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1.

Nanostructures Laboratory

The NanoStructures Laboratory (NSL) at MIT develops 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 is closely coupled to the Space
Nanotechnology Laboratory (SNL) with which it shares facilities and a variety of joint programs.
The NSL and SNL include facilities for lithography (photo, interferometric, electron-beam, imprint,
and x-ray), etching (chemical, plasma and reactive-ion), liftoff, electroplating, sputter deposition,
and e-beam evaporation. Much of the equipment, and nearly all of the methods, utilized in the
NSL/SNL are developed in house. Generally, commercial lithography and processing equipment,
designed for the semiconductor industry, cannot achieve the resolution needed for
nanofabrication, is inordinately expensive, and lacks the required flexibility for our research. The
research projects within the NSL/SNL fall into four major categories: (1) development of
nanostructure fabrication technology; (2) nanoelectronics, nanomagnetics and microphotonics;
(3) periodic structures for x-ray optics, spectroscopy, atomic interferometry and nanometer
metrology; (4) building a bridge to macromolecular assembly and 3-dimensional structures via
surface templating and membrane folding.
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2.

Scanning-Electron-Beam Lithography (SEBL) Facility

Sponsors:
MIT Institute facility under RLE
Project Staff:
Mark K. Mondol, Feng Zhang, Professor Henry I. Smith, Professor Karl Berggren
In 2004, the Nanostructures Lab converted its scanning-electron-beam-lithography (SEBL) facility
in Room 38-165 into an Institute-wide service facility under the Research Laboratory of
Electronics (RLE). This facility provides MIT and outside users with easily accessible e-beam
lithography, coupled with resident expertise and advise. The facility is managed by Mark Mondol
who provides training on the e-beam tools, direct patterning service, and advise on optimal
nanofabrication techniques and strategies. The Microsystems Technology Laboratories (MTL)
has service facilities for spin coating of resists, resist development and other forms of
processing.
Projects that made use of the SEBL facility during the past year included: patterned nanotube
growth; relief templates for self assembly of block copolymers; quantum devices based on a 2D
electron gas; point-contact devices; 1-D, 2-D and 3-D photonic crystals; ring-resonator add/drop
filters; optical-polarization splitter-rotator devices; deformable photonic couplers; DFB lasers;
novel liquid-crystal devices; magnetic-memory devices; quantum photodetectors; templates for
nanoimprint lithography; photomasks for interferometric-spatial-phase-imaging alignment and
gapping; 4-point contacts for measurements on nanotubes and nanowires; and arrays of Fresnel
zone plates.
Two SEBL tools are available. The Raith Turnkey 150 system is shown in Figure 1. Its electronoptical column is essentially identical to that of a Zeiss Gemini SEM, and provides a beam
diameter as fine as 2 nm. Linewidths of 17 nm have been written with the system, as illustrated in
Figure 2. The Raith 150 includes a pattern generator and laser-interferometer-controlled stage
with an integrated software package. The system can operate from 1 to 30keV accelerating
voltage. Wafers up to 150 mm can be loaded into the system. Typically, users are trained for 3 to
10 hours and then allowed to operate the tool on their own. The tool is available for most users 24
hours a day, 7 days a week.
Figure 3 is a photograph of the VS-26 system. This instrument was put together at MIT from two
systems (VS-2A and VS-6) obtained as gifts from IBM in the mid 1990’s. VS-26 has a minimum
beam diameter of about 10 nm and is capable of creating large-area patterns composed of
multiple stitched fields. It operates at a fixed accelerating voltage of 50keV. Conversion software
has been developed which allows a CAD data file to be fractured and translated prior to
exposure. Substrates up to 200 mm diameter can be exposed at linewidths down to ~30 nm.
However, the area available for patterning is limited to 95x95 mm. Due to the complexity of the
VS-26, patterning tasks are submitted to Mark Mondol for execution. In order to write concentric
circular patterns, such as Freznel zone plates, software was developed to generate arbitrary arcs
of an annulus with user-specified start and finish radii and angles.
The Raith 150 is used in a program to develop spatial-phase-locked e-beam lithography,
described elsewhere. The objectives of that program are to achieve sub-1 nm pattern-placement
accuracy, and to reduce the cost and complexity of SEBL. In a conventional SEBL system
costing several million dollars, pattern placement accuracy is typically much worse than 10 nm.
The SEBL facility encourages users with a variety of experience levels and requirements.
Experienced users are able to carry out complex, multilevel aligned exposures on the Raith-150
tool. Less experienced users get hands-on instructions from facility staff and guidance during the
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learning and initial fabrication stages. Once requisite level of skill is acquired users are
encouraged to carry out SEBL fabrication on their own.

Figure 1. The Raith-150 electron-beam lithography system. This tool provides sub-20-nm patterning
resolution, and pattern-placement accuracy ~ 1nm via spatial phase locking. The operator is graduate
student Feng Zhang.

24-3

Chapter 24. Nanostructures Technology, Research and Applications

Figure 2: Scanning-electron micrograph illustrating the resolution of the Raith 150 SEBL system.

Figure 3. Photograph of the VS-26 scanning-electron-beam lithography system.
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3.

Spatial-Phase-Locked Electron-Beam Lithography

Sponsors:
No external sponsor
Project Staff:
Feng Zhang, Prof. Jianfeng Dai (Lanzhou Univ. of Tech.), Prof. Todd Hasting (Univ. Kentucky),
Prof. Henry I. Smith
Our research in spatial-phase-locked electron-beam lithography (SPLEBL) is aimed at reducing
pattern-placement errors in electron-beam-lithography systems to the 1 nm level. Such high
precision is essential for a variety of future lithographic applications. SPLEBL is currently the only
approach capable of achieving such accuracy. As shown in Figure 1, SPLEBL uses a periodic
signal, derived from the interaction of the scanning e-beam with a fiducial grid on the substrate, to
continuously track the position of the beam while patterns are being written. Any deviation of the
beam from its intended location on the substrate is sensed, and corrections are fed back to the
beam-control electronics to cancel errors in the beam’s position. In this manner, the locations of
patterns are directly registered to the fiducial grid on the substrate.
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Figure 1: Schematic of the global-fiducial-grid mode of spatial-phase-locked electron-beam lithography.
The periodic signal detected from the fiducial grid, which includes both X and Y components, is used to
measure placement error, and a correction signal is fed back to the beam deflection system.

SPLEBL in its continuous-feedback mode has been implemented on a Raith150 scanning ebeam lithography system (an inexpensive system that provides sub-20-nm patterning resolution).
In this implementation, a thin (<10 nm) metallic fiducial grid is placed on top of the e-beam resist.
During exposure, a periodically varying secondary-electron (SE) signal is produced as a result of
the interaction between the electron beam and the metal reference grid. Its limited thickness
makes the grid layer essentially transparent to the primary electron-beam. The beam position is
determined in real time by a detection algorithm based on Fourier technique. This implementation
allowed the beam position to be constantly monitored and corrected during exposure.
Experimental results shown in Fig. 2 indicate that 1-nm-level placement accuracy is achievable
with this technology.
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Figure 2: (a) Histograms showing x- and y-stitching measurements at all 84 field boundaries of 49 stitched
fields. Spatial-phase locking has reduced the standard deviation of the stitching errors to below 1.3 nm. (b)
Sample 200-nm period stitched grating patterns. The dashed line indicates the field boundary.
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Figure 3: Quadrupole lens can be used as a current-modulating device. (a) Field distribution of an excited
quadrupole lens. The e-beam will pass through the center of the field. The semi-circles represent the four
electrodes of the lens. (b) A current modulator consists of a focusing electromagnetic lens located above the
quadrupole (not shown), the quadrupole lens, and an aperture located at the focal point of the
electromagnetic lens. The solid lines show the electron trajectories when the quadrupole lens is not excited,
and the dashed lines when the quadrupole is excited. Fairly symmetric beam shape can be obtained when
proper operating conditions are met.

Besides the fiducial grid and the beam-position-detection algorithm, SPLEBL requires a partialbeam blanker to modulate the beam current in real time so that normal exposure and continuous
feedback can be achieved simultaneously. This is because the beam blanker in a conventional
SEBL system provides only two states to the beam, fully-on or fully-off, and beam-position
tracking is interrupted when the beam is fully-off. As a result, accurate beam-position locking is
impossible for very sparse patterns, e.g. the beam is off most of the time. To resolve this problem,
we have investigated several dose-modulation schemes. Figure 3 shows a scheme that can
modulate the beam current by altering the beam shape with an electrostatic quadrupole lens. By
combining the quadrupole lens with an existing focusing element, e.g. the zoom lens, and a
properly located aperture, one should be able to obtain the required current modulation. With its
strong focusing ability, the quadrupole lens can be operated at a low excitation voltage, which
makes it suitable for extremely fast SEBL tools. Furthermore, it does not introduce beam shift
during beam blanking, as some of the other schemes do.
A non-perturbative, economical, and user-friendly fabrication process for the reference grid is
essential to making SPLEBL suitable for general use. Results shown in Fig. 2 were achieved by
using an 8-nm thick, 250-nm-period Al fiducial grid. It was fabricated through a process that is too
complex for general use. A much simplified grid-fabrication process based on interference
lithography (IL) has been developed, as shown in Fig. 4.
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Figure 4. Process diagram for grid fabrication. The process starts with a sample coated with e-beam resist.
Then, 10 nm of SiO2 and 7 nm of Cu are evaporated on the e-beam resist. The SiO2 layer is placed under
the Cu layer to reduce the stress in Cu. A phase-shifting layer (PSL) of 20-nm HSQ and 30 nm photoresist
(PR) are then spun onto the sample. After IL exposure and development, the pattern is directly transferred
into HSQ. Areas covered by HSQ will appear darker than other areas.

After spin-coating the e-beam resist (e.g. PMMA), 10 nm of SiO2 and 7 nm of Cu are evaporated
onto the sample. The SiO2 layer is necessary to reduce the stress in the Cu film. To reduce the
effect of the vertical standing waves (illustrated in Fig. 5), the photoresist layer is kept very thin,
and a ‘phase-shifting’ layer (PSL) of 20-nm hydrogen silsesquioxane (HSQ) is added between the
photoresist and Cu. The high reflectivity of Cu at the IL exposure wavelength (325 nm) actually
works towards our advantage in the sense that it eliminates the effects of underlying layers on IL
exposure. During resist development, the pattern is directly transferred into HSQ. Figure 6
shows the resulting grid. Areas covered by HSQ appear darker than surronding areas.

Figure 5. Relative intensity distribution in the resist stack during IL exposure. The e-beam resist used in
this experiment is PMMA. The plot shows that a null occurs at the Cu surface. To achieve uniform
exposure, 20nm HSQ was placed between Cu and the photoresist. The intensities between the top and the
bottom of the photoresist differ by a factor of 2.4.
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Figure 6. SEM images of a Cu grid. The signal contrast is due to the differential yield between Cu and
photoresist. The bright holes are uncovered Cu, and the dark areas are photoresist.

Figure 7. Exposure results at 10 keV. SEM image on the left shows gratings exposed in PMMA only. SEM
image on the right shows gratings exposed in through the grid.

SEM images shown in Fig. 7 indicate that the grid does not have deleterious effects on the
exposure.
To further enhance the signal contrast of the grid, several new materials, including single-wall
carbon nanotubes (SWCNT) and fullerenes (C60), are currently under investigation for their high
SE yields. Figure 8 shows a 70 nm thick evaporated C60 film on a Si substrate. The SE yield of a
C60 film increases with the film thickness, and reaches its maximum at around 70 nm. The SE
yield of the 70nm C60 film is more than twice that of the 7 nm Cu film. SWCNT’s show even
higher SE yield, but they are difficult to form into uniform thin films because they tend to bundle
together. Attempts have been made to mix SWCNT with various polymers for spin-coating, but it
worked well only for very low concentrations of SWCNT.

Figure 8. Evaporated C60 film on Si substrate. The film is 70 nm in thickness. The measured SE yield is
twice that of a Cu film.
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4.

X-Ray Nanolithography (XNL)

Sponsors:
unfunded
Project Staff:
James M. Daley, Euclid E. Moon, and Professor Henry I. Smith
For several years, we have been developing the tools and methods of x-ray nanolithography
(XNL). We have explored the theoretical and practical limitations, and endeavored to make its
various components (e.g., mask-making, resists, electroplating, sources, alignment, etc.) reliable
and “user-friendly.” In recent years interest in, and support for, x-ray lithography has disappeared
in the USA due to decisions in the semiconductor industry and the emergence of imprint
lithography as an alternative means of replicating nanopatterned masks at low cost. Research in,
and applications of, x-ray lithography continue in Japan.
XNL is a reliable and simple means of replicating patterns with feature sizes down to 20 nm.
Typically, the x-ray mask is made with scanning-electron-beam lithography (SEBL), although we
often employ a combination of interference lithography, photolithography, SEBL, and XNL to
fabricate the mask. Once the mask it fabricated it can be replicated repeatedly. In the
NanoStructures Lab (NSL), XNL has been used in the fabrication of a large variety of structures
and devices, including: photonic bandgap devices, short-channel MOSFETs, and optical channeldropping filters.
Our sources for XNL are simple, low-cost electron-bombardment targets. We utilize the L line of
copper at λ= 1.32 nm. The sources are separated from a helium-filled exposure chamber by a
1.5 µm-thick SiNx vacuum window. Figure 1 is a photograph of an alignment and exposure
system that is used for both XNL and imprint lithography. This system will enable us to evaluate
the comparative merits of the two technologies.

Figure 1: Photograph of the NSL alignment
system set up for use with either XNL or imprint
lithography. The system employs interferometric
spatial phase imaging, which is capable of 1nm
alignment precision.

Although the wavelength used is very short (1.32 nm) compared to the minimum feature sizes of
interest (e.g., 20 nm) diffraction in the gap between the mask and the substrate can be
detrimental. For example, with a CuL source, a 50 nm feature must be exposed at a mask-tosubstrate gap of less than about 4 µm in order to maintain good process latitude. A 25 nm
feature would require a gap of 1 µm. For such very small features, we eliminate the gap and use
contact between the substrate and the flexible membrane mask; essentially the same as in
imprint lithography. This technique has enabled us to replicate features as small as 20 nm in a
practical, reproducible way.
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5.

Adaptive-Membrane-Mask Technology

Sponsors:
Unfunded
Project Staff:
Thomas B. O’Reilly, Professor Martin Feldman (LSU) and Professor Henry I. Smith
One factor limiting the area of patterns produced by conventional mask-based lithographic
systems is the distortion present either in the mask, the substrate, or the optics of the lithographic
system. The traditional approach to dealing with such distortion is to create the patterns on rigid
masks, and build complex and expensive optical systems that minimize their inherent distortion.
We are investigating an alternative approach to the problem of distortion, which we call the
Adaptive Membrane Mask (AMM) scheme. In this approach, the pattern is defined in an
absorbing material on a thin, flexible membrane mask, typically made of Silicon Nitride or Silicon
Carbide between 1 and 2 microns thick, similar to the masks used in x-ray lithography (XRL).
Rather than trying to prevent distortion in the mask, we seek to use and control the flexibility of
the mask to our advantage, with the goal of getting a better result than would be possible with
even a perfectly rigid mask. In this way, our approach is akin to adaptive optics, where the
shapes of flexible optical elements are controlled to correct for atmospheric turbulence. With
AMM, mask distortion is controlled by introducing a temperature distribution across the mask to
create thermal stresses that compensate for measured distortions in the mask, the substrate and
the optics. This approach is shown schematically in Figure 1. Preliminary experimental work has
been performed, which correlated well with numerical models.

Figure 1. Proposed implementation of Adaptive-Membrane-Mask distortion correction applied to x-ray
lithography. The basic scheme is applicable to most mask-based lithographies.
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6.

Imprint Lithography

Sponsors:
Molecular Imprints, Inc., Austin, TX
AFOSR
Project Staff:
Dr. Euclid E. Moon, Stefan Harrer, Professor Karl K. Berggren and Professor Henry I. Smith
Imprint lithography is a straightforward and reliable means of replicating patterns with feature
sizes down to 20 nm, and potentially down to the single-molecule level. Typically, the imprint
template consists of a thick, fused-silica blank coated with 100 nm of hydrogen silsesquioxane
(HSQ), patterned by scanning-electron-beam lithography (SEBL). The patterned template is
treated with a release-assist agent such as alkyltrichlorosilane, which reduces the surface free
energy of the template, and ensures that the template can be removed cleanly after imprint. A
planarization layer material is spun on a silicon wafer, followed by nanoliter droplets of a lowviscosity etch barrier fluid. The template is leveled and brought into proximity with the substrate.
Upon contact, the etch barrier fluid distributes itself by capillary action throughout the cavities in
the template pattern. Low pressure is applied to the template, slightly compressing the etch
barrier fluid, and allowing a three-point force measurement around the periphery of the template
to ensure proper leveling. The gap between the template and substrate is maintained at ~100
nm, which allows freedom of movement of the template parallel to the substrate, with the etch
barrier fluid acting as a lubricating layer. Alignment is performed to the ~1-nm level using our
novel Interferometric-Spatial-Phase Imaging (ISPI) alignment technology.
(The issue of
alignment fringe contrast resulting from a phase-type diffraction grating in contact with a fluid of
similar index-of-refraction is addressed in Section 7.) A brief exposure of the etch barrier fluid to
ultraviolet light initiates crosslinking of monomers in the fluid, after which the template is removed
in a measured and level manner. The pattern remaining in the solidified etch barrier material is
transferred into the substrate with a bi-layer reactive-ion etch.

Two custom-designed imprint lithography systems are in the NanoStructures Laboratory (NSL),
one of which is illustrated in Fig. 1. The system can imprint on wafers up to 200 mm diameter, in
field sizes up to 25 x 25 mm. Stage position is feedback-controlled in X, Y, and Z to ~1 nm.
Template leveling is controlled at three points to ~1 nm. Alignment and gap are detected
simultaneously with a set of three ISPI microscopes. Both imprint systems reside in microenvironment enclosures within a Class 10 cleanroom.

Exploration of synergy between imprint lithography and Zone-Plate-Array Lithography (ZPAL),
Interferometric Lithography (IL), Spatial-Phase-Locked E-Beam Lithography (SPLEBL), and other
types of nanolithography unique to the NSL are underway. In an example of such synergy, the
high-throughput, parallel-write capabilities of ZPAL are being used to streamline patterning of
imprint templates. In another example, imprint lithography is being used to inexpensively transfer
IL-patterned fiducial grids onto substrates, a step that may be essential to successful
commercialization of SPLEBL.
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We plan to employ imprint lithography systems for fabrication of coupled Josephson junction
quantum bits for use in quantum computing.

Figure 1: A custom-designed imprint lithography system used with Interferometric-Spatial-Phase Imaging
(ISPI) alignment and gap control. Three ISPI microscopes provide continuous position measurements for
six-axis positioning (X, Y, Z, θx, θy, θz) with sub-1 nm precision.
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7.

Nanometer-Level Alignment and Gap Control for Fluid-Immersion
Lithographies

Sponsor:
Molecular Imprints, Inc., Austin, TX
Project Staff:
Dr. Euclid E. Moon, Dr. Patrick N. Everett, and Professor Henry I. Smith
A novel aligning and gapping technique, called Interferometric-Spatial-Phase Imaging (ISPI), is
implemented on an in-house, custom-designed apparatus, illustrated in Fig. 1. ISPI encodes
position in the spatial phase and frequency of complementary sets of interference fringes,
observed with oblique-incidence, long-working-distance, darkfield optical microscopes (Fig. 2).
ISPI utilizes spatial phase and frequency for simultaneous detection of gap and alignment in the
same microscope image. Three microscopes detect position in all six degrees of freedom. ISPI
combines high sensitivity to alignment (~1 nm) with immunity to spurious influences, such as
coatings of resist, oxide or other materials on the substrate, or fluids within the gap between the
template and substrate, as indicated schematically in Fig. 3(a).

In any type of fluid-immersion lithography, such as Step-and-Flash Imprint Lithography (SFIL) or
immersion Zone-Plate-Array lithography (iZPAL), it is important to actively track the alignment
and gap. However, in SFIL in particular, it is desirable to use a shallow (~100 nm) phase grating
for the alignment and gapping marks, as well as the device patterns, which raises the issue of
ISPI fringe contrast when the gap is filled with a fluid with an index of refraction similar to that of
the template, as indicated schematically in Fig. 3(a). Two-dimensional finite-difference time
domain (FDTD) simulations of the ISPI alignment fringes (Figs. 3(b), 3(c)) indicate waning fringe
contrast with increasing index of the gap medium (Fig. 4). Fringe contrast with a fused silica
phase grating in an imprint fluid (n = 1.4) is predicted to be 12% of the fringe contrast obtained
with air in the template-substrate gap.

In an experiment, a template-substrate gap was mechanically locked and various fluids
introduced into the gap. ISPI fringes observed throughout the process support the predictions of
the FDTD simulation, as shown in Fig. 4. Alignment measurement statistics with air, water or
imprint fluid in the gap are shown in Fig. 5. Although the fringe contrast spans a wide range due
to variation in the index-of-refraction of the gap medium, the data in Fig. 5 indicate that the
diminishing index differential causes only minimal degradation of the relative spatial phase
between ISPI fringe sets, and hence, of the alignment measurement. Consequently, we believe
that ISPI is uniquely advantaged for application to SFIL and other forms of fluid-immersion
lithography. We are currently engaging the capabilities of ISPI aligning and gapping in the
fabrication of a variety of electronic and optical devices.
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Figure 1: Photograph of a custom-designed SFIL imprint lithography system used with InterferometricSpatial-Phase Imaging (ISPI) alignment and gap control.
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Figure 2: Schematic of an imprint template and substrate observed by ISPI microscopes. Lateral position is
encoded in the relative spatial phase between complementary sets of interference fringes, resulting from
multiple diffractions from gratings and checkerboards on the template and substrate, respectively. Three
ISPI microscopes provide continuous measurements for six-axis feedback control of position (X, Y, Z, θx, θy,
θz). Measurement of gap (Z) does not require any mark on the substrate.
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Figure 3: (a) Schematic of phase gratings in fluid. (b) 2D FDTD simulation indicating the intensity pattern
beyond a sequence of diffraction gratings. (c) Low-pass filtered slice of the FDTD simulation, predicting
fringes observed by an ISPI microscope.
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Figure 4: Plot of FDTD simulations and experimental data of ISPI fringe contrast with various media in the
template-substrate gap, including imprint fluid (n = 1.4).
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Figure 5: Plots of ISPI alignment measurements with various materials in the gap and constant illumination
intensity. Although a dependence of alignment accuracy on fringe contrast is observed, measurement
accuracy in the imprint fluid is within σ = 2.1 nm, even with very low contrast fringes. Note that this is
illustrates the latitude in fringe contrast.
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8.

Zone-Plate-Array Lithography (ZPAL)

Sponsors:
LumArray, Inc.
Project Staff:
Rajesh Menon, Amil Patel, David Chao, Mathias Galus and Professor Henry I. Smith
The ZPAL System
Nanolithography is the key technology driving technological progress in electronics, photonics,
information technology and biotechnology. The tools and techniques used in the semiconductor
industry have become too expensive for applications other than high-volume manufacturing.
Masks, which are required for each unique design, can cost tens of thousands of dollars per
layer. This economic constraint has made nano-patterning accessible to a select few, namely the
major companies of the semiconductor industry, who can absorb these costs with high-volume
production. Empowering the next generation of innovators will require making available an
inexpensive, yet highly capable optical nanolithography tool.
At the MIT NanoStructures Laboratory, we are pursuing an innovative scheme, which we call
Zone-Plate-Array Lithography (ZPAL). ZPAL is an optical maskless technology that operates on
the principle of diffraction rather than refraction. Instead of a single massive lens, an array of
thousands of nanofabricated Fresnel zone plate lenses is used, each focusing a beam of light
onto the substrate. A computer-controlled array of micromechanical spatial-light modulators turns
the light to each lens on or off as the substrate is scanned under the array, thereby printing the
desired pattern in a “dot-matrix” fashion. A schematic of ZPAL is shown in Figure 1.

Figure 1: Schematic of Zone-Plate-Array Lithography (ZPAL). An array of Fresnel zone plates focuses
radiation beamlets onto a substrate. The individual beamlets are independently turned on and off by
upstream micromechanics as the substrate is scanned under the array. In this way, patterns of arbitrary
geometries can be created in a “dot-matrix” fashion.
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Pushing Lithographic Performance – The iZPAL System
Lithographic resolution is one of the major figures-of-merit in a direct-write system such as ZPAL,
and is often expressed with the following equation:

Wmin = k1

λ

NA

where Wmin represents the minimum linewidth, k1 is a proportionality factor that takes into account
variables such as resist properties, environmental conditions, etc., λ is the wavelength of the
radiation reaching the substrate, and NA is the numerical aperture.
Our current ZPAL prototype has already achieved high-resolution patterning (Wmin=135nm)
corresponding to: k1=0.29, λ=400nm and NA=0.85. To further improve the resolution we have
investigated immersion lithography which, scales λ down by a factor of n (where n is the refractive
index of the medium between the zone-plate array and the substrate), thus producing a smaller
diffraction-limited spot. Figure 2 shows simulated point-spread functions (PSFs) of zone plates
operating at λ=400nm under immersion and non-immersion conditions. We see that the
immersion zone plate produces a smaller diffraction-limited spot.

Figure 2: Simulated PSFs of NA=0.85 zone plates operating at λ=400nm under immersion and nonimmersion conditions. The simulations were generated using a Finite-Difference-Time-Domain algorithm.

In our initial experiments on immersion Zone-Plate-Array Lithography (iZPAL), the gap between
the zone-plate array and the substrate is filled with de-ionized water (n=1.34 at λ=400nm). We
can expect a 26% decrease in the minimum feature size (Wmin=100nm given the values for k1, λ,
and NA listed above). Our iZPAL setup is depicted in Figure 3.
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Figure 3: Immersion lithography for ZPAL. We place a droplet of DI water on the substrate, then
lower the zone-plate array face down onto the droplet.

We previously demonstrated a robust planar process involving HSQ resist on a fused silica
substrate to fabricate zone plates for the non-immersion scheme. The proper functionality of a
zone plate is dependent upon introducing a π-phase-shift between adjacent zones. This phase
shift becomes difficult to achieve when the refractive indices of HSQ and the immersion liquid (DI
water) are almost identical (nHSQ =1.39, nDI water =1.34 at λ=400nm). To overcome this, we have
developed a new process in which the zones are patterned in Si-rich silicon nitride (nSiN=2.41 at
λ=400nm). The immersion zone plates are first patterned on PMMA using e-beam lithography.
The pattern is then transferred into a Nickel (Ni) layer through a liftoff process, which is then used
as an etch mask for reactive-ion-etching into the underlying SiN layer. Finally, the Fulton-Dolan
process is performed to create a chrome (Cr) absorbance layer, which serves to block out all light
not incident on the zone plates. Scanning-electron micrographs of a completed immersion zone
plate are shown in Figure 4.

Figure 4: SEMs of an NA=0.85 immersion zone plate, designed for λ=400nm.

The immersion zone-plate array was then integrated into our ZPAL prototype system to test its
lithographic performance. Dense lines/spaces were printed using both immersion and non24-21
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immersion ZPAL, and compared in Figure 5. To date, we have successfully patterned dense
lines/spaces with linewidths as low as 115nm using immersion ZPAL (compared to 135nm using
non-immersion ZPAL). In addition, we observe that at the same resolution, the immersion
scheme prints with better pattern fidelity compared to the non-immersion scheme.

Figure 5: Scanning electron micrographs (SEM’s) showing resolution of the immersion and non-immersion
ZPAL systems at λ=400nm. (a) The immersion zone plates reliably print dense lines/spaces down to 115nm.
(b) The non-immersion zone plates reliably print dense lines/spaces down to 135nm.

SEMs of dense nested-L’s and dense arrays of contact holes produced using immersion ZPAL
are shown in Figure 6.

Figure 6: SEMs of (a) nested-L’s and (b) arrays of contact holes, demonstrating the performance of the
immersion ZPAL system.
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In addition to the resolution improvement, the immersion scheme improves ZPAL’s exposure
latitude and depth-of-focus, as is evidenced by the exposure window plots in Figure 7. The
exposure window is quantitatively defined as the range of exposure dose and defocus values
which produce linewidths that vary less than ±5% from the nominal linewidth (critical dimension).
At focus, the immersion scheme possesses an exposure latitude of ~9.5% compared to ~5.9% for
the non-immersion scheme. Furthermore, the exposure window for the immersion system
remains fairly constant for defocus values up to ~200nm compared to a more rapid decrease in
the exposure window for the non-immersion system.

Figure 7: A comparison of the exposure windows for the immersion and non-immersion ZPAL systems.
The area between the CD+5% and CD-5% curves defines the exposure window, which is clearly larger
for the immersion system.

Fabrication and Replication of Zone-Plate Arrays by NanoImprint Lithography (NIL)
We are investigating the use of nanoimprint lithography for the fabrication of large arrays of highnumerical-aperture diffractive-lens arrays for zone-plate-array lithography (ZPAL).
The
NanoImprint Lithography (NIL) system in the NSL is capable of 5nm alignment. We intend to use
a template consisting of a small array of zone plates with this system to create a much larger
array.
The template is fabricated by scanning-electron-beam lithography (SEBL) using the Raith150
SEBL. The patterns are defined in HSQ. Self-aligned apertures are then created by chrome
evaporation, followed by a Fulton-Dolan process. These steps are illustrated in Figure 8.

Figure 8: Fabrication of the NIL template.

The template is then pressed into a NIL liquid deposited on top of a glass substrate. Shining UV
light through the template cures the liquid, and thus, “fixes” the zone plate patterns in the cured
polymer. The template is stepped, and this process is repeated until the required size of the
array is obtained. The alignment capability is important to ensure that all the zone plates in the
array are aligned to each other.
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9.

Interference Lithography

Sponsors:
National Science Foundation, DMR-0210321; Dupont Agreement 12/10/99
Project Staff:
Timothy A. Savas, Michael E. Walsh, Thomas B. O'Reilly, Dr. Mark L. Schattenburg, and
Professor Henry I. Smith
Interference lithography (IL) is the preferred method for fabricating periodic and quasi-periodic
patterns that must be spatially coherent over large areas. IL is a conceptually simple process
where two coherent beams interfere to produce a standing wave, which can be recorded in a
photoresist. In principle, the spatial-period P of a grating can be as small as half the wavelength
of the interfering light (λ). In practice, we can produce patterns with periods as small as 170 nm
using a 325 nm HeCd laser, and as small as 100 nm using a 193 nm ArF laser. One can think of
the high-contrast sinusoidal intensity images produced with this technique as the building blocks
from which more complex images can be formed. Thus, one can study the process of lithography
using the gratings formed with IL just as one would study an electronic or acoustical system using
sinusoids rather than arbitrary signals. The periodicity of gratings produced by IL is given by

P=

λ
2sin(θ )

where θ is half the angle of beam intersection.

The NanoStructures Lab has been developing IL technology for over 30 years. We currently
operate 5 different IL systems for a wide variety of applications. One system, shown
schematically in Figure 1, is known as the Mach-Zehnder system. It uses a HeCd laser with a
wavelength of 325 nm, and is typically configured to expose gratings with a period of 230 nm.
This system functions both as an exposure tool and an analysis tool. Using a technique known
as holographic phase-shifting interferometry (HPSI), the linearity and spatial phase of gratings
produced in this system can be quantitatively measured and mapped with an accuracy of a few
parts per million. The hyperbolic progression in the spatial-phase of gratings created using the
Mach-Zehnder IL are responsible for changes in periodicity of a few tenths of a nanometer (for a
200 nm period grating) over a 100 mm wafer. Although seemingly small, distortions of this scale
can be highly significant, especially in metrological applications such as the fiducial grids for
spatial-phase locked electron-beam lithography. Using the HPSI, we have been able to
investigate innovative techniques for reducing these grid distortion levels. One method, based on
the controlled bending of the substrate during exposure, has demonstrated a reduction of the
distortion pattern from 2D to 1D as well as reducing the magnitude of the distortion by almost an
order of magnitude.
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Figure 1. Schematic of the Mach-Zehnder interference lithography system. This setup can be used as an
interference lithography system to write reference grids as well as a holographic-phase-shifting
interferometer to measure grid distortion.

The Lloyds-mirror interferometer, shown schematically in Figure 2, also uses a 325 nm HeCd
laser. A single point source, located 2 meters distant, is used in conjunction with a mirror placed
normal to the substrate, which creates an image of a second source. The primary advantage of
the Lloyds-mirror is that the spatial-period of the exposed gratings can be easily and continuously
varied from many microns down to ~170 nm with an accuracy better than 1 part in 1000 without
re-aligning the optical path as would be required in the Mach-Zehnder system. This has opened
the door to new possibilities such as varied aspect ratio grids (different periodicities in the two
axes of the grid) for patterned magnetic media and MRAM (magnetic random access memory)
devices. Among the many other applications of IL supported by the Lloyds-mirror are alignment
templates for organic crystals, semiconductor quantum dots, and patterning for studies of
templated self assembly of block copolymers, metal particles and nanowires. Distributed
feedback (DFB) structures for quantum dot lasers and photonic bandgap devices have also been
made using the Lloyds mirror system.
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Figure 2. Schematic of a Lloyds-mirror interferometer. The substrate and mirror are fixed at a 90˚ angle to
one another, and centered in a single incident beam. Rotating the substrate/mirror assembly as indicated
varies the spatial-period of the exposed grating. The micrograph shows a grating with 70 nm lines on a
170 nm pitch exposed using the Lloyds-mirror.

For spatial periods of the order of 100 nm, we use a 193 nm ArF laser. To compensate for the
limited temporal coherence of the source, we utilize an achromatic scheme shown in Figure 3.
In this configuration the spatial period of the exposed grating is dependent only on the period of
the parent gratings, regardless of the wavelength and temporal coherence of the source. Thus,
gratings and grids produced with this tool are extremely repeatable. Figure 3 also shows a
100 nm-period grid of 13 nm-diameter posts etched into Si, produced with achromatic
interferometric lithography (AIL) and a sequence of etching steps. Applications of AIL include
patterned magnetic media, free-standing gratings for atom-beam interferometry, and templated
self-assembly.
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Figure 3. (Top) Achromatic interferometric lithography (AIL) configuration used to produce 100 nm-period
gratings and grids. (Bottom) Scanning electron micrograph of a 100 nm-period grid, exposed in PMMA on
top of an antireflection coating, and transferred into Si by reactive ion etching and Si02 etching.

Using a grating-based achromatic interferometer, the period of the exposed grating is exactly half
that of the parent gratings. This invites a "bootstrapping" technique where we use the 100 nm
gratings made with the 193 nm AIL as parent gratings for 50 nm period exposures. We are
currently developing a new generation of interference lithography tools to accomplish this.
However, for a given wavelength, the smallest period possible is λ/2, which means that a photon
source of λ<100 nm is necessary for the next generation of tools. The limited availability of
sources, as well as poor optical properties of materials in this wavelength regime are major
design obstacles. One option for circumventing both of these problems is to use immersion in a
high-index medium to reduce the effective wavelength (λe) of a source such as the 193 nm ArF
laser, or a 157 nm F2 laser. For example, in a medium with refractive index n=1.6, the effective
wavelength of the ArF laser is λe =121 nm, and for the F2 laser λe =98 nm. Thus, grating
periodicities in the 50-60 nm range should be possible with currently available laser sources. We
have demonstrated the use of immersion to enable exposures with periodicity below λ/2. Figure
24-27
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4 shows a 90 nm period grating exposed via the spatial-frequency doubling of a 180 nm-period
parent grating using 193 nm light. We are currently working towards implementing this process at
shorter periods. Other possibilities under investigation are free-standing gratings etched in a thin
membrane for use with soft x-rays, or an analogous AIL scheme based on reflection gratings,
which could be used at any wavelength despite high material absorption.

Figure 4. 90 nm period grating exposed in PMMA using 193 nm light in a medium with refractive index
n=1.53. An anti-reflection coating (XHRi) is used between the substrate and the photoresist (PMMA) to
improve the exposure profile.

One further system is operated in conjunction with the Space Nanotechnology Lab (SNL). This
system also employs the Mach-Zehnder configuration, but is specially designed for high stability
and repeatability. It is capable of producing metrological quality gratings and grids up to 100 mm
in diameter at spatial periods down to 200 nm. Used primarily for satellite applications, gratings
produced with this tool have flown on numerous missions, most notably, the Chandra x-ray
astronomy satellite launched in August of 1999 which included hundreds of matched, highprecision gratings. SNL also operates a more advanced system which is capable of making
nearly perfect gratings over substrates up to 300 mm diameter. This system, called the
NanoRuler, employs scanning-beam interference lithography (SBIL) and is described in a
separate section of the report.

24-28 RLE Progress Report 147

Chapter 24. Nanostructures Technology, Research and Applications

10.

The MIT Nanoruler: A Tool for Patterning Nano-Accurate Gratings.

Sponsors:
NASA (NAG5-5405, NAG5-12583)

Project Staff:
C.-H. Chang, C. Joo, Juan Montoya, Dr. Ralf Heilmann
(Dr. Mark L. Schattenburg and Prof. Henry I. Smith)

Historically, the ability to observe and measure the results of processes has been critical to
advancing fabrication technology. Thus, improvements in optical microscopy (e.g., Nomarski
differential interference contrast) were a key enabler of the microelectronics revolution. In turn,
the scanning-electron and atomic-force microscopes are essential tools as we move into the
nanotechnology era. While the ability to print or resolve a particular feature size is a necessary
condition for the successful lithographic manufacturing of nanosystems, it is, by no means, the
only requirement. Equally important is the ability to measure and control the size and placement
of lithographic features with very high accuracy
All modern lithographic production and inspection tools, and all precision tools for that matter, are
based on the notion of a metrology frame. Such a frame is composed of three components: (1) a
rigid mechanical structure, (2) means to measure the motion of a workpiece with respect to the
metrology frame, and (3) means to project, image or detect patterns on the workpiece, such as by
use of an optical or electron lens. The preferred means for measuring workpiece motion has
been the laser interferometer. The accuracy of a lithographic tool is critically dependant on the
accuracy of its metrology frame, which, in turn, is dependant on the accuracy of the
interferometer. Due to a number of factors, however, interferometer accuracy is not keeping pace
with the shrinking tolerances as called for by the semiconductor industry roadmap, and is
inadequate for many integrated optoelectronic patterns and the future nanotechnology revolution.
To address this problem, we are developing a lithographic tool called the Nanoruler that is
designed to pattern gratings of such high accuracy that they may serve as the means for
detecting workpiece motion in precision tools, using a method known as optical encoding, with an
accuracy that is some 10-100X better than laser interferometers. The Nanoruler utilizes a
patterning method called scanning-beam-interference lithography (SBIL), developed in the Space
Nanotechnology Laboratory (SNL), that is capable of rapidly patterning large gratings (>300 mm
diameter) in only a few minutes with unprecedented accuracy (see Fig. 1). Such super-accurate
gratings can serve as optical encoder plates. Another important application for the Nanoruler is
the patterning of nano-accurate gratings necessary for locking an electron beam using a novel
technique called spatial-phase locked electron beam lithography (SPLEBL) that is under
development in the NanoStructures Laboratory (NSL) and described elsewhere.
High fidelity gratings are also critical for advanced instrumentation and optics such as laboratory
and astronomical spectrographs, high-bandwidth optical communications and fusion energy
research. Conventional means of fabricating gratings, such as diamond ruling, holography, or
beam writing, can take many hours or weeks to complete, and typically produce gratings of poor
spatial-phase fidelity.
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The concept of SBIL is to combine the sub-1 nm displacement-measuring capability of laser
interferometry to control a high-performance air-bearing stage, with the interference of narrow
coherent beams, to produce coherent, large-area, linear gratings and grids. Our ultimate goal is
to produce gratings with sub-nm distortion over areas many tens of centimeters in diameter.
SBIL requires sophisticated environmental controls to mitigate the effects of disturbances such as
acoustics, vibration, and air turbulence, and variations of temperature, pressure, and humidity.
The system also features real-time measurement and control of optical phase using heterodyne
fringe detection, acousto-optic modulator phase locking and a high-speed digital signal processor
(DSP) controller (see Fig. 2).
An important feature of SBIL is the ability to both write and read gratings with nanometer control
of grating phase. We have demonstrated ~2 nm 3σ repeatability of the writing and reading
process. Fig. 3 shows a photograph of a 300 mm-diameter wafer patterned with the Nanoruler.
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Figure 1. Schematic of the scanning-beam-interference lithography (SBIL) system under development in
the SNL. A pair of narrow, low-distortion beams overlap and interfere at the substrate, producing a small
grating “image.” The substrate is moved under the beams, writing a large area grating. Tightly overlapped
scans ensure a uniform dose.
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Figure 2. Schematic of SBIL acousto-optic (AO) modulator phase locking system.
Both writing and
reading modes are depicted. The phase of the grating image is measured by a small interferometer close to
the writing surface. The AO modulators Doppler shift the beams into the mega-Hertz range, providing highaccuracy heterodyne measurement of phase. This information is processed by a digital signal processor
and used to control RF frequency synthesizers which drive the AO modulators, thus locking the image
phase to the moving substrate.

Figure 3. A 300 mm-diameter silicon wafer patterned with a 400 nm-period grating by the Nanoruler. The
grating is diffracting light from the overhead fluorescent bulbs.
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11.

Interference Lithography for Patterning Variable-Period Gratings

Sponsors:
NASA (Grants NAG5-5405, NAG5-12583)

Project Staff:
C. Joo, J. Montoya, Dr. R. Heilmann, Dr. Mark L. Schattenburg

Scanning-beam interference lithography (SBIL) patterns large-area, linear, low-phase-distortion
gratings with a pair of small diameter (millimeter size) phase-locked laser beams. We are
developing a new system that generalizes the concept of phase-locked scanning beams for
patterning continuously varying (chirped or quasi-periodic) patterns. These structures can
subsequently be used to fabricate chirped x-ray reflection gratings for astronomical imaging
applications, chirped fiber Bragg gratings for time-delay or spectral filtering applications, and/or
diffractive optical elements.
Figure 1 shows the experimental diagram of the variable-period scanning-beam-interference
lithography (VP-SBIL) system. For controlling the grating period and orientation, the system
employs dual-axis picomotor-driven gimbal mirrors to produce symmetric deflections of a pair of
interfering beams around the optical axis without translation. Two objective plano-convex lenses
(f# = 4.25, 2.12) are used in a 4-f optical configuration. Such a lens system allows the conjugate
points of beam deflection (on mirrors) to overlap at the focal plane of the second objective lens.
The spot size of image overlap is reduced to half the beam diameter as the ratio of focal lengths
f2/f1=0.5. This relaxes the maximum period variation (∆Λ) constraint over the image diameter (D)
that requires ∆Λ/Λ << Λ/D where Λ is the grating period.
To attain phase stability during grating patterning, homodyne fringe locking is adopted using an
imaging detector, analog fringe-locker and a piezo-actuated mirror in closed-loop. In the present
experimental configuration, two-axis beam rotation can generate any fringe orientation. However,
variation in grating period (2 µm to 1000 µm) is limited by the range of deflection produced by the
gimbal mirrors (± 10º) and by the numerical aperture (NA) of the lens system. Using positionsensitive detectors with an appropriate imaging and Fourier lens configuration, closed-loop beam
steering is implemented to vary the grating period and orientation in a predetermined fashion.
Typical requirements for x-ray reflection grating fabrication are Λave~ 2 µm and chirp factor ∆Λ/Λ
~ 5%.
Fig. 2 shows two grating images of period 2.0 µm and 4.0 µm obtained on a static substrate by
changing the angle between the beams using the picomotor-controlled gimbal mirrors. Line
uniformity in the images indicates minimal fringe distortion over the entire beam overlap. The
picomotors can be constantly driven to write large-area gratings with continuously varying period
and orientation on a substrate mounted to a precision X-Y stage. The piezo-actuated picomotors
(which produce displacement jitter and exhibit low bandwidth operation) will be subsequently
replaced by voice coil-actuated fast steering mirrors.
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Figure 2. Optical micrographs of gratings written by VP-SBIL with periods (a) 2.0 µm and (b) 4.0 µm.
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12.

Precision Nanofabrication Techniques for Microphotonic Devices

Sponsors:
DARPA, W911NF-04-1-0431 ; Pirelli Lab S.p.A., Agreement 9/1/01
Project Staff:
Tymon Barwicz, Minghao Qi, Charles W. Holzwarth, Benjamin Barbrel, Milos A. Popovic, Michael
R. Watts, Peter T. Rakich, Professor Franz X. Kaertner, Professor Erich P. Ippen, and Professor
Henry I. Smith.
Microphotonic devices are miniaturized and integrated components useful in optical networking.
These devices have exacting fabrication tolerances for feature size, pattern-placement, and edge
roughness. Careful control of feature size is critical for resonant structures and phase-matching
between coupled waveguides, while pattern-placement is essential for devices that rely on longrange interference effects. Edge roughness often dominates optical loss in high-index-contrast
microphotonic device. As a result, careful control of the fabrication process is essential to
maximize device performance.
Our current efforts focus on fabrication of microring-resonator filters for optical networking and for
signal processing in the optical domain. In addition, we have developed unique expertise in
fabrication of grating-based devices and applied it more recently to fabrication of Bragg-gratings
in strongly confined waveguides to obtain remarkably clean spectral responses.
Microring-Resonator Filters
Microring resonators allow for exceptionally compact channel add-drop filters. To obtain the
desired spectral response, the microrings must be small (~15 um diameter or less) and
waveguides allowing strong light confinement must be used to limit bend losses. Strong light
confinement is obtained having a high refractive-index-contrast between the core and the
cladding of the waveguides. The fabrication of high-index-contrast devices is much more
demanding than fabrication of low-index-contrast ones. The main challenges reside in precisely
and accurately controlling dimensions of deep-submicron features as well as in achieving the
required smoothness of waveguide sidewalls. High-index-contrast devices are extraordinarily
sensitive to feature size variations, and scattering losses due to sidewall roughness may render
devices unusable. We have demonstrated filters in silicon nitride where the average width of all
microrings is matched to better than 25 pm and the standard deviation of sidewall roughness is
reduced to below 1.6 nm.
A cross-section of a smooth waveguide is presented on Figure 1 along with a third-order
microring-filter. The high-index contrast between silicon-rich silicon nitride (n=2.20) and air is
employed to achieve small bending loss in sharp bends. We are also investigating stoichiometric
silicon nitride (n=2.00) and silicon (n=3.45) as waveguide-core materials. Figures 2 and 3 show
more advanced microring structures. Cascaded microring filters can improve dramatically the
through-port response while an interferometric coupling-scheme enables elimination of every
other microring resonance to provide a wider free-spectral-range.
Polarization dependence is a major issue in all high-index-contrast devices. To obtain
polarization-independent devices we rely on a polarization diversity scheme. The arbitrary
polarization emanating from a fiber can be split into orthogonal components, and by further
rotating one of the outputs, a single polarization may be realized on-chip. The signals can then be
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processed independently with identical structures and recombined through the reverse process.
The required polarization splitters and rotators were fabricated and are presented in Figure 4.

Grating-Based Devices
Bragg gratings have widespread application in the field of optical telecommunications. A Bragg
grating is formed by creating a periodic corrugation or refractive-index modulation in an optical
waveguide. Such a structure behaves as a wavelength-selective filter, reflecting a narrow band
of wavelengths while transmitting all other wavelengths.
We use a combination of several different types of lithography to generate Bragg-grating devices.
In interference lithography, two coherent laser beams are crossed, generating a standing-wave
interference pattern. This standing-wave pattern is used to expose photoresist, yielding a
coherent submicron-period grating. This grating can be used directly as the device grating or it
can serve as a precision reference for subsequent electron-beam lithography steps. For devices
that require long Bragg gratings with engineered phase shifts or variations in grating strength, we
use a technique called spatially-phase-locked e-beam lithography (SPLEBL), which combines the
long-range spatial coherence of interference lithography with the flexibility of scanning e-beam
lithography. Gratings written by standard e-beam lithography contain inherent pattern-placement
errors that limit device performance. SPLEBL references the interference-generated grating
during the e-beam exposure to minimize these placement errors.
Figures 5 and 6 show a variety of grating based devices fabricated in the NanoStructures
Laboratory.

Figure 1: Third-order add-drop filter based on optical ring resonators. Designed filter on the left (a) and
fabricated filter on the right (b). The coupling gaps between the bus waveguides and the outer rings are 60
nm. (c) Cross-section of a high-index-contrast waveguide with smooth sidewalls. Light is guided by the 330nm-thick silicon-rich silicon nitride (SiN) layer with an index of refraction of 2.20. The silicon oxide layer is
about 3 microns thick and acts as optical isolation from the silicon wafer. These structures were fabricated
using scanning-electron-beam lithography. For high-volume manufacturing, a high-resolution replication
technique such as nano-imprint or x-ray lithography could be used.
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(a)

(b)

Figure 2: Cascaded microring filters allow for greatly improved through-port spectral responses. (a)
Experimental layout (b) Spectral response of a two-stage filter.

Figure 3: An interferometric coupling-scheme enables one to effectively double the spacing between
microring resonances by eliminating coupling to the microrings on every other resonance. (a) Nomarski
optical micrograph (b) Spectral response.
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Figure 4: (a)-(c): Schematic of the polarization splitter and fabricated structures; (d)-(f): Schematic of the
polarization rotator and fabricated structures.

Figure 5: Examples of Bragg-grating filters in two different materials systems. (a) Scanning-electron
micrograph depicting a quarter-wave-shifted, 244.4 nm period Bragg grating etched into the top surface of
an InGaAsP waveguide, and the subsequent InP overgrowth. (b) Silicon-on-insulator (SOI) ridge waveguide
cross-section and SOI waveguide with Bragg grating in the top.
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Figure 6: (a) Apodized Bragg gratings fabricated in the sidewalls of a SOI ridge waveguide. (b)
Transmission spectra for the TE- mode of uniform and apodized waveguide-grating devices. The reduction
of side-lobe levels for the apodized devices is readily apparent.
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13.

Fabrication of 3-D Photonic Crystal (PhC) Structures

Sponsors:
National Science Foundation
Contract DMR-0213282
Project Staff:
Minghao Qi, Christel Zanke, Professor John D. Joannopoulos, Professor Henry I. Smith
The remarkable agreement between the optical characterization and simulation of the fabricated
3D PhC with designed point defects, which was reported last year, could open up a new frontier
in ultra-high-density optical integration. Whether this achievement remains a laboratory showcase or a realistic platform for future optical VLSI, however, relies critically on a process,
especially lithography, that is suitable for the volume manufacturing of 3D PhCs. Two of the most
important requirements, low cost and high throughput, cannot be met if electron-beam lithography
is required.
Here we describe two approaches that could potentially eliminate the need for the electron-beam
lithography. In our PhC design, the central problem is to form a hexagonal-close-packed (hcp)
lattice of circular holes in a large area. Simple two-beam interference lithography (IL) can produce
an hcp array of holes from two separate exposures, one rotated 60° relative to the other.
However, the individual holes are elliptically shaped, which is undesirable for PhC applications.
The first and the easiest approach is based on dual wet etch (Fig. 1). It is well known that wet
etch results in undercut, especially for reactions whose rates are limited by surface reaction,
rather than mass transport. Wet etched holes in thick films tend to be circular and bear little
information of the resist pattern on top of them. In Fig. 1a, two IL exposures defined an hcp lattice
of elliptical holes in photoresist. After two sequential wet etches of an antireflection coating (ARC)
layer and a Cr layer, the pattern becomes circular (Fig. 1b)

Figure 1. Mechanism and results of the dual-wet-etch process. (a) The photoresist has
elliptical holes patterned with IL double exposures 60° apart. An anti-reflective coating
layer (ARC) is etched with the same developer as the photoresist. Clear undercuts can be
observed. The holes in Cr layer is also defined with a wet etchant (CR-7). (b) The result of
the dual wet etch process. The PhC pattern in Cr has almost circular holes.
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Unfortunately, this simple scheme does not apply to general PhCs with arbitrary periods. The
thickness of the ARC and the period of the PhC pattern have to be carefully matched in order to
achieve circular holes. However, the ARC thickness is also determined by the IL setup.
Moreover, there is currently no conceivable way of achieving multilayer overlay with this
approach.
In order to achieve layer-to-layer alignment, we have developed the system shown in Fig. 2a. The
major difference from proximity optical lithography is that the radiation source is a coherent plane
wave with linear or circular polarization. For this reason, this set up is called coherent diffraction
lithography (CDL).
CDL is based on the self-imaging effect, sometimes referred to as the Talbot Effect. In brief, a
mask, which contains a periodic pattern, is illuminated with a monochromatic plane wave. Beams
diffracted from the mask pattern overlap and interfere downstream. At certain discrete distances
from the mask the pattern of interference reproduces the periodic structure on the mask. These
distances, Dn, the Talbot distances, are given by
Dn=(np2)/λ
where n is an integer, p is the spatial period, and λ is the wavelength of the incident light. A
successful CDL patterning is shown in Fig. 2 (b) and (c). Note the better quality of resist pattern
than the original mask!

Figure 2: Schematic and experimental verification of the concept of coherent diffraction
lithography (CDL). (a) A mask with a periodic pattern in a thin metal film is placed in close
proximity to the substrate. The incident light is a coherent plane wave with linear or
circular polarization. The gap between the mask and substrate should match the Talbot
distances, Dn, and is critical in achieving desired pattern transfer. (b) The mask image,
notice the rough, elliptical holes in Cr. (c) The smooth, circular holes in PMMA after CDL.

CDL, combined with an overlay alignment technique, ISPI, which is reported in a separate section
in this report, should make possible the volume manufacturing of 2D and 3D PhCs.
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14.

Supercollimation of Light within Photonic Crystal Slabs

Sponsors:
Office of Naval Research, Contract No. N00014-02-1-0717

Project Staff:
Sheila Tandon, M. Dahlem, Peter Rakich, M. Ibanescu, Dr. Marin Soljacic, Dr. Gale
Petrich, Prof. John Joannopoulos, Professor Erich Ippen, and Professor Leslie
Kolodziejski
A super-collimator is a device in which light is guided by the dispersion properties of a photonic
crystal slab rather than by photonic crystal defects or waveguiding structures. Photonic crystals
form the essence of the supercollimation effect. Being able to realize supercollimation would be
very useful for optical interconnects on planar lightwave circuits.
The device consists of a 2D photonic crystal with a square lattice of cylindrical air holes in a high
index material such as silicon. The top view schematic of the device shape with its cross-section
is shown in Fig. 1. The device consists of a cleaved sample with millimeter dimensions, with the
photonic crystal (PC) occupying the full sample area. The device was fabricated using silicon-oninsulator (SOI) wafers purchased from an outside vendor. The edge of the sample functions as
input or output facets of the device. The initial design has focused on realizing super-collimation
at a wavelength of 1.44 mm. A thick low index layer is used to minimize radiation loss into the
high index substrate.

Top View:
Wavelength
Period
Hole radius

λ = 1.44 µm

a = 350 nm
r = 140 nm

High index thickness = 200 nm
Low index thickness = 3 µm
Cross section:
Low Index Layer

Air holes in high
index layer

High Index Layer
Figure 1: Super-collimator device design showing top and side views of the device.

The feature sizes of the photonic crystal can be scaled depending on the desired wavelength. A
wavelength 1.44mm implies a hole lattice constant of 350nm, and a hole radius of 140nm. The
total thickness of the device (excluding substrate) is about 3.2 microns (200nm Si, 3mm SiO2)
while the top surface has an area of about 1x1cm.
The photonic crystal holes are patterned using interference lithography. After the lithography
step, the photonic crystal holes are etched into an SiO2 hard mask layer via reactive ion etching
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(RIE). The fully patterned hard mask layer is then used to etch the high index silicon layer via
another RIE step.
Figure 2 shows images of the fabricated device. In the left inset to Figure 2, the full 1cm x 1cm
device is shown with its cleaved input and output facets. The photonic crystal occupies the full
sample area and SEM images at the center and right inset to Figure 2 show details of the
photonic crystal cross-section. The center image illustrates how the periodic pattern of the
photonic crystal is fabricated over large areas. The right inset shows air holes etched in silicon
with a depth of 200 nm. The photonic crystal rests on a buried SiO2 layer as shown.

cm

cm

Si
200 nm

SiO2

2.5 µm

Figure 2: Images of fabricated supercollimator device. Left inset: Digital photograph showing full sample.
Center: Scanning electron microscope (SEM) image showing large area 2D periodic photonic crystal. Right
inset: SEM image showing cross-sectional image of the device fabricated using an SOI sample.

Testing of the supercollimator device is currently in progress. Preliminary results show that the
supercollimation effect is wavelength dependent with strongest collimation occuring at a
wavelength of 1495nm. Results also suggest that supercollimation can be sustained within the
photonic crystal for millimeter length scales with very little divergence.
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15.

Fabrication of Quasiperiodic Photonic Band Gap Materials

Sponsors:
National Science Foundation, NSF DMR 02-13282 and DMR-0308133
Project staff:
Ion Bita ,Prof. Edwin L. Thomas , Department of Materials Science and Engineering, MIT
The vast majority of the photonic band gap materials under investigation today are represented
by translationally periodic structures. Aperiodic photonic band gap structures with higher degrees
of rotational symmetries than those allowed in crystals have received recently an increased
attention due to the promise of improved photonic band gap properties. Among the theoretically
limitless number of aperiodic structures, quasiperiodicity provides a selection rule for designing
such material structures, and also a logical pathway towards structure-property optimization.
Quasicrystals have been known in material science for two decades as an intriguing class of
materials where the arrangement of atoms (in a metal alloy, typically) exhibits long-range order
and thus gives rise to well-defined spots in diffraction patterns, without, however, having
translational periodicity. To this date, the field of quasiperiodic photonic band gap materials is
largely undeveloped by comparison to photonic crystals.
In order to gain a better understanding of the potential of photonic quasicrystals, we have
undertaken an extensive theoretical and experimental study. On the experimental side, we have
been focusing on quasiperiodic structures that can be fabricated by interference lithography. We
have succeeded in fabricating 2D octagonal, decagonal, and dodecagonal photonic quasicrystals,
as shown in the figures below. Current work includes theoretical investigation of photonic band
gap formation in such structures, and fabrication of champion structures for applications.

(b)

(a)

(b)

(a)

3
2
[µm]
1

3

1 nm

2
[µm]

1
0

(c)

0

(d)
3
2
[µm]

5 µm

3

1
2
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Figure 1 - (a) top-view SEM image of 2D Icosahedral
Photonic Quasicrystal etched in a SiO2 substrate.
Overlays emphasize the 5- and 10-fold symmetries, and
also show that the lattice is Penrose-like. (b) HRTEM
image showing the icosahedral symmetry of an atomic
quasicrystal (ZnMgHo alloy, from Jeol website).

0

Figure 2 - (a) and (c) top-view SEM images of
2D decagonal and dodecagonal quasiperiodic
patterns in photoresist (1 micron scale bar); (b)
and (d) show calculated light intensity patterns
that match very well the experimentally observed
structures in (a) and (c).
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16. Electrically-Activated Nanocavity Laser using One-Dimensional Photonic Crystals
Sponsor: National Science Foundation, MRSEC, DMR 02-13282
Project Staff: Eric Mattson, Dr. Gale Petrich, Professor Leslie A. Kolodziejski, Dr. Solomon Assefa
In the future, optical networks may see an expanded role not only in telecommunications, but also in
computers and other common electronic devices. These optical networks will require small, on-chip light
sources. Photonic crystals have the ability to confine light much more effectively than any form of endmirror used in standard semiconductor lasers, meaning that light experiences less loss upon reflection at
the ends of the laser cavity. This allows photonic crystal lasers to be both very small and very efficient.
The laser described herein is made up of two crossing photonic crystal waveguides, one on top of the
other, as depicted in Figure 1. The bottom waveguide, known as the ’active region’, consists of an
InGaAs quantum dot layer sandwiched between two GaAs and AlGaAs layers. When a voltage is applied
to the two contact pads light is produced at a wavelength of about 1.3 µm. Once generated in the active
region, the light will be confined above and below, as well as side to side, by index of refraction changes
at material interfaces. At the two ends of the guide, however, a series of small holes are etched, forming
the photonic crystal, which will confine the light lengthwise. Some of the light will leak into the upper
InGaAlP waveguide, known as the ‘guiding region’. The upper waveguide is less lossy than the lower. It
also has fewer holes etched into one end than the other, which allows light to leak out, directing the laser
emission. The laser nanocavity is located where the two guides cross, and is formed by leaving a roughly
1 µm gap between photonic crystal holes. The entire photonic crystal part of the laser is about 5 µm
square.
This photonic crystal laser design has numerous advantages over existing lasers. First, the photonic
crystal laser is only a few microns in length, making it ideal for small, densely packed chips. It is also
edge-emitting and electrically-activated, meaning that by simply applying a voltage to the laser, light can
be emitted in the plane of the chip. Another advantage is that the ‘active region’ and ‘guiding region’ are
separated, allowing light to be created in one waveguide, and then leak up into a less lossy waveguide
from which it will eventually be emitted. Having two separate waveguides increases the overall efficiency
of the device. Also increasing efficiency is the small size of the microcavity and the quantum dot active
material which it surrounds. The cavity size and quantum dots will lead to a very small threshold power.
Finally, the laser is very flexible in that by simply changing the size of the quantum dots, causing them to
emit light at a different frequency, and changing the size and spacing of the photonic crystal holes
accordingly, the laser can easily be built to emit light at wavelengths other than 1300 nm. This novel
laser will be more efficient than the current technology from both energy and chip design standpoints, and
should represent a major improvement in on-chip light sources.

Figure 1: Depiction of the electrically-activated photonic crystal nanocavity laser. The green arrow
represents the direction and location of the emitted light.
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17.

Photonic Integrated Circuits for Ultrafast Optical Logic

Sponsors:
DARPA
Project Staff:
R. Williams, A. Markina, G.S. Petrich, R. Ram, and L.A. Kolodziejski
The aim of the this project is to model and to produce a modular monolithically integrated alloptical unit cell capable of performing a complete set of Boolean operations at speeds of 100s of
gigabits per second. The basic structure consists of a balanced Mach-Zehnder interferometer
with an (In, Ga)(As,P)-based semiconductor optical amplifier (SOA) in each arm as shown
schematically in Figure 1.
Modeling is used to develop the design rules, to identify tradeoffs, to determine fabrication
tolerances and to estimate the effects of imperfections in semiconductor processing on the device
performance. The Beam Propagation Method is used to model passive waveguides, multimode
interference couplers, and asymmetric twin waveguide structures. Finite Difference Time Domain
technique is employed for simulations involving interfaces between the various components.
Custom MATLAB scripts are developed to assess tradeoffs in SOA performance and to work
toward design rules that specifically address the design of the SOAs for switching applications.
The challenge is to optimize the performance of each component even when all of the
components are monolithically integrated together on a photonic integrated circuit.
Fabrication processes are being developed to create the all-optical logic unit cell. The waveguide
design calls for vertical integration of passive waveguides and active amplifiers. This integration
is achieved by employing a taper coupler to transfer the optical mode between the lower passive
waveguide and the upper active waveguide of the twin-waveguide structure. In addition to the
optical logic unit cell, isolated components are being fabricated and tested to confirm the device
design and the computer simulation results.

A

SOA1

B

A

SOA2

Figure 1: The optical logic unit cell. A balanced Mach-Zehnder interferometer composed of SOAs,
multimode interference couplers, phase shifters, and time delays.
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18.

Development of birefringence free ridge waveguides for waveguide isolators

Sponsors:
DARPA, FA8750-04-1-0134
Project staff:
Dr. Xiaoyun Guo, Tauhid Zaman, Professor Rajeev Ram, Professor Henry I. Smith
Waveguide isolators/circulator that can be easily integrated with other components are essential
to large scale photonic integration. These components provide functionality that cannot be
achieved in integrated circuits today. They also enable complex circuit design by isolating or
‘buffering’ various parts of a circuit.
The Faraday rotator is the key component for this kind of device. This project is to fabricate such
a device on InP, the substrate for semiconductor lasers and optical amplifiers. InP is doped with
Fe. Magnetic dopants couple to the free carriers in a semiconductor to dramatically enhance the
Faraday rotation due to interband transitions. The free carrier concentration can be reduced
along with free carrier absorption. In this way it is possible to simultaneously enhance the
magneto-optical activity and reduce the optical absorption of a semiconductor.
InP doped with an Fe concentration of 2.9 x 1016 cm-3 was measured. At 1550 nm, the Verdet
coefficient is 23.8 °/cm/T, which indicates a significant improvement due to the Fe. In InGaAsP,
which is lattice matched to InP and normally used as the active layer for semiconductor lasers
and amplifiers, this effect is even more significant. The bandgap of InGaAsP is much closer to the
1.55µm wavelength used for telecommunications than the InP bandgap (0.9µm). Operating
closer to the bandgap will enhance the Faraday rotation.
Fig.1 (a) shows the Fabry-Perot spectrum of the Faraday rotation in a 0.5µm-thick Fe-doped
InGaAsP film on a 350 µm-thick Fe doped InP substrate. Fig.1 (b) shows the Verdet coefficient
for InGa.29As.63P (bandgap=1.3 µm) versus Fe concentration at 1.55 µm. The Verdet coefficient
scales linearly with Fe doping, and it is two orders of magnitude larger than that of Fe doped InP.
It also surpasses the Verdet coefficient of YIG (434445455) by a factor of 2.
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Fig. 1 (a) Fabry-Perot spectrum of the Faraday rotation in 0.5 µm-thick Fe-doped InGaAsP film on a 350
µm-thick Fe-doped InP substrate. The magnetic field is 1.3 T. (b) Verdet coefficient for Fe-doped InGaAsP
vs. Fe concentration at 1.55µm
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A Faraday rotator requires very low waveguide birefringence for efficient conversion between TE
and TM, which determines the polarization rotation. The waveguide is designed to be 1.4µm wide
and 2.5µm deep. The waveguide birefringence is measured at different wavelength. The
minimum birefringence is measured to be less than 10-5 at 1540nm. This is sufficient to achieve
the required 45 degree rotation with the measured InGaAsP Verdet coefficient.

1.4µm
2.5µm

Fig. 2 Birefringence of the waveguide vs. wavelength. The solid line is a theoretical calculation and the dots
are experimental data.

These data shows that it is possible to fabricate an isolator on a magnetically doped InP/InGaAsP
structure. The structure has the advantage of being fully integratable with laser and other
photonic circuit components. A fully integratable, polarization independent optical
isolator/circulator design has been proposed. It requires one ion implantation step and two etch
steps for fabrication. The device includes 3dB couplers, waveguide half plates and waveguide
Faraday rotators.
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19.

Templated Self Assembly

Sponsors:
National Science Foundation (NSF DMR-0213282 and NSF DMR-0210321)
Project Staff:
Dr. Joy Cheng, Professor Henry I. Smith, Professor Ann M. Mayes, Professor Caroline A. Ross
A large variety of materials can self assemble into large-area, nanometer-scale periodic
structures. However, typical self-assembled materials have only short-range order, limiting their
usefulness in applications. Templated Self Assembly (TSA) utilizes lithographically defined
structures on a surface to guide the self-assembling behavior and induce long-range spatialphase coherence.
Templates made using scanning-electron-beam lithography have been employed to study the
TSA effect on block copolymers. Based on a simple free-energy model describing the layering
behavior of block copolymers in a one-dimensional topographical confinement (Figure 1a) and
experimental data (Figure 1b), we were able to predict the design window (Figure 2a) for
templates to make a particular arrangement of polymer domains (Figure 2b). The understanding
of templated self-assembled of block copolymers will facilitate the design of hybrid systems that
combine “top-down” and “bottom-up” processing. This, in turn should enable new nanofabrication
technologies with the potential to reach molecular-level spatial resolution.

Figure 1: a. The number of rows in the groove, N, vs. confinement width, W, showing the widths at which
arrays with N rows are stable. b. Energy vs. confinement width of block copolymer system. The confined
block copolymer system, of given W, will ideally select the value of N with the lowest free energy. A
transition in the number of rows from N to N+1 occurs when W ~ (N+0.5)d, in agreement with the
experimental data of Figure. 1a.
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Figure 2: The creation of a specific block copolymer array geometry by the use of a modulated template. a.
The modulation conditions that are expected to produce an array consisting of 5p-long 3-row arrays
interspersed with 20p-long 5-row arrays. b. Scanning electron micrograph of a section of an ordered array
with 3 and 5 rows of domains, created using a template with dimensions indicated with a cross on part a.

Reference:
[1] J. Y. Cheng, A. M. Mayes, C. A. Ross, “Nanostructure Engineering by Templated SelfAssembly”, Nature Materials, vol. 3, pp823-828, 2004.
[2] J.Y. Cheng, C.A. Ross, E.L. Thomas, H.I. Smith, G.J. Vancso “Templated self-assembly of
block copolymers: Effect of substrate topography”, Adv. Mater. vol. 15, pp1599-1602, 2003.
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20.

Templated Self Assembly of Nano-structured Materials

Sponsors:
MARCO, SMA
NSF DMR-0210321
Project Staff:
A. L. Giermann, R. Krishnan, J. Oh, B. Hsu, Professor Caroline A. Ross, Professor Professor
Henry I. Smith, Professor Carl V. Thompson
Nano-sized materials may constitute key elements for advanced functional devices due to their
size-sensitive electrical, optical, magnetic and chemical properties. To integrate nano-structures
into real devices, it is desirable to form them with controlled size and distribution on substrates
compatible with current fabrication technologies. We are developing templated self-assembly
(TSA) methods that combine top-down (lithography) and bottom-up (self-assembly) approaches
for creating nano-wires, rods, and dots. By using physical templates to alter the surface
environment, self-forming and self-ordering processes can be initiated in materials systems that
have limited or no inherent order. Our efforts focus on two materials systems: nano-porous
alumina and controlled dewetting of thin metal films.
Anodic aluminum oxide (AAO) is a self-ordered nanostructured material that is well-suited as a
template for use in magnetic, electronic and opto-electronic devices. Their excellent mechanical
and thermal stability makes them suitable both as a physical mask for deposition of nanodot
catalysts, as well as a supporting template for catalyzed growth of semiconductor nanowires and
carbon nanotubes.
Under proper anodization conditions, aluminum oxidizes as a porous structure with aligned pores
that have hexagonal close-packed order at short range, and with pore sizes that can be varied
from 7nm-300nm. While short-range pore ordering can be achieved, domains (<5um) with
different repeat directions occur at longer ranges.
We have developed a technique to obtain single-domain porous alumina with sub-30nm pore
diameter and high aspect ratio (>50:1) on silicon substrates. Anodizing aluminum films deposited
on substrates with lithographically defined periodic topography leads to templated self-assembly
of alumina pores that are perfectly ordered over large areas (Fig. 1). Topographic templating of
long range order in AAO allows independent control of the pore size, spacing and order symmetry
in ranges not achievable without templates.
Using the ordered AAO as a template, we have fabricated ordered metallic nanodots, nanorods,
and nanotubes as well as aligned multi-walled carbon nanotubes on silicon (Fig. 2). We are
exploring the use of metal/CNT-filled alumina templates as electrical nano-breadboards for
applications in molecular electronics. These results demonstrate a wafer-scale approach to the
control of the size, pitch, ordering symmetry, and position of nanomaterials in a rigid insulating
scaffold.
We are also exploring TSA as a tool for producing ordered arrays of metal nanodots over large
areas via dewetting of thin solid films. Such arrays may be interesting in memory or plasmonic
applications and for use as catalysts for the growth of carbon nanotube or semiconductor
nanowire arrays.
As an initial demonstration of templated dewetting, we achieved one-to-one self-assembly of gold
particles less than 100 nm in diameter and ordered over large areas. This was done by
depositing gold films on di-periodic arrays of pits on oxidized silicon substrates, thereby
modulating the curvature of the films. This results in a well-ordered solid-state dewetting process.
Compared to dewetting on flat substrates, the templates impose a significant decrease in average
particle size as well as ensuring a narrow size and spatial distribution (Fig. 3). This templating
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technique uniquely results in crystallographic ordering (i.e. graphoepitaxy) of the particles,
imposing an in-plane texture and changing the out-of-plane texture (Fig. 4). Particles formed in
topographic features are expected to be stable with respect to agglomeration during tube or wire
growth.
Our current efforts include investigating the templating phenomena in other metals, particularly
those that are known to catalyze nanotube and nanowire growth. We are also exploring methods
for further scaling down of the process and seeking topographies that will enable self-assembly
on sub-lithographic length scales. In addition, we are developing phase field and numeric models
of topographic dewetting in order to fully characterize the mechanism.

Fig. 1: Scanning electron micrograph of perfectly
ordered porous alumina with hexagonal symmetry
on silicon over wafer-scale areas with pore
diameter of 80nm and pore spacing of 180nm.

Fig. 2: SEM image of ordered and well-aligned
CNT arrays on silicon. Inset shows aligned CNT
arrays in ordered porous alumina after ion-milling
the surface.

Fig. 3: The effect of topography on particle
morphology. The results of dewetting a 21 nm
thick Au film on (a) a flat substrate and (b) a
topographic substrate. Scale bars are 500 nm in
length.

Fig. 4: Au (111) x-ray pole figures for particles on
(a) a flat substrate and (b) a topographic
substrate. (c) and (d) schematically illustrate
particle orientation on flat and topographic
substrates, respectively. The arrows indicate the
(111) projection.
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21.

Nanomagnets and Magnetic random access memories

Project Staff:
F. J. Castaño, W. Jung, D. Morecroft, Professor Henry I. Smith and Professor Caroline A. Ross in
collaboration with J. A. C. Bland, Cambridge University
Sponsors:
Cambridge-MIT Institute, National Science Foundation
We are using a variety of lithography techniques (electron-beam lithography, interference
lithography, zone-plate-array lithography, photo-lithography and X-ray lithography) to fabricate
devices based on arrays of pillars, bar-shaped, and ring-shaped ‘nanomagnets’. These small
structures have thicknesses of a few nanometers and lateral dimensions typically smaller than
100 nm. Arrays of these elements are made with spatial periods of 100 nm and above, using
evaporation/sputtering and liftoff, or by etching of a sputtered film. We are exploring the switching
mechanisms of these particles, the thermal stability of their magnetization, and interparticle
interactions, and we are assessing their suitability for various data-storage schemes. The
behavior of individual particles can be measured using magnetic-force microscopy (MFM), while
the collective behavior of arrays of particles can be measured using magnetometry. Comparison
of these data shows how the behavior of one magnet is affected by its neighbors, and how much
intrinsic variability there is between the particles as a result of microstructural differences. Small
particles have near-uniform magnetization states, while larger ones develop more complex
structures such as magnetization vortices or domain walls.
These nanomagnets have potential uses in magnetic-random-access memories (MRAM),
magnetic logic devices and other magneto-electronic applications. Current MRAM devices rely on
bar-shaped multilayered nanomagnets, containing two magnetic layers separated by a thin layer
of either a non-magnetic metal (Spin-valves) or an isolator (Magnetic tunneling junctions). The
resistance of such elements depends on the relative orientation between the magnetization in the
read-out (free) and storage (pinned) layers, allowing for a non-volatile bit of data to be stored in
each element. As an alternative bit shape, MRAMs based on ring-shaped multilayered magnets
have been proposed. Recently, we have fabricated ring devices made from NiFe/Cu /Co pseudospin-valves (PSVs) with non-magnetic contact-wires (see Fig.1). These rings display room
temperature giant-magnetoresistance with distinct resistance levels, some of which occur at low
applied fields. This feature makes these ring attractive for magnetoelectronic applications such as
memories or logic devices. We are currently pursuing a deeper understanding of the
magnetization reversal in these multilayered rings using micromagnetic simulations and finiteelement analysis.
60 nm

500 nm

500 nm

200 nm
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Figure
1.
Scanning
electron
micrographs
corresponding
to
multilayered elliptical-ring devices
with different ring dimensions and
contact-wire configurations. The rings
shown are fabricated from a NiFe (6
nm)/ Cu (4 nm)/ Co (4 nm)/ Au (3
nm) multilayer and the contact-wires
from a Ti (4 nm)/ Au (40 nm) bilayer.
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22.

Membrane Folding to Achieve 3-D Nanostructures (Nano-Origami)

Sponsors:
MARCO, DARPA, Institute for Soldier Nanotechnologies (MIT)
Project Staff:
William J. Arora, Professor Henry I. Smith, Professor George Barbastathis
This project addresses the problem of how to build complex three-dimensional (3-D) nanostructures using only 2-D, planar nanofabrication techniques. Figure 1 illustrates the
topographical concept: complex patterns of devices and other structures are created on a
membrane which is then folded into the 3-D configuration shown. We are presently at an early
stage in achieving this goal: we have developed techniques to form robust membranes, to fold
them using a pattern of tensile stress, to nano-pattern the membranes, and to release the
membranes in a controlled way so that they fold in a predetermined manner.
The membranes we use at present are silicon nitride about 200nm thick, deposited by LPCVD
onto silicon wafers. We pattern the areas that will become membranes using contact
photolithography and pattern nanoscale features on the membranes with scanning-electron-beam
lithography. We deposit chromium stressing patterns and in a final step we release the
membrane by undercutting it with a potassium hydroxide (liquid) etch. This process is
rudimentary and needs much improvement before nano-origami becomes a widespread tool.
However, we have demonstrated experimentally that it works and our results are shown in
Figures 2-4.
Figure 2 shows that the chromium hinge curls with a predictable radius [1] due to its intrinsic
stress and that the angle to which the membrane folds can therefore be controlled by the length
of the chromium hinge. Figure 3 presents examples of basic configurations into which the 200nm
silicon nitride membranes can be folded. Figure 4 demonstrates that we are able to nano-pattern
the membranes prior to folding. The 340nm period gratings shown in Figure 4 were written with
scanning-electron-beam lithography and subsequently etched 80nm directly into the membranes
with a reactive ion plasma etch.
Potential applications of this technology include fabrication of multilayer diffractive optical
elements, photonic crystals and integrated circuits. However, the technique is not limited to
layered structures but may be used to fabricate complex 3D shapes that will have many varied
applications. Presently we are working to refine the process; in particular, we are developing a
dry release process with a thin silicon dioxide release layer to improve the yield.
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Figure 1. Cross-sectional schematic of 3-D organization on a wafer. The membrane was patterned with
planar fabrication technology and folded into a 3-D configuration. This maximizes interfaces and
interconnects.

Figure 2. Clockwise from the top left, the lengths of the chromium hinges are (in microns): 12, 27, 42, 54.
The angles to which they folded are approximately (in degrees): 20, 45, 70, 90.
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Figure 3. Clockwise from the left: Multiple folds on the same membrane; 180o fold; directly adjacent folds.

Figure 4. A device folded to 45 degrees with a grating patterned in the center of the folded
membrane. The grating is visible in the magnified view. The period is 340nm and it is etched
80nm into the silicon nitride.

References:
[1]

W. J. Arora, H. J. In, T. Buchner, H. I. Smith, and G. Barbastathis, "Nanostructured OrigamiTM 3D
Fabrication and Assembly Process Using Strain Actuated Folding," presented at The 2nd
International Symposium on Nanomanufacturing, Daejeon, Korea, Nov. 2004.
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23.

Non-Conventional Electricity Sources for Motor Vehicles

Sponsors:
MIT/Industrial Consortium on Advanced Electrical/Electronic Components and Systems, Toyota
Motor Company
Project Staff (Labortory for Electromagnetic and Electronic Systems):
Natalija Z. Jovanovic, Ivan Celanovic, Prof. David Perreault, Dr. Thomas Keim, Prof. John
Kassakian
This research is being carried out in the MIT Laboraotory for Electromagnetic and Electronic
Systems in collaboration with the NanoStructures Lab (NSL). Its focus is the development of a
thermophotovoltaic (TPV) power conversion system for auxiliary electric power generation in
automobiles, and other potential applications. The TPV system, illustrated in Fig. 1, harvests the
photons radiated from the emitter and converts them into electricity by means of a photovoltaic
(PV) cell. Because it has no moving parts, the system is amenable to quiet, low-maintenance
operation and a long lifetime.

Fig. 1. TPV power conversion system with spectral control components.

Current TPV systems exhibit radiation-to-electricity efficiency of only 12%. In order to compete
with conventional alternators, TPV systems will have to demonstrate efficiencies of approximately
40%. Previous research has indicated that effective spectral control is the main factor in
increasing the efficiency of a TPV system (Fig. 2).

Fig. 2. Efficiencies of TPV systems with various spectral control options.
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The spectral control components in a TPV system protect the PV cell from undesirable lowenergy photons that cannot be converted into electricity. Besides protecting the PV cells from
undesirable radiation, the filter also provides for energy recycling on the emitter side. The design,
fabrication and characterization of the filter for the MIT-TPV system have been completed with
excellent results [1].
The part of this project carried out at the NSL is the development of the selective emitter; a twodimensional photonic crystal. The pattern arrangement for this crystal is a hexagonal array of
round holes. The specifications for the dimensions of the structure are given in Fig. 3. Because of
natural variations in tungsten’s refractive index, this transition metal is particularly suitable as the
substrate for our selective emitter.

a)

b)

Fig. 3. Dimensions of the selective emitter structure to be produced in tungsten:
a) top view; b) cross-sectional view.

The patterning for this structure is done using the Lloyd’s-mirror interference-lithography system
in the NSL, using a 325nm wavelength HeCd laser. The pattern is captured using THMR-iNPS4®
negative photoresist on top of BARLi® anti-reflective coating (ARC). The pattern is developed
using CD-26. At this point, a double hard-mask is used for the process. Silicon dioxide is used as
the mask for the underlying chrome layer, which in turn is used as the mask for the underlying
tungsten. The ARC and SiO2 etches are done using RIE He/O2 and CF4 chemistries, respectively.
The Cr etch is done using commercially available CR-7 wet etchant.The current stage of the
project is the calibration of the Cr etch. The goal of the project is to perform integrated testing of a
TPV system with both types of spectral control.
TPV systems have great potential to be used as power generation systems in automobiles. In
order to do so, they must achieve efficiencies comparable to modern alternator efficiency. Proper
spectral control can satisfy that requirement, and therefore make the TPV systems the clean,
quiet and low-maintenance power generation system for automobiles.

Reference:
[1]

Francis O’Sullivan, “Fabrication and Testing of an Infrared Spectral Control Component
for Thermophotovoltaic Power Conversion Applications,” M.S. Thesis, Department of
Electrical Engineering and Computer Science, MIT, June 2004.
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24.

MEASURING THE THERMAL PROPERTIES OF SINGLE NANOWIRES

Sponsors:
DOE BES (DE-FG02-02ER45977) and NSF (CTS-0129088).
Project Staff:
Chris Dames, Mark Mondol, Prof. Gang Chen, and Prof. Henry I. Smith.
Knowledge of nanowire thermal and thermoelectric properties will be important for the thermal
management of nanowire devices (optoelectronic, sensing, and computing) and essential for the
design of nanowire thermoelectric materials. For nanowire diameters smaller than the bulk mean
free path of heat carriers (~1 µm in undoped Si at 300 K), theory predicts that the thermal
conductivity of nanowires will be reduced when compared to similar bulk materials. To
experimentally verify these predictions, we are exploring several systems to measure the thermal
properties of single nanowires.
Our current work includes a basic platform to measure the thermal conductivity and specific heat
of electrically conducting nanowires, such as the microfabricated metal lines shown below. Joule
heating of a suspended nanowire with thermally clamped ends results in a temperature rise at the
center of the nanowire due to its finite thermal resistance. This temperature rise can be
measured by resistance thermometry (using the nanowire itself) and used to calculate the
nanowire's thermal conductivity and specific heat. The metal lines shown below are typically 100
nm thick, 300-500 nm wide, and 10-50 µm long. They are patterned with scanning-electronbeam lithography (SEBL) and a lift-off process on a Si substrate coated with oxide. Some of the
oxide is removed in a wet etch to suspend the lines above the substrate for thermal isolation.
Microfabricated metal lines can also be employed to measure electrically insulating nanowires
and nanotubes. Exploiting the direct-write capabilities of SEBL, a metal heater line is fabricated
such that a target nanowire crosses the center of the heater. With the nanowire and heater both
thermally anchored at their endpoints, the nanowire removes a fraction of heat from the center of
the heater. This reduces the heater's temperature rise, and thus makes it possible to calculate
the thermal resistance of the nanowire.

Figure 1: Microfabricated metal heater lines suspended 1.0 µm above the substrate, for thermal property
t
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25.

Diffraction Gratings for X-ray and Atom-Beam Spectroscopy and
Interferometry

Sponsors:
NASA (NAG5-5405, NAG5-12583), Nanonex Corp., X-OPT Inc.
Project Staff:
C. –H. Chang, Robert C. Fleming, Juan Montoya, James M. Daley, Dr. Ralf Heilmann, Dr.
Timothy A. Savas, Dr. Mark L. Schattenburg, and Prof. Henry I. Smith
Diffraction gratings with periods of 100 to 1000 nm are widely used in applications such as x-ray,
vacuum-ultraviolet, and atom-beam spectroscopy and interferometry. Our research group is the
world leader in grating fabrication technology and has used gratings in a wide variety of
laboratory and space research applications. In addition, over forty laboratories worldwide depend
on MIT-fabricated gratings for research, ranging from materials science to laser plasma fusion.
For example, nine NASA missions have utilized hundreds of MIT-fabricated gratings in space
research instruments ranging from x-ray spectrographs to atom imagers.
Transmission Gratings
For x-ray and VUV spectroscopy, gratings are made of gold and have periods of 100 to 1000 nm,
and thicknesses ranging from 100 to 1000 nm. The gratings are most commonly used for
spectroscopy of the x-ray emission from high-temperature plasmas. Transmission gratings are
supported on thin (1 micron) polyimide membranes, or made self supporting ("free standing") by
the addition 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 performed by interference 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 as well as seeking to boost grating transmission efficiency,
reduce defect levels, and improve control of grating feature geometry.
Metal transmission gratings are generally fabricated with electroplated gold and supported by
submicron-thick polyimide membranes or coarse meshes of electroplated gold or nickel. The thin
and fragile grating members require a carefully engineered coarse support mesh and metal frame
to withstand the rigors of rocket launch and space environment. Transmission gratings with
periods down to 100 nm and sizes up to 30x30 mm have been fabricated. Grating patterning is
performed by interference lithography (IL) using a variety of novel tri-level resists schemes,
followed by reactive-ion etching and metal electroplating. The combined resources of the MIT
Nanostructures Lab (NSL) and Space Nanotechnology Lab (SNL) have been used to develop the
most advanced IL tools in the world for high-yield fabrication of transmission gratings.
High-dispersion x-ray and extreme ultraviolet (EUV) transmission gratings were fabricated for
NASA missions including the Solar EUV Monitor (SEM) on the Solar and Heliospheric
Observatory (SOHO) mission, launched December 2, 1995, the Chandra x-ray telescope,
launched July 23, 1999, and the Geostationary Operational Environmental Satellites (GOES N-Q)
missions. The Chandra telescope provides high-resolution imaging and spectroscopy of x-rayemitting astrophysical objects with unprecedented power and clarity, thus significantly widening
our view of the Universe. The SOHO and GOES satellite series perform solar EUV monitoring
which provides early warning of solar flare events that could imperil satellite and astronaut
operations.
A scanning-electron micrograph of a 200 nm-period gold grating from the Chandra mission is
shown in Fig. 1. This grating is used in the High Energy Transmission Grating Spectrometer
(HETGS) which provides high-resolution x-ray spectroscopy in the λ=0.1-14 nm band. Period
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control of 40 picometers was required to meet telescope resolution requirements. Figure 2 is an
example of an x-ray spectra obtained by Chandra using our gratings.
Transmission grating filters were fabricated for the Medium Energy Neutral Atom (MENA)
instrument on the NASA Magnetospheric Imaging Medium-Class Explorer (IMAGE) mission,
launched March 25, 2000, and also for the NASA Two Wide-Angle Imaging Neutral-atom
Spectrometers (TWINS A, B) Missions. Instruments on these missions provide neutral atom
imaging of Earth’s magnetosphere. Transmission gratings are used to block the intense
Hydrogen Lyman Alpha (λ=121.6 nm) deep-UV radiation that would otherwise overwhelm the
sensitive atom detectors. Figure 3 depicts a 200 nm-period atom nanofilter grating with 45 nmwide slots, designed to block deep-UV radiation. Slot widths need to be controlled to within a few
nanometers for optimal UV blocking.

550 nm

100 nm
Figure 1. Scanning-electron micrograph of a 200 nm-period gold x-ray transmission grating used in the
HETGS instrument on the Chandra Observatory, cleaved to show the grating line sidewalls. The HETGS
provides high-resolution x-ray spectroscopy in the λ=0.1-14 nm band. The gold bars are 100 nm wide, or
approximately 400 gold atoms.
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Figure 2. X-ray spectra of the binary star Capella obtained via gold diffraction gratings on the Chandra xray astronomy satellite.

45 nm
Figure 3. Scanning-electron micrograph of a deep-UV blocking grating used in atom telescopes on the
NASA IMAGE and TWINS missions. The grating blocks deep-UV radiation while passing energetic neutral
atoms. Due to the narrow slot width of 45 nm and the large slot depth (~500 nm), the UV transmission is
-6
extremely low (~10 at λ=121.6 nm), while decreasing the transmitted atomic flux by only a factor of 10.

Another application of transmission gratings 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 and grids in thin silicon-nitride (SiNx) membranes supported
in a Si frame. Figure 4 shows a free-standing 100 nm-period grating in 100 nm-thick silicon
nitride. Figure 5 shows a 100 nm-period grid in a 100 nm-thick SiNx membrane. Such a grid is
used in experiments as a "molecular sieve."
We established a collaboration with the Max-Planck Institute in Göttingen, Germany, in which
they utilized our gratings of 100 nm period in diffraction experiments using atomic, molecular, and
helium-cluster beams. As shown in Figure 6, the diffraction of atomic and molecular beams
reveals striking deviations from Kirchhoff’s optical diffraction theory. The analysis of the
diffraction intensities enabled a quantitative determination of the attractive van der Waals
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interaction between the silicon nitride surface and various atomic and molecular species,
including He, Ne, Ar, Kr, He*, Ne*, D2, and CH3F. The diffraction of cluster beams by a
transmission grating has been established as a unique technique for the non-destructive mass
selection and detection of small and weakly bound van der Waals clusters. As shown in Figure 7,
the Göttingen group discovered bound states in mixed-isotope helium clusters, e.g. 3He4He2,
3
He4He3, etc., by diffraction from one of our 100-nm-period gratings. They also employed the
grating to measure the bond length of the helium dimer, 4He2, which is assumed to be the
weakest molecular bond. In addition, the high-resolving power of the transmission gratings have
enabled the Göttingen group to discover the existence of magic numbers at N = 10, 11, 14, 22,
26, 27, and 44 atoms, as shown in Figure 8. Whereas magic numbers in nuclei and clusters are
attributed to enhanced stabilities, this result is not expected for quantum fluid He clusters on the
basis of numerous calculations.
Successful diffraction experiments with beams of buckyballs (C60) have been carried out with our
100 nm-period, free-standing SiNx gratings by Dr. Markus Arndt of the University of Vienna. In
addition, our 100 nm-period, free-standing SiNx gratings can be lightly coated with metal. Prof.
Herman Batelaan of the University of Nebraska-Lincoln has used such gratings in highlysuccessful diffraction experiments with beams of 500 eV electrons, as shown in Figure 9.
Our 100 nm-period free-standing SiNx gratings are also used for atom interferometry by two
groups: those of Prof. Alexander Cronin of the University of Arizona and Prof. Bruce Doak of the
State University of Arizona. Cronin's group interferes neutral beams of sodium atoms while
Doak's group interferes helium beams.

100 nm

Figure 4. Scanning electron micrograph of a free-standing 100 nm-period grating (50 nm-wide
bars) in a silicon nitride membrane of area 500 microns by 5 mm.

24-62 RLE Progress Report 147

Chapter 24. Nanostructures Technology, Research and Applications

Figure 5. Scanning electron micrograph of a free-standing 100 nm period grid in a silicon nitride membrane
of area 500 micron by 5 mm. Such grids are used in experiments to separate out Helium trimers from other
clusters.
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Figure 6. Rare-gas atom-beam diffraction patterns. These results were obtained by Wieland Schöllkopf and
Peter Toennies at the Max-Planck Institute in Göttingen, Germany, using a free-standing, 100nm-period
grating.
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Figure 7. Non-destructive mass separation of small mixed-isotope helium clusters. These results were
obtained by Peter Toennies, et al, at the Max-Planck Institute in Goettingen, Germany, using free-standing,
100 nm-period gratings made in the NSL at MIT.
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Figure 8. Non-destructive mass separation of helium clusters that shows the existence of magic numbers.
These results were obtained by Peter Toennies, et al, at the Max-Planck Institute in Goettingen, Germany,
using free-standing, 100 nm-period gratings made in the NSL at MIT.

Figure 9. Diffraction spectrum of 550 eV electrons. These results were obtained by Prof. Herman Batelaan
of the University of Nebraska-Lincoln, using free-standing, 100 nm-period gratings made in the NSL at MIT.
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B. Reflection Gratings
Grazing-incidence x-ray reflection gratings are an important component of advanced highresolution spectrometers and other x-ray optics. These have traditionally been fabricated by
diamond scribing with a ruling engine or by interference lithography followed by ion etching.
These methods result in gratings which suffer from a number of deficiencies, including high
surface roughness and poor groove profile control, leading to poor diffraction efficiency and large
amounts of scattered light.
We are developing improved methods for fabricating blazed x-ray reflection gratings which utilize
special (111) silicon wafers, cut 0.5-10 degrees off the (111) plane. Silicon anisotropic etching
solutions, such as potassium hydroxide (KOH), etch the (111) planes very slowly compared to
other crystallographic directions, resulting in the desired super-smooth groove surface. Previous
work used similar off-cut (111) silicon substrates to fabricate blazed diffraction gratings, but
utilized a second KOH etch step that compromised the grating facet flatness and is unsuitable for
small grazing-angle x-ray diffraction.
Gratings are patterned using interference lithography with the λ=351.1 nm wavelength, and
transferred into substrates using tri-level resist processing, reactive-ion etching (RIE), and siliconnitride masking during the KOH etch. The narrow (~100 nm) ridge of silicon which supports the
nitride mask is removed using a novel chromium lift-off step followed by a CF4 RIE. The result is
extremely smooth sawtooth patterns, which, after applying a thin evaporative coating of Cr/Au,
are suitable for x-ray reflection (see Fig. 10).
We are also developing UV and thermal nanoimprint lithography for low cost production of
gratings. We have demonstrated the extremely high fidelity of the nanoimprint replication
process, where added surface roughness is < 0.2 nm (see Fig.11).
Potential applications of these improved gratings are for materials science research with
synchrotron radiation and satellite-based high-resolution x-ray spectroscopy for planned NASA
missions such as Constellation X. We are also exploring other applications for this technology,
including telecom devices and atom microscopy.
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Figure 10. (a) An AFM image of a traditional mechanically-ruled and replicated x-ray reflection grating
(Bixler et al., Proc. SPIE 1549, 420-428 [1991]). Note the rough, wavy groove surface that leads to poor
diffraction performance. (b) An AFM image of a blazed x-ray reflection grating fabricated by anisotropic
etching of special off-cut (111) silicon wafers. Note the improvement of groove surface flatness and
smoothness, leading to significantly improved performance.
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Figure 11. AFM image of 200 nm-period thermal-nano-imprint grating with 7° blaze angle. The
groove surfaces are extremely smooth with a RMS surface roughness of <0.2 nm.
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