we
have investigated the feasibility of using arrays of
zone plates for projection imaging with x rays of
either 4.5 nm or about 1.0 nm wavelength.
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Figure 3. Plot of maximum mask-sample gap G versus
minimum feature size W for two values of the parameter
.

5.5 Improved Mask Technology for
X-Ray Lithography
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At feature sizes of 100 nm and below the mask-to-
sample gap G must be less than ~10 um. We
have developed a mask configuration compatible
with this requirement in which the mask membrane
is flat to less than 250 nm. We continue to make
incremental improvements in this technology as
ilustrated in figure 4. A novel, low-gradient furnace
was developed to achieve such high levels of mask
flatness.
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Grating Strength and Period Design Space for Strip-Loaded Rib Waveguides
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Figure 23. Design study of grating strength and grating period for a Bragg grating etched on top of a rib waveguide to a
depth of one-half the rib etch depth. The Bragg wavelength is 1550 nm.

in order to achieve grating period control and arbi-
trary quarter-wave shift placement, the grating
corrugation patterns must be produced by electron-
beam lithography (EBL). However, in order for an
EBL field to be sufficiently free of distortion and
have small enough inter-pixel distance for the
channel-dropping filter, the EBL field cannot be
larger than about 100 pum. Since the grating
lengths required by the channel-dropping filter
extend beyond one EBL field, the grating patterns
must be composed by stitching together several
adjacent EBL fields. It has been calculated using a
stochastic model that the standard deviation of EBL
field placement precision must be better than 12 nm
for a 511 nm period grating to have better than a

90 percent chance of writing a resonator with a line-
width broadening of = 10 percent and an offset of
the spectral location less than one-quarter of the
stopband width. Such high-coherence requirements
demand the use of spatial-phase-locked e-beam
lithography, which has demonstrated a field place-
ment precision of < 2 nm.

The grating patterns are written on an x-ray mask
for subsequent transfer to the rib waveguides. A
self-aligned method is used to localize the grating
patterns to the top of the rib waveguides and to
simplify the alignment procedure. The devices
were die-saw cut at a 6 degree angle with respect
to the waveguide perpendicular axis and the facets
were polished.
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Figure 24. Overlay of measured and calculated trans-
mission response of a 590 um long, 9-e-beam-field
resonator. The modulation fringes are due to Fabry-
Perot effects. The resonance linewidth and stopband
width are 0.15 nm and 5.3 nm, respectively. The devi-
ation between the data and calculation on the blue side
of the spectrum is due to grating-induced radiation loss.

Figure 24 shows an overlay of the transmission
response of a QWS-DBR resonator with a full cal-
culation of the expected response. The modulation
fringes, present in the data and included in the cal-
culation, are due to the Fabry-Perot cavity estab-
lished between the grating end that faces the front
facet and the front facet itself. Note that the reso-
nance is very well centered within the stopband.
The degree to which the resonance is centered is
strongly dependent on the magnitude of the
stitching errors between fields.

Figure 25 (inset) shows the resonance offset as
measured on twelve resonators of different kL pro-
ducts and grating periods. The resonance devi-
ations from center are within =1 percent of the
stopband width. It is estimated from this data that
the stitching errors along the gratings are 0 <4 nm,
or =A/250. These gratings are the most highly
coherent e-beam-written Bragg gratings reported to
date.

Figure 26 shows the transmission spectrum of five
513 nm-period resonators 5, 7, 9, 11, and 13
e-beam fields long. The resonance location of each
device is 1535.4 nm. The Q-value ranges from
3,000 to 50,000 while the in-band baseline level is
measurement limited.
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Figure 25. Measured resonance deviation from center of stopband for twelve devices with different periods and grating
lengths. A 1 percent deviation corresponds to &/k = 0.02. Inset shows the effect of a large stitching error (dashed) on

the location of the resonance within the stopband.
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Figure 26. Five quarter-wave-shifted Bragg resonators 5, 7, 9, 11, and 13 EBL fields long, with 128 grating corrugations
per field. The resonance location deviates by less than 0.05 nm from device to device.

5.15 High-Dispersion, High-Efficiency
Transmission Gratings for
Astrophysical X-ray Spectroscopy
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Through a collaboration between the Center for
Space Research (CSR) and the NanoStructures
Laboratory (NSL), transmission gratings are pro-
vided for the Advanced X-ray Astrophysics Facility
(AXAF) x-ray telescope, scheduled for launch on
the NASA Space Shuttle in 1998. Many hundreds
of large area, gold transmission gratings of 200 nm
and 400 nm periods are required. In order to

achieve spectrometer performance goals, the
gratings must have very low distortion. The
gratings will provide high resolution x-ray spectros-
copy of astrophysical sources in the 100 eV to 10
keV band.

The need for high grating quality and an aggressive
production schedule demand the development of a
robust, high-yield manufacturing process. We have
adopted a scheme involving interference lithography
with  tri-level resist, followed by cyrogenic
reactive-ion etching and gold electroplating. A
chemical etching step then yields membrane-
supported gratings suitable for space use. The
gratings undergo extensive testing before being
released for use in the spectrometer.

A new cleanroom fabrication facility (the Space
Microstructures Laboratory) on the 4th floor of
Building 37 (adjacent to the Gordon Stanley Brown
Building), has been constructed in order to fabricate
the AXAF gratings. The proximity of the new lab to
the MTL proper has allowed the lab to share many
MTL services, such as DI, as well as process
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water, nitrogen, process vacuum, and waste drains.
The laboratory space includes 1700 sqg-ft of Class
100 and associated support areas. A large comple-
ment of new equipment has been purchased and
installed, and production of flight gratings is
underway.

5.16 Submicrometer-Period
Transmission Gratings for X-ray and
Atom-Beam Spectroscopy and
Interferometry
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Transmission gratings with periods of 100-1000 nm
are finding increasing utility in applications such as
x-ray, vacuum-ultraviolet, and atom-beam spectros-
copy and interferometry. Over 20 laboratories
around the world depend on MIT-supplied gratings
in their work. For x-ray and VUV spectroscopy,
gratings are made of gold and have periods of
100-1000 nm, and thicknesses ranging from
100-1000 nm. They are most commonly used for
spectroscopy of the x-ray emission from high-
temperature plasmas. Transmission gratings are
supported on thin (1 um) polyimide membranes or
made self-supporting (“free standing") by the addi-
tion of crossing struts (mesh). (For short x-ray
wavelengths membrane support is desired, while for
the long wavelengths a mesh support is preferred in
order to increase efficiency.) Fabrication is per-
formed by interferometric lithography combined with
reactive-ion etching and electroplating. Progress in
this area tends to focus on improving the yield and
flexibility of the fabrication procedures.

2 Professor, Cairo University, Cairo, Egypt.
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Another application is the diffraction of neutral atom
and molecular beams by mesh supported gratings.
Lithographic and etching procedures have been
developed for fabricating free-standing gratings in
thin silicon nitride (SiN,) supported in a Si frame.
Figure 27 shows a free-standing 100 nm-period
grating in 100 nm-thick silicon nitride.

We have recently established a collaboration with
the Max Planck Institute in Goettingen Germany, in
which they will utilize our gratings of 200 and 100
nm period (see section 5.7) in diffraction and
interferometer experiments using He atom beams.
In addition, free-standing zone plates for use in
atom focusing experiments will also be fabricated in
SiN,.

5.17 GaAs Epitaxy on
Sawtooth-Patterned Silicon
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The growth of GaAs on Si offers the possibility of
combining high-speed and optoeiectronic GaAs
devices with Si integrated-circuit technology. Ordi-
narily, the 4.1 percent mismatch between the two
materials leads to high dislocation densities.
However, it has been shown here at MIT that when
GaAs is grown on sawtooth-patterned Si substrates
the disiocation density is less than 105cm?, orders
of magnitude lower than in GaAs films grown on
planar Si substrates. We investigate this effect
both for its potential of greatly improving the quality
of GaAs on Si and as a model for understanding
the mechanism of dislocation reduction. Oriented
gratings of 200 nm period are fabricated in SizN, on
(100) Si substrates using holographic lithography.
Anisotropic etching in KOH is then used to produce
sawtooth-profile gratings in the Si. Then these
serve as substrates for GaAs growth by gas source
MBE.
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