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1. The NanoStructures Laboratory (NSL) 
 
The NanoStructures Laboratory (NSL) within the Research Laboratory of Electronics (RLE) is 
composed of the research groups of Prof. Henry I. Smith, Prof. Karl K. Berggren (Quantum 
Nanostructures and Nanofabrication) and Dr. Mark L. Schattenburg (the Space Nanotechnology 
Lab, SNL) as well as the Scanning-Electron-Beam Lithography (SEBL) Facility and the Facilities 
of the NSL and SNL. The SNL is part of the Kavli Institute for Astrophysics and Space Research.  
The NSL and SNL focus on developing tools and techniques for fabricating surface structures 
with feature sizes in the range from 1 to 100 nanometers that are beyond what is available 
commercially.  In addition, a wide variety of research applications that employ these tools and 
techniques are pursued by NSL and SNL personnel, and collaborators from a variety of 
departments and laboratories.  
 
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 and SNL are developed in house.  Generally, commercial lithography and processing 
equipment, designed for the semiconductor industry, cannot achieve the resolution needed, is 
inordinately expensive, and lacks the flexibility required for broad ranging nanostructures 
research.  The research projects within the NSL fall into four major categories: (1)  development 
of nanostructure fabrication technology; (2)  nanoelectronics, nanomagnetics and nanophotonics; 
(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, Dr. Feng Zhang, Prof. Henry I. Smith, Prof. 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 electron-
optical 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 
learning and initial fabrication stages. Once the requisite level of skill is acquired users are 
encouraged to carry out SEBL fabrication on their own.  
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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 Dr. Feng 
Zhang. 
 

 
Figure 2:  Scanning-electron micrograph illustrating the resolution of the Raith 150 SEBL system. 
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Figure 3.  Photograph of the VS-26 scanning-electron-beam lithography system. 
 
 
3. Spatial-Phase-Locked Electron-Beam Lithography 
 
Sponsors: 
NSF 
 
Project Staff: 
Prof. Henry I. Smith, Dr. Feng Zhang, Mark K. Mondol, Prof. Karl Berggren 
 
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.  The 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 an electron transparent 
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. 
 
The research effort focuses on developing the three critical components of SPLEBL: the beam-
position-detection algorithm [1], a user-friendly-fabrication process for the fiducial grid [2], and a 
beam-current-modulation scheme [3].  The last component is necessary for the SPLEBL-enabled 
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tool to discriminate between non-exposed and exposed areas while enjoying a continuous 
feedback- signal. 
 
In its continuous-feedback mode SPEBL has been implemented on a Raith150 scanning e-beam 
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 [1] shown in Figure 2 indicate that 1-nm-level placement accuracy is 
achievable with this technology. 

 
 
References 
[1] J.T. Hastings, F. Zhang, and H.I. Smith, “Nanometer-level stitching in raster-scanning e-

beam lithography using spatial-phase locking,” J. Vac. Sci. Technol. B, 21(6), pp. 2650-
2656, Nov/Dec 2003. 

 
[2] F. Zhang, H.I. Smith and J.F. Dai, “Fabrication of high-secondary-electron-yield grids for 

spatial-phase-locked electron-beam lithography,” J. Vac. Sci. Technol. B, 23(6), pp. 
3061-3064, Nov/Dec 2005. 

 
[3] F. Zhang and H.I. Smith, “Partial blanking of an electron beam using a quadrupole lens,” 

in J. Vac. Sci. Technol. B, 23(1), pp. 133-137, Jan/Feb 2005. 
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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. 
 

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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4. X-Ray Nanolithography (XNL) 
 
Sponsors: 
Institutional Funding 
 
Project Staff: 
James Daley, Dr. Euclid Moon, and Prof. 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 channel-
dropping 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 enables 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.
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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-to-
substrate 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.  
 
 
5. Adaptive-Membrane-Mask Technology  
 
Sponsors: 
Internal Funding 
 
Project Staff: 
Thomas O’Reilly, Prof. Martin Feldman (LSU), Prof. 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 Moon, Stefan Harrer, Prof. Karl Berggren, Prof. Henry I. Smith 
 
Imprint lithography is a straightforward and reliable means of replicating patterns from a template 
with feature sizes down to 10 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 low-viscosity 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. 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 micro-
environment 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. 

We plan to employ imprint lithography systems for fabrication of coupled Josephson junction 
quantum bits for use in quantum computing. 
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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. 
 
 
 
7. Imprint Lithography with Multilevel Alignment Via Interferometric-Spatial-

Phase Imaging  
 
Sponsors 
Molecular Imprints, Inc. 
 
Project Staff 
Dr. Euclid Moon, Prof. Henry I. Smith 
  
A critical obstacle to widespread industrial acceptance of imprint lithography is multilevel overlay 
capability.  In journal articles [1], [2] we described an alignment detection scheme, called 
Interferometric-Spatial-Phase Imaging (ISPI), which encodes alignment in the spatial phase 
disparity of complementary interference fringes, observed with oblique-incidence, long-working-
distance, darkfield optical microscopes [1,2].  We have applied ISPI to step-and-flash imprint 
lithography (S-FIL), in which alignment is actively measured and corrected with imprint fluid filling 
the template-substrate gap.  
 
In S-FIL, it is desirable to use a shallow phase grating as the alignment mark, which raises the 
issue of ISPI fringe contrast. Fringe contrast with a fused silica phase grating in an imprint fluid is  
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12% of the fringe contrast with air in the template-substrate gap, as predicted by two-dimensional 
finite-difference time-domain (FDTD) simulations, and confirmed by experiment.  Despite the low 
fringe contrast, experimental data (Figure 1) shows that ISPI can achieve sub-nanometer 
alignment detectivity under such conditions, the most stringent typically encountered in imprint 
lithography. 
 
Figure 2 illustrates the ability of ISPI to effect dynamic alignment control throughout the S-FIL 
imprint process.  The data shows an initial condition with alignment well below 1 nm.  Alignment 
is disturbed by a mechanical impulse from opening of the UV shutter, but such disturbances, 
which would usually pass unnoticed, can be observed and corrected by ISPI.  We believe these 
experiments, among others, indicate that ISPI is uniquely advantaged for application to S-FIL and 
other forms of imprint lithography. 

 
Figure 1:  Alignment detectivity of ISPI with (a) air in the 
template-substrate gap (σ = 0.05 nm), and (b) imprint fluid 
in the gap (σ = 0.12 nm).  Detectivity is reduced in the 
stringent case of phase gratings on the template, used 
with an imprint fluid of similar index of refraction, but 
remains within the sub-nanometer range.  The  template-
substrate gap was mechanically locked during the 
experiment. 

 

 
Figure 2:  Plot of ISPI alignment data (1) before 
exposure, (2) at the instant the shutter to the UV 
lamp opens, (3) during misalignment caused by a 
mechanical shock transmitted from the UV lamp to 
the template, and (4) during correction of 
misalignment, until croslinking solidifies the imprint 
fluid.  The experiment demonstrates the ability of 
ISPI to detect and identify sources of 
misalignment on the nanometer level, as well as a 
limited ability to re-align during crosslinking of the 
imprint material.  Improvements are readily 
achievable with increased feedback bandwidth. 

 
 
References 
[1]  E. E. Moon, L. Chen, P. N. Everett, M. K. Mondol, and H. I. Smith, “Interferometric-

spatial-phase imaging for six-axis mask control,” J. Vac. Sci. Technol. B 21, 3112 (2003). 
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8. Zone-Plate-Array Lithography (ZPAL) 
 
Sponsors: 
DARPA and NSF 
 
Project Staff: 
Rajesh Menon, Hsin-Yu Tsai, and Professor Henry I. Smith 
 
 
Optical projection lithography (OPL) has been the key element in the technological progress of 
the semiconductor industry. In OPL, a fixed pattern on a photomask is imaged onto a photoresist-
coated substrate by means of a complex and expensive optical system. Resolution-enhancement 
techniques used to print at the diffraction-limit often constrain the geometries of these patterns. 
Furthermore, OPL is inherently inflexible since the patterns once defined in the photomask cannot 
be changed. Obtaining a new set of photomasks is an expensive and time-consuming 
proposition. The need for expensive photomasks is a significant impediment in emerging 
applications, in which frequent experimentation and changes to pattern geometries are often 
essential to achieving the optimum design.  
 
In the NanoStructures laboratory at MIT we have developed an optical-maskless lithography 
called zone-plate-array lithography (ZPAL) [1] that uses a massively parallel array of tightly 
focused laser beamlets to create patterns of complex geometries in a dot-matrix fashion. An array 
of high-numerical aperture zone plates creates the array of beamlets. The illumination of each 
zone plate is controlled by one pixel on an upstream spatial-light modulator. Complex patterns as 
illustrated in Figure 1, are readily created. An MIT spin-off company, LumArray Inc. is 
commercializing this technology [2].  
 

 
 
 
 
 
 
References: 
[1]  R. Menon, A. Patel, D. Gil, and H.I. Smith, “Maskless Lithography,” Materials Today, pp. 

26-33, Feb. 2005. 
 
[2] www.lumarray.com  

Figure 1: Scanning-electron micrographs of patterns created using 
ZPAL at an exposure wavelength of  λ = 400 nm.  
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9.  Absorbance-Modulation Optical Lithography 
 
Sponsors 
Internal funds 
 
Project Staff 
Dr. Rajesh Menon, Hsin-Yu Tsai, Prof. Henry I. Smith 
 
In the NanoStructures laboratory, we are developing an optical nanopatterning technology that 
can push the resolution limits to sub-diffraction-limited regimes using photochromic molecules 
(see Figure 1). Photochromic molecules reversibly change their absorbance spectra upon 
irradiation [1].  By placing a thin photochromic layer on top of a traditional photoresist, coupled 
with a two-wavelength illumination, one can pattern sub-diffraction-limited features (~ λ/13) [2]. 
The first wavelength, λ1, bleaches the photochromic layer, turning it transparent, while the second 
longer wavelength, λ2, reverses this bleaching process. The two-wavelength scheme, which we 
call absorbance-modulation-optical lithography (AMOL), uses a focused beam at λ1 and a ring-
shaped beam at λ2. As a result, the beam transmitted through the photochromic layer is 
compressed laterally. 
 
Thus, AMOL has the potential to pattern 30-nm features at λ1 = 400 nm. Compared to scanning-
electron-beam lithography (SEBL), AMOL has the advantages of higher accuracy, higher 
throughput (via multiple parallel beams [3]), non-damaging effects (for organic and other sensitive 
substrates), and a fundamentally simpler configuration.  
 
Furthermore, it can be shown that if both isomers of the photochromic molecule are stable, the 
compression of the transmitted beam is dependent on the ratio of the intensities at λ1 and λ2 but 
not on either one alone. This relationship has the important practical implication that highly 
compressed beams may be created at low power densities. The scale of the compression of the 
transmitted beam is determined by the initial absorbance of the photochromic layer as well as the 
difference between the initial and final absorbances, i.e., the contrast of the absorbance 
modulation.  

 

 

 

 

 

 

 

Figure 1: Resolution scaling with wavelength for different technologies. Note that AMOL has the potential to 
extend optical nano-patterning to the sub-30-nm regime. 
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10.  Interference Lithography 
 
Sponsor 
Internal funds 
 
Project Staff 
Thomas O'Reilly, Dr. Timothy Savas, Prof. Henry I. Smith 
 
Interference lithography (IL) produces periodic structures using the coherent interference of light.  
Typically, light from a source is divided and recombined, forming a  periodic intensity pattern that 
can be used to expose a photosensitive film on a  substrate.  The NanoSturctures Lab (NSL) has 
been developing interference lithography systems since the mid 1970’s, and operates a range of 
tools capable of patterning gratings, grids, and other periodic structures with periods as fine as 
100 nm, that are used in a wide variety of research areas. 
 
Two of the NSL’s IL systems use 325 nm wavelength HeCd lasers.  The most flexible and widely 
used of these  is known as the Lloyd’s mirror.  This is a half Mach-Zehnder interferometer that is 
easily configured to write patterns with periods from 170 nm to several microns.  A second 
system at the same wavelength, in a full Mach-Zehnder configuration, can pattern gratings over 
larger areas than the Lloyd’s mirror system, but is less flexible.  Finally the NSL operates an 
achromatic interference lithography (AIL) system.  This uses a 193 nm excimer laser, and is able 
to write patterns with periods of 100 nm, as shown in Figure 1.  This AIL system uses phase 
gratings to split and recombine the light, and is able to form high-contrast fringe patterns whose 
area is not dependent on the spatial or temporal coherence of the source.   

Gratings produced by the Lloyd’s mirror have been used to cut carbon nanotubes, guide the 
assembly of nanoparticles for templated self-assembly, study the behavior of strained-silicon 
wafers, fabricate templates for imprint lithography, and more.  The full Mach-Zehnder system has 
been used to study in-plane distortion of silicon nitride membranes and to create super-prisms  
and super collimators based on 2D photonic crystals.  The AIL system has been used to create 
free-standing gratings used in atom-beam interference experiments and EUV spectroscopy. 

In addition, the NSL collaborates with the Space Nanotechnology Laboratory, which operates a 
Mach-Zehnder IL system and the Nanoruler, an IL system that is able to write high quality 
gratings over areas larger than 300 mm diameter. 
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Figure 1: 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. 

 
 
11.  Immersion-achromatic-interference lithography 
 
Sponsor 
Singapore MIT alliance, SMA II 
 
Project Staff 
Thomas O'Reilly, Dr. Michael  Walsh, Dr. Timothy Savas, Prof. Henry I. Smith 
 
Interference lithography (IL) is a means of using the coherent interference of light to create 
periodic structures.  The period of the pattern written is determined by the interference angle, θ, 
and the wavelength, λ, according to the equation )sin(2/ θλ nP = , where n is the refractive 
index.  Since there is an upper limit to the interference angle (90°), in order to reduce the period 
below half the wavelength it is necessary to use a higher index medium. The NanoStructures Lab 
is developing an immersion interference lithography system (IIL) that will be capable of writing 
gratings with periods of 70 nm or even smaller. The presence of an immersion fluid reduces the 
effective wavelength of the light and therefore the period of the pattern written.   

The system under development, shown in Figure 1, is an achromatic grating interferometer, 
similar to an existing system that is used to write 100 nm period gratings.  In this system, light is 
split and recombined by diffraction gratings.  The gratings are configured in such a way that 
contrast of the fringe pattern formed is not dependent on the spatial or temporal coherence of the 
source.  Analysis of the proposed system has shown that it will be capable of writing gratings with 
periods as fine as 70 nm, over areas as large as the parent gratings, using water as the 
immersion fluid.  Using higher-index immersion fluids, it should be possible to write patterns as 
fine as 60 nm. 
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Gratings produced by this system are likely to find application in areas such as atom 
interferometer and templated self-asembly.  In addition, the system will be used to study the 
perfomance of photoresist and immersion fluids at very high numerical apertures.  

 

 

Figure 1. Immersion grating-interference lithography system. 
 
 
 
 
12. Nanostructured optical fiber-to-chip couplers 
 
Sponsors 
Pirelli S.p.A (Milan, Italy) 
 
Project Staff 
R. Barreto, M. Defosseux, T. Barwicz, A.M. Khilo, M. Fan, M.A. Popovic, P.T. Rakich, E.P. Ippen, 
F.X. Kaertner, H.I. Smith 
 
Efficient fiber-to-chip coupling is a significant problem for high-index-contrast microphotonics due 
to the large difference in size and refractive index between the core of an optical fiber (several 
microns in diameter) and the core of a high-index-contrast waveguide (less than a micron wide). 
An efficient fiber-to-chip coupler is thus needed to match the mode of the fiber, and transform it 
to a propagation mode inside the chip waveguide while minimizing signal loss.   
 
 
 
Our research simultaneously investigates and fabricates two different designs to accomplish the 
coupling.   In the first design, called a horizontal coupler, a large polymer waveguide sits on a 
small silicon waveguide whose width tapers from 30 to 450 nm. This way, light is gradually 
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transferred from the polymer waveguide to the silicon waveguide over the length of the tapered 
region.  Figure 1 shows a cross-sectional area of the horizontal coupler.  Fabrication is done on 
Silicon-On-Insulator wafers, so that the buried oxide functions as an under-cladding and prevents 
optical modes from reaching into the substrate.  An over-cladding layer is also added to the 
structure to make the coupler compatible with other photonic devices, such as microring-based 
reconfigurable optical add-drop filters.   
 
The second design, the vertical coupler, is based on a grating array composed of nanoscale 
tooth-sets that allow coupling from a vertically oriented fiber to a horizontally oriented 
waveguide. We are now demonstrating this concept using silicon-rich silicon nitride 
waveguides.  Figure 2 shows a sketch of the vertical coupler design under fabrication. The 
minimum feature size reaches ~ 100 nm. 
 

 
 

 
Figure 1: Cross Section of Horizontal Coupler 
 

Figure 2: Sketch of Vertical Coupler 
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13.   Nanofabrication of Optical Microring Filter Banks for Ultra-fast Analog-to-
Digital Converters 

 
Sponsors: 
DARPA 
 
Project staff:  
Charles Holzwarth, Dr. Tymon Barwicz, Milos A. Popović, Peter T. Rakich, Prof. Erich P. Ippen, 
Prof. Franz X. Kärtner, and Prof. Henry I. Smith 
 
Microphotonic filter banks are an essential part of many proposed integrated photonic systems 
including ultra-fast analog-to-digital converters.  Recent progress in designs and nanofabrication 
techniques for microring-resonators in high-index-contrast (HIC) materials has made possible the 
wide spectral spacing between resonances and low loss required for real world applications.  
Achieving accurate resonant-frequency spacing of microring-filters is critical for these devices.   In 
the NanoStructures Laboratory we have developed fabrication techniques based on scanning-
electron-beam lithography (SEBL), that enables accurate control of the resonant-frequency 
spacing of HIC microring-resonator filter banks. 
 
Resonant frequency control in microring-resonator filters is achieved by controlling the optical 
path length (OPL) of a ring, which depends on the ring’s radius and the phase velocity of light in 
the ring.  (The resonant frequency condition corresponds to there being an integral number of 
wavelengths around the ring.)  The phase velocity depends on the width of the ring waveguide.  
To control the resonant frequency to within 1GHz, one must control the average width of the ring 
waveguide to within 10-50 pm, which is about 100 times finer than the minimum step size of the 
address grid of an SEBL system.  To achieve this kind of width control, we adjusted the electron-
beam dose.  
 
In our experiments second-order microring-resonator filters, fabricated in silicon-rich silicon nitride 
were used in the microring filter banks (Figure 1).  Calibration experiments were performed to find 
the filter’s resonant frequency dependency on lithographic parameters such as the specified 
radius, width and exposure dose.   Using dose modulation, eight-channel filter banks with channel 
spacing ranging from 90 to 180 GHz were fabricated and tested (Figure 2).  The results 
demonstrate that we can accurately control a 2.7 nm change in average width of the ring 
waveguide to 0.11 nm, despite a 6 nm step size in the SEBL system. 

 
 
Figure 1:  a) Scanning electron micrograph of a fabricated second-order microring-resonator filter with 
critical design dimension labeled.  b) Designed and measured second-order microring resonator filter 
response that has a 20 nm free-spectral-range, 50 GHz bandwidth, 1.5  dB drop loss and less than 30 dB 
channel crosstalk. 
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Figure 2:  Measured response of an eight-channel filter bank based on second-order microring-resonators 
with a target channel spacing for 150 GHz.  The actual average channel spacing measured is 159 GHz  and 
channel crosstalk is less than 30 dB. 

 
 
 
 
14. Polarization-insensitive, Optical, Add-drop Multiplexers in Silicon Nitride 
 
Sponsors 
Pirelli S.p.A (Milan, Italy) 
 
Project Staff 
Dr. Tymon Barwicz, M.R. Watts, M.A. Popovic, P.T. Rakich, Prof. E.P. Ippen, Prof. F.X. Kaertner, 
Prof. Henry I. Smith 
 
Microphotonics promises to revolutionize optics through miniaturization and dense integration of 
optical elements on planar surfaces. Of particular interest are microphotonic devices that employ 
high refractive-index contrast (HIC). These devices have dimensions on the order of the optical 
wavelength, and functionality often not achievable with macro-scale devices. A long-standing 
criticism of HIC microphotonic devices, however, is their inherent sensitivity to polarization: they 
respond differently to light polarized along different axes. Since the polarization state changes 
randomly in optical fibers, HIC microphotonic devices are incompatible with the optical fibers 
necessary to connect them to the outside world.  
 
In the Nanostructures Laboratory, we have developed nanofabrication techniques that allow the 
realization of microphotonic devices with unprecedented accuracy [1]. These techniques are 
based on scanning e-beam lithography and allow us to fabricate microring filters of 
unprecedented optical performance. Here, we overcome another major obstacle: sensitivity to 
polarization. We apply an integrated polarization-diversity scheme to render the optical response 
of microring filters insensitive to polarization. An optical add-drop multiplexer was realized and the 
polarization-dependent loss reduced to a remarkable average of 1 dB. Figure 1 presents the 
implemented optical circuit diagram and electron micrographs of the structure . The waveguides 
are based on silicon-rich silicon nitride and the critical dimensions vary from 70 to 3000 nm 
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across the structure. The average waveguide widths of the 18 micro rings forming the add-drop 
multiplexer are matched to 0.15 nm. The aspect ratio of the tallest and thinnest structures 
reaches 12 to 1. 
 
 

 
Figure 1: (a) Optical circuit required to obtain a polarization insensitive optical response from polarization 
sensitive components. The acronym PSR stands for polarization splitter and rotator. The two filters shown in 
the schematic are identical. (b) Electron micrograph of the onset of the polarization splitter and rotator. 
Graphic (c) Electron micrograph of the middle part of the circuit. The polarization splitters and rotators are 
not shown and extend to the right and the left of the micrograph. The grayscale was inverted to allow the 
fine lines to be visible when printed. 
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15.  Templated Self-Assembly for Nano-Particle Organization: Solid State 

Dewetting 
 
Sponsors 
NSF, Singapore- MIT Alliance SMA II 
 
Project Staff 
A. L. Giermann, J. Ye, R. Mönig, Prof. Henry I. Smith, Prof. Carl V. Thompson 
 
We are exploring solid state dewetting of thin films as a tool for producing ordered arrays of metal 
nanodots over large areas. 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.  
Our current investigations focus on two topics: the effects of material anisotropies on dewetting 
and the effects of physical templates to control dewetting. 
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In the area of materials anisotropies, we seek a material system in which the islands formed by 
dewetting exhibit spatial order due to anisotropy in the surface energies and diffusivities.  As an 
initial step, we observed significantly different dewetting behaviors of Ni thin films on MgO 
substrates depending on the crystallographic orientation of the substrate surface.  Our future 
work involves investigating how micro-faceting of MgO affects the dewetting behaviors of Ni thin 
films. 
 
In the area of physical templating, we use topographically patterned substrates to modulate the 
curvature of as-deposited films and thus influence the dewetting behavior of polycrystalline films 
[1-2].  We deposit and anneal gold films on di-periodic arrays of pits on oxidized silicon substrates 
to induce one-to-one self-assembly of ordered arrays of gold particles over large areas.  Average 
particles sizes of less than 50 nm can be achieved.  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 (Figure 1). This templating technique uniquely results in 
crystallographic ordering (i.e., graphoepitaxy) of the particles, imposing an in-plane texture and 
changing the out-of-plane texture (Figure 2).  Particles formed in topographic features are 
expected to be stable with respect to agglomeration during tube or wire growth.  Our current 
efforts include investigating additional techniques for imposing topographic templating on thin 
films, exploring the templating phenomena in other materials, including those that are known to 
catalyze carbon nanotubes and those with high surface mobilities, and developing numeric 
models of topographic dewetting in order to fully characterize the mechanism. 
 

 

Figure 1:  The effect of topography on particle morphology. 
The results of dewetting a 10 nm thick Au film on (a) a flat 
substrate and (b) a  substrate patterened with inverted 
pyramids at a 100 nm pitch. Micrographs are displayed at 
the same magnification to emphasize the effect of 
topography on particle size. Scale bars are 200 nm in 
length. 

 

Figure 2:  The effect of topography on particle 
orientation. (a) and (b) show Au (111) X-ray pole 
figures (37.4˚ < 2θ < 38.6˚), (a) for particles on a flat 
substrate and (b) for particles on a topographic 
substrate. (c) and (d) schematically illustrate the 
particle orientation on flat and topographic 
substrates, respectively. The arrows indicate the 
(111) projection.  
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16.  Templated Self-assembly of Block Copolymers for Nanolithography 
 
Sponsors 
National Science Foundation, MIT Center for Materials Science and Engineering, Singapore-MIT 
Alliance, Semiconductor Research Corporation 
 
Project Staff 
Prof. Caroline Ross, Prof. Henry I. Smith, Filip Ilievski, V. Chuang, Y.S. Jung 
 
Large-area, periodic nanoscale structures are interesting for understanding fundamental material 
properties as well as for developing novel applications, such as the fabrication of magnetic media 
or contacts to nano-sized devices. Self-organizing systems provide a simple and low-cost method 
of fast fabrication of periodic nanoscale structures. One such system is the family of compounds 
called block-copolymers that we have been using. Block copolymers consist of two covalently 
bound polymer chains of chemically distinct polymer materials. The chains can self-assemble to 
form small-scale domains whose size and geometry depend on the molecular weights of the two 
types of polymer and their interaction [1]. The domains have a very uniform distribution of sizes 
and shapes. We have been using block copolymers as templates for the formation of structures 
such as magnetic particles, by selectively removing one type of domain and using the resulting 
template to pattern a nanostructured magnetic film. We have successfully applied this patterning 
process to the fabrication of magnetic dots from Co, NiFe[2] and multilayer CoFe/Cu/NiFe[2] 
films. One drawback of this technique is that the as-cast block copolymer forms a short-range 
ordered structure, whereas many applications require long-range ordered structures. It is 
therefore necessary to guide the microphase separation of the block copolymer by a process 
called templating. This can be done by using a substrate with shallow grooves as guides for a 
single layer of spheres [3]  or cylinders that could be utilized in the fabrication of nanorods and 
nanowires. Deep v-shaped grooves provide an interesting model for analyzing the ordering in 3 
dimensions (Figure 1). Lastly, by combining this technique with nanoimprint lithography (Figure 
2), we can achieve large-scale alignment and avoid additional steps for removal of the guiding 
template.  

  

 
Figure 1:  Self-assembled block copolymer in a v-
shaped groove. For imaging, one of the blocks was 
removed by oxygen plasma etching to reveal the 
structure of the other block. The number of rows of 
spheres increases in a quantized manner from the 
bottom up (one row of spheres, then two, etc.) Half-
spheres and other transitions do not form.  

 
Figure 2:  Initial results in templated block 
copolymers using nanoimprint lithography. A 1µm- 
period mold was pressed into a thin layer of block 
copolymer on a flat substrate and both were 
annealed to induce the phase separation. The 
polymer was pushed out of regions where the mold 
was in contact with the substrate. If transferred into 
a magnetic layer, similar dots could be used as 
storage units for single bits in magnetic media. We 
are currently working on methods of improving the 
long-range order.  
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17.  Three-dimensional photonic crystals by membrane assembly 
 
Sponsors 
NSF 
 
Project Staff 
Amil Patel, J. Joannopoulos, Prof. Henry I. Smith 
 
A three-dimensional photonic crystal is a periodic structure in which back-diffraction prevents light 
within a given wavelength band (the bandgap) from propagating in any direction. A local deviation 
from perfect periodicity (a “defect”) such as some missing material (i.e., a hole), or a local change 
in dimensions, can produce a photon trap or resonant cavity.  Light cannot propagate through the 
photonic crystal but it can remain localized around the defect, leading to resonators of 
extraordinarily high Q. This promises many practical applications, including single-photon sources 
and highly sensitive chemical detection.  A line defect, such as a row of missing material, can 
serve as a lossless waveguide, leading to highly complex and functional photonic systems. Figure 
1 depicts a 3D photonic crystal with a very large omnidirectional bandgap [1]. In the past, we 
fabricated this type of structure using a layer-by-layer process consisting of e-beam lithography 
followed by deposition and etch back [2]. We are replacing this tedious and error-prone process 
with layer-by-layer assembly of membranes that are prepatterned using interference lithography, 
as depicted in Figure 2.  Although this will require the development of entirely new membrane 
fabrication and assembly techniques, it should reduce the probability of error since the 
membranes are separately fabricated and inspected, and assembled only at the final step.  
 
Large area SiN membranes (1cm) x (1cm), 350 nm thick, have been patterned with the 
appropriate 2D periodic structure.  Techniques for assembling such membranes with ~10 nm 
alignment accuracy are being developed. In the future, Si membranes will be investigated. 
Ultimately we plan to assemble more than 20 layers in a 3D photonic-crystal structure.    
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Figure 1:  3-D rendering of the photonic 
crystal structure to be fabricated. A crystal 
with 6 layers is depicted.  Ultimately, we will 
assemble 20+ layers. 

 

Figure 2:   Proposed membrane-assembly process for 
fabricating 3D photonic crystals 
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18. Building Three-dimensional Nanostructures via Membrane Folding  
 
Sponsors  
Institute for Soldier Nanotechnologies 
 
Project Staff 
W.J. Arora, A.J. Nichol, Prof. George Barbastathis, Prof. Henry I. Smith 
 
Nanostructured Origami is a method of manufacturing three-dimensional (3D) nanostructures 
from membranes. Nanometer-scale structures are best fabricated with various two-dimensional 
(2D) lithography techniques. This project addresses the problem of building 3D structures using 
only 2D lithography. The general method of the Nanostructured Origami approach involves three 
steps: lithographically defining micrometer-scale membranes and hinges; lithographically 
patterning nanostructures on these membranes; and releasing the membranes and actuating the 
hinges to fold into a 3D shape. Presently, we envision this technology to be well suited for 
fabrication of 3D photonic crystals and 3D diffractive-optical devices. 
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We have developed a process to fold thin membranes of silicon nitride using stressed chromium 
hinges [1]. To date, these membranes have been patterned with gratings prior to being folded into 
3D. However, arbitrary nanoscale features can be etched into or deposited onto the membranes. 
Experimental results are shown in Figures 1 and 2. 
 
Current work focuses on reducing the radius of the folds. With the stressed chromium metal 
approach, we have demonstrated 30-µm-radius folds and by thinning the membrane at the hinge 
area, we predict that it should be possible to achieve 5-µm-radius folds. However, it is desirable 
to have fold radii on the order of the membrane thickness, usually 1µm or less. We are 
developing a new folding approach that uses the stress gradient created by ion implantation. The 
maximum strain generated is proportional to the implanted ion concentration, which can be much 
larger than that generated by the Cr. Additionally, as the ion implantation takes place, the hinge 
area is sputtered and can be controllably thinned. The combination of these effects results in a 
much smaller radius. Preliminary experimental results are shown in Figure 2.   
 
 

 
 
Figure 1a: A 200-nmSiNx membrane folded to 450 with a grating etched into the center. The grating was 
patterned by interference lithography and the period is 200 nm. The membrane is folded near the base by a 
strip of chromium. The fold radius is 34 µm.   
 
Figure 1b: Three identical hinges (63-µm long) each folded to 1200 to form a triangular shape out of a long 
SiNx strip. The membranes are patterned with interference lithography inside the circular regions. The fold 
radius is 32 µm. 
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Figure 2: Single pixel lines written with a focused ion beam source (Ga+ ions, 30keV) folded a 200-nm-thick 
SiN membrane with a 500-nm radius. The folding strongly depends on the implanted dose; the line on the 
right had half the dose of the folded line on the left. 
 
 
References 
[1]  W.J. Arora, A.J. Nichol, H.I. Smith, and G. Barbastathis. “Membrane-folding to achieve 

three-dimensional nanostructures,” Appl. Phys. Lett. 88, p. 053108, 2006.  
 
 
 
 
19. Scanning Beam Interference Lithography 
 
Sponsors: 
NASA, Plymouth Grating Laboratory 
 
Project Staff: 
M. Ahn, C.-H. Chang, R. Heilmann, J. Montoya, Y. Zhao, Prof. M.L. Schattenburg 
 
Traditional methods of fabricating gratings, such as diamond tip ruling, electron and laser beam 
scanning, or holography, are generally very slow and expensive and result in gratings with poor 
control of phase and period.  More complex periodic patterns, such as gratings with chirped or 
curved, lines, or 2D and 3D photonic patterns, are even more difficult to pattern.  This research 
program seeks to develop advanced interference lithography tools and techniques to enable the 



Chapter 22.  Nanostructures Technology, Research and Applications 
 

 
22-26  RLE Progress Report 147 

rapid patterning of general periodic patterns with much lower cost and higher fidelity than current 
technology. 
 
Interference lithography (IL) is a maskless lithography technique based on the interference of 
coherent beams.  Interfering beams from an ultra-violet laser generates interference fringes which 
are captured in a photo-sensitive polymer resist.  Much of the technology used in modern IL 
practice is borrowed from technology used to fabricate computer chips.  Traditional IL methods 
result in gratings with large phase and period errors.  We are developing new technology based 
on interference of phase-locked scanning beams, called scanning beam interference lithography 
(SBIL).  The SBIL technique has been realized in a tool called the MIT Nanoruler, which recently 
won a R&D 100 award (Fig. 1).  Large gratings can be patterned in a matter of minutes with a 
grating phase precision of only a few nanometers and a period error in the ppb range (Fig. 2). 
 
Current research efforts seek to generalize the SBIL concept to pattern more complex periodic 
patterns, such as variable period (chirped) gratings, 2D metrology grids, and photonic patterns 
[1].  Important applications of large, high fidelity gratings are for high-resolution x-ray 
spectroscopes on NASA x-ray astronomy missions, high energy laser pulse compression optics, 
and length metrology standards.  We are in the process of a major upgrade of the Nanoruler 
optical and mechanical system which will allow rapid variation and control of grating pitch and 
fringe orientation, which will enable a new mode of operation of the Nanoruler that we call 
variable-period SBIL. 
 

  
 
Figure 1:  Photograph of the Nanoruler 
lithography and metrology system built by MIT 
students.  This unique tool is the most precise 
grating patterning and metrology system in the 
world. 

 
Figure 2:  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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20. Nanometrology 
 
Sponsors:  
NSF 
 
Project Staff: 
R. Heilmann, J. Montoya, Y. Zhao, D. Trumper, Prof. M.L. Schattenburg 
 
Manufacturing of future nanodevices and systems will require accurate means to pattern, 
assemble, image and measure nanostructures.  Unfortunately, the current state-of-the-art of 
dimensional metrology, based on the laser interferometer, is grossly inadequate for these tasks.  
While it is true that when used in carefully-controlled conditions interferometers can be very 
precise, they typically have an accuracy measured in microns rather than nanometers.  Achieving 
high accuracy requires extraordinarily tight control of the environment and thus high cost.  
Manufacturing at the nanoscale will require new technology for dimensional metrology which 
enables sub-1 nm precision and accuracy in realistic factory environments. 
 
A recently formed MIT-UNC–Charlotte team is developing new metrology technology based on 
large-area grating patterns that have long-range spatial-phase coherence and ultra-high 
accuracy.  Our goal is to reduce errors in gratings by 10-100 times over the best available today.  
These improved gratings can be used to replace interferometers with positional encoders to 
measure stage motion in a new nanomanufacturing tools, and to calibrate the dimensional scales 
of existing nanofabrication tools.  This increased precision and accuracy will enable the 
manufacturing of nanodevices and systems that are impossible to produce today.  Improved 
dimensional accuracy at the nano-to-picometer scale will have a large impact in many 
nanotechnology disciplines including semiconductor manufacturing, integrated optics, precision 
machine tools and space research. 
 
As part of this effort, we will utilize a unique and powerful tool recently developed at MIT called 
the Nanoruler that can rapidly pattern large gratings with a precision well beyond other methods.  
Another unique high-precision tool, the UNCC-MIT-built Sub-Atomic Measuring Machine (SAMM), 
is being brought to bear to research new ways to quantify and reduce errors in the gratings. 
 
Recent work at MIT is focused on improving the thermal controls in the Nanoruler lithography 
enclosure and developing an improved interferometer system to reduce errors in the stage 
metrology frame.  At UNCC the SAMM is undergoing extensive refurbishment and improvements 
designed to boost interferometer accuracy. 

 
Figure 1:  Photograph of the Nanoruler lithography 
and metrology system built by MIT students.  This 
unique tool is the most precise grating patterning and 
metrology system in the world. 

 
Figure 2: Photograph of reference block/sample 
holder for the Sub-Atomic Measuring Machine at the 
University of North Carolina – Charlotte. 
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21. Nanofabricated Reflection and Transmission Gratings 
 
Sponsors:  
NASA 
 
Project Staff: 
M. Ahn, C.-H Chang, R. Heilmann, J. Montoya, Y. Zhao, Prof. M.L. Schattenburg 
 
Diffraction gratings and other periodic patterns have long been important tools in research and 
manufacturing.  Diffraction is due to the coherent superposition of waves—a phenomena with 
many useful properties and applications.  Waves of many types can be diffracted, including 
visible and ultraviolet light, x-rays, electrons and even atom beams.  Periodic patterns have many 
useful applications in fields such as optics and spectroscopy, filtering of beams and media, 
metrology, high-power lasers, optical communications, semiconductor manufacturing, and 
nanotechnology research in nanophonics, nanomagnetics and nanobiology. 
 
The performance of a grating is critically dependant on the geometry of individual grating lines.  
Lines can have rectangular, triangular or other geometries, depending on the application.  High 
efficiency requires control of the geometric parameters which define individual lines (e.g., width, 
height, smoothness, sidewall angle, etc.) in the nanometer or even sub-nanometer range.  For 
some applications control of grating period in the picometer to femtometer range is critical.  
Traditional methods of fabricating gratings, such as diamond tip ruling, electron and laser beam 
scanning, or holography, generally result in gratings which fall far below theoretical performance 
limits due to imperfections in the grating line geometry.  The main goal of our research is to 
develop new technology for the rapid generation of general periodic patterns with control of 
geometry measured in the nanometer to sub-nanometer range in order to achieve near-
theoretical performance and high yields. 
 
Fabrication of gratings is generally accomplished in two main steps, (1) lithographic patterning 
into a photosensitive polymer resist, followed by (2) pattern transfer.  A companion research 
program in this report entitled Scanning Beam Interference Lithography describes progress in 
advanced grating patterning.  In this abstract we report on research in pattern transfer 
technology.  Development of a variety of grating geometries and materials is ongoing.  Advanced 
gratings have been fabricated for 10 NASA missions, and further advances are sought for future 
missions [1].  Fig. 1 depicts a gold wire-grid transmission grating designed for filtering deep-UV 
radiation for atom telescopes, while Fig. 2 depicts a nano-imprinted sawtooth reflection grating for 
x-ray spectroscopy. 
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Figure 1:  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. 

 
Figure 2:  AFM image of 200 nm-period nano-imprint grating 
with 7° blaze angle developed for the NASA Constellation X 
mission.  The groove surfaces are extremely smooth with a 
RMS surface roughness of <0.2 nm. 
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