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4.2 Microfabrication at
Linewidths of 100 nm and
Below

4.1 Submicron Structures
Laboratory

The Submicron Structures Laboratory at MIT
develops techniques for fabricating surface struc-
tures with feature sizes in the range from nano-
meters to micrometers and uses these structures in
a variety of research projects. These projects,
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meter and quantum-effect electronics; (3) crystal-
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coupling via resonant tunneling. The characteristic
energy scale for such a device would be set by
quantum confinement, and consequently may
provide a new avenue for obtaining finite gains in
Josephson three-terminal devices.

These novel structures consist of an uitrathin ver-
tical Si membrane (the quantum well) sandwiched
between two superconducting Nb counterelec-
trodes. These structures are fabricated using a
combination of x-ray and optical lithography,
anisotropic wet chemical etching, planarization
and reactive dry etching techniques. The basic
geometry of these new structures has now been
fully validated using low-mobility uniformly doped
Si wafers, where we find Josephson behavior con-
sistent with the best published work on “conven-
tional” Nb/Si/Nb junctions. However, no resonant
tunneling effects were expected or observed in
these devices due to their low mobility. Present
work now centers on the fabrication of similar
structures in high-mobility modulation-doped epi-
taxial layers grown on Si, where we expect reso-
nant tunneling effects to appear.

412 Submicrometer-Period
Transmission Gratings for
X-Ray and Atom-Beam
Spectroscopy and
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Transmission gratings with periods of 100-1000
nm are finding increasing utility in applications
such as x-ray, vacuum-ultraviolet, and atom- beam
spectroscopy and interferometry. Over 20 labora-
tories around the world depend on MIT-supplied
gratings in their work. For x-ray and UV spectro-
scopy, gratings are made of gold and have periods
of 100-1000 nm, and thicknesses ranging from
100-1000 nm. They are most commonly used for
spectroscopy of the x-ray emission from high-tem-
perature plasmas. Transmission gratings are sup-
ported on thin (1 um) 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.) Fabri-
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cation is generally performed by holographic
lithography, x-ray lithography and electroplating.
Progress in this area tends to focus on improving
the yield and flexibility of the fabrication proce-
dures.

Another application is the diffraction of neutral
sodium beams (de Broglie-wavelength ~17 pm)
by mesh-supported gratings. Professor Pritchard’s
group at MIT has clearly demonstrated atomic dif-
fraction and interference. Because good spatial
coherence (low distortion) of the grating is critical
to ensure measurable interference of the beams,
efforts are concentrated on the use of holographic
lithography and the reactive-ion etching of free-
standing gratings in low stress and high stiffness
materials such as silicon nitride. Results are
shown in figure 16.
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X-Ray Spectroscopy

Sponsor

National Aeronautics and Space Administration
Contract NAS8-36748

Project Staff

Professor Claude R. Canizares, Robert C. Fleming,
Dr. Mark L. Schattenburg, Professor Henry |. Smith

This work involves a collaboration between the
Center for Space Research and the Submicron
Structures Laboratory (SSL), providing trans-
mission gratings for the Advanced X-ray
Astrophysics Facility (AXAF) x-ray telescope, cur-
rently scheduled for launch in 1998. Many hun-
dreds of low-distortion, large area transmission
gratings of 200 nm period (gold) and 600 nm
period (silver) are required. These will provide
high resolution x-ray spectroscopy of astrophysical
sources in the 100 eV to 10 keV band.

Because of the requirements of low distortion,
high yield, and manufacturability, a fabrication
procedure involving the replication of x-ray masks
has been selected. Masks are made of high-
stiffness silicon nitride membranes to eliminate
distortion, and patterned using a process involving
holographic lithography, reactive-ion etching, and
electroplating. The masks are then replicated
using soft x-rays (1-1.5 nm) and the resulting pat-
terns electroplated with gold or silver. An etching
step then vyields membrane-supported gratings
suitable for space use. Flight prototype gratings
have been fabricated and continue to undergo
space-worthiness tests. Progress in this area tends
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Extensive numerical analysis of EGG using mean
field coarsening theory has been performed. We
have examined model interface energy functions
(interface energy versus orientation) and shown
which of the specific aspects of the interface
energy function are important in promoting
bimodal secondary or epitaxial grain growth, i.e.,
grain growth which is strongly orientation selec-
tive.
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Sawtooth-patterned Si
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The growth of GaAs on Si offers the possibility of
combining high-speed and optoelectronic GaAs
devices with Si integrated-circuit technology. Ori-
ented gratings of 200 nm period are fabricated in
SisNs on (100) Si substrates. Anistrotropic
etching in KOH is then used to produce sawtooth-
profile gratings in the Si. These then serve as sub-
strates for GaAs growth by MOCVD. The
dislocation density in the grown GaAs films is
orders of magnitude lower than the density in films
formed on planar Si substrates.

417 Publications

4.17.1 Journal Articles

Anderson, E.H., V. Boegli, M.L. Schattenburg, D.P.
Kern, and H.l. Smith. “Metrology of Electron
Beam Lithography Systems Using Holograph-
ically Produced Reference Samples.” J. Vac.
Sci. Technol. B9: 3606-3611 (1991).

Bagwell, P.F., A. Yen, S.L. Park, D.A. Antoniadis,
H.l. Smith, T.P. Orlando, and M.A. Kastner.
“Magnetotransport in Multiple Narrow Silicon
Inversion Channels Opened Electrostatically
into a Two-Dimensional Electron Gas.” Phys.
Rev. B 45: April 1992,

6 Spire Corporation.

76 RLE Progress Report Number 134

Bagwell, P.F.,, and A. Kumar. “Comment on
Effects of Channel Opening and Disorder on
the Conductance of Narrow Wires.” Submitted
to Phys. Rev. B.

Chu, W., H.I. Smith, and M.L. Schattenburg.
“Replication of 50nm Linewidth Device Pat-
terns using Proximity X-ray Lithography at
Large Gaps.” Appl. Phys. Lett. 59: 1641-1643
(1991).

Chu, W., S.A. Rishton, M.L. Schattenburg, D.P.
Kern, and H.l. Smith. “Fabrication of 50 nm
Line-and-Space X-ray Masks in Thick Au
Using a 50 keV Electron Beam System.” J. Vac.
Sci. Technol. B 10: 118-121(1992).

Early, K., G.E. Rittenhouse, J.M. Graybeal, and H.l.
Smith. “Sub-100- and Sub-10-nm-thick
Membranes Anisotropically Etched in (110)
Silicon.” Submitted to App/. Phys. Lett.

Geis, M\W., H.l. Smith, A. Argoitia, J. Angus,
G.HM. Ma, J.T. Glass, J. Butler, C.J.
Robinson, and R. Pryor. “Large-Area Mosaic
Diamond Films Approaching Single-Crystal
Quality.” Appl. Phys. Lett. 58: 2485 (1991).

Ismail, K., M. Burkhardt, H.l. Smith, N.H. Karam,
and P.A. Sekula-Moise. “Patterning and Char-
acterization of Large-Area Quantum-Wire

Arrays.” Appl. Phys. Lett. 58: 1539-1541
(1991).

Ismail, K., P.F. Bagwell, T.P. Orlando, D.A.
Antoniadis, and H.l. Smith. “Quantum

Phenonema in Field-Effect-Controlled Semi-
conductor Nanostructures.” Proc. [EEE 79:
1106-1116 (1991).

Ismail, K., F. Legoues, N.H. Karam, J. Carter, and
H.l. Smith. “High Quality GaAs on Sawtooth-
Patterned Si Substrates.” App/. Phys. Lett. 59:
2418-2420 (1991).

Karam, N.H., A. Mastrovita, V. Haven, K. Ismail, S.
Pennycock, and H.l. Smith. “Patterning and
Overgrowth of Nanostructure Quantum Well
Wire Arrays by LP-MOVPE.” J. Crystal Growth
107: 591-597, (1991)

Ku, Y.C., Lee-Peng Ng, R. Carpenter, K. Lu, H.l.
Smith, L.E. Haas, and |. Plotnik. “In-Situ Stress
Monitoring and Deposition of Zero Stress W for



Chapter 4. Submicron and Nanometer Structures Technology and Research

X-ray Masks.” J. Vac. Sci. Technol B9:

3297-3300 (1991).

Kumar, A., and P.F. Bagwell. “Resonant Tun-
neling in a Quasi-One-Dimensional Wire: Influ-
ence of Evanescent Modes.” Phys. Rev. B 43:
9012-9020 (1991).

Kumar, A., P.F. Bagwell. “Evolution of the Quan-
tized Ballistic Conductance with Increasing
Disorder in Narrow Wire Arrays.” J. Phys. Rev.
B 44:1747-1753 (1991).

Liu, C.T., D.C. Tsui, M. Shayegan, K. Ismail, D.A.
Antoniadis, and H.l. Smith. “Guiding-Center-
Drift Resonance of Two-Dimensional Electrons
in a Grid-Gate Superlattice Potential.” Appl/.
Phys. Lett. 58: 2945-2947 (1991).

Moel, A., W. Chu, K. Early, Y.C. Ku, E.E. Moon,
M.L. Schattenburg, J.M. Bauer, F. Tsai, FW.
Griffith, L.E. Haas, and H.l. Smith. “Fabrication
and Characterization of High-Flatness Mesa-
Etched Silicon Nitride X-ray Masks.” J. Vac.
Sci. Technol. B 9: 3287-3291 (1991).

Schattenburg, M.L., C.R. Canizares, D. Dewey,
K.A. Flanagan, M.A. Hamnett, A.M. Levine,
K.S.K. Lum, R. Manikkalingam, T.H. Markert,
and H.l. Smith. “Transmission Grating Spec-
troscopy and the Advanced X-ray Astrophysics
Facility.” Opt. Eng. 30: 1590-1600 (1991).

Schattenburg, M.L., K. Li, R.T. Shin, J.A. Kong,
and H.l. Smith. “Electromagnetic Calculation
of Soft-X-ray Diffraction from 0.1 from 0.1 um
Gold Structures.” J. Vac. Sci. Technol. B 9:
3232-3236 1991.

Smith, H.l., S.D. Hector, M.L. Schattenburg, and
E.H. Anderson. “A New Approach to High
Fidelity E-Beam Lithography Based on an
In-Situ, Global Fiducial Grid.” J. Vac. Sci.
Technol. B 9: 2992-2995 (1991).

Yen, A., H.l. Smith, M.L. Schattenburg, and G.N.
Taylor. “An Anti-Reflection Coating for use
with PMMA at 193 nm.” J. Electrochem. Soc.
(Feb. 1992).

Yen, A. E.H. Anderson, R.A. Ghanbari, M.L.
Schattenburg, and H.I. Smith. “An Achromatic
Holographic Configuration for 100 nm Period
Lithography.” Appl. Opt. Forthcoming.

Yen, A., M.L. Schattenburg, and H.l. Smith. “A
Proposed Method for Fabricating 50 nm-period
Gratings by Achromatic Holographic Lithog-
raphy.” Appl. Opt. Forthcoming.

Zhao, Y., D.C. Tsui, M. Santos, M. Shayegan, R.A.
Ghanbari, D.A. Antoniadis, and H.l. Smith.
“Magneto-optical Absorption In A Two Dimen-
sional Electron Grid.” Appl. Phys. Lett. Forth-
coming.

417.2 Conference Papers

Bagwell, P.F., and A. Kumar. “Evolution of the
Quantized Ballistic Conductance with
Increasing Disorder in Narrow Wire Arrays.”
Bull. Am. Phys. Soc. 36: 359 (1991).

Chu, W. M.L. Schattenburg, and H.l. Smith.
“Low-Stress Gold Electroplating for X-ray
Masks.” Microcircuit Engineering ‘91 Confer-
ence, Rome, Italy, September 17-19, 1991.

Early, K., M.L. Schattenburg, D.B. Olster, M.l
Shepard, and H.l. Smith. “Diffraction in X-ray
Proximity Printing: Comparing Theory and
Experiment for Gratings, Lines, and Spaces.”
Microcircuit Engineering ‘91  Conference,
Rome, ltaly, September 17-19, 1991.

Eugster, C.C., J.A. del Alamo, and M.J. Rooks.
“Planar Field-Effect Coupled Quantum Wires.”
Device Research Conference, Boulder,
Colorado, June 1991.

Karam, N.H., V. Haven, K. Ismail, F. Legoues, J.
Carter, and H.l. Smith. “A New Approach for
Low Defect Density GaAs on Patterned Si Sub-
strates by MOCVD.” Materials Research Society
Spring Meeting, Anaheim, California, April
1991.

Kumar, A. “Self-Consistent Calculations on Con-
fined Electrons in Three- Dimensional Geom-
etries.” Ninth Electronic Properties of 2-D
Systems Conference, Nara, Japan, July 8-12,
1991, to be published in Surf. Sci.

Liu, C.T., D.C. Tsui, M. Shayegan, K. Ismail, D.A.
Antoniadis, and H.l. Smith. “Observation of
Landau Level Splitting in Two-Dimensional
Lateral Surface Superlattices.” 20th Interna-
tional Conference on the Physics of Semicon-
ductors, Thessaloniki, Greece, August 6-10,
1990.

Markert, T., M.L. Schattenburg, T. Isobe, J. Bauer,
C. Canizares, J. O'Connor, J. Porter, and H.l.
Smith. “Investigations of Materials for Ultra-
Thin Window X-ray Detectors.” Presented at
the 177th Meeting of the American Astronom-
ical Society, Philadelphia, Pennsylvania,
January 13-17, 1991.

77



Chapter 4. Submicron and Nanometer Structures Technology and Research

Markert, T.H., J.M. Bauer, C.R. Canizares, T. Isobe,
S. Nenonen, O'Connor, J., M.L. Schattenburg,
K.A. Flanagan, M.V. Zombeck. “Proportional
Counter Windows for the Bragg Crystal Spec-
trometer on AXAF.” SPIE Conference on EUV,
X-ray and Gamma Instruments for Astronomy
I, July 24-26, 1991.

Park, S.L., P.F. Bagwell, A. Yen, D.A. Antoniadis,
H.l. Smith, T.P. Orlando, and M.A. Kastner.
“Magnetotransport in Multiple Narrow Si Inver-
sion Channels Opened Electrostatically Into a
Two-Dimensional Electron Gas.” Bufl. Am.
Phys. Soc. 36: 360 (1991).

Rittenhouse, G., H.l. Smith, J.M. Graybeal, B.
Meyerson. “A Novel Structure for a Three-
Terminal Superconducting Resonant Tunneling
Device.” Presented at the March Meeting of the
American Physical Society. Bull. Am. Phys.
Soc. (1991).

Schattenburg, M.L., and H.l. Smith. “X-ray
Nanolithography—the Clearest Path to 0.1 and
sub-0.1 um ULSI.” Presented at the 1991 Inter-
national MicroProcess Conference, Kanazawa,
Japan, July 15-18, 1991

Schattenburg, M.L., K. Li, R.T. Shin, J.A. Kong,
and H.l. Smith. “Calculation of Soft X-ray Dif-
fraction from Nanometer-Scale Gold Structures
Using a Finite-Element Time-Domain Method.”
Progress in Electromagnetics Research Sympo-
sium, Boston, Massachusetts, July 1991.

Smith, H.l., and M.L. Schattenburg. “Lithography
for Manufacturing at 0.25 Micrometer and
Below.” Presented at International School of
Materials Science and Technology, A NATO
Advanced Study Institute, Erice-Sicily, July
1-13, 1991. Semiconductor Materials and Pro-
cessing  Technology. Ed. J.M. Poate.
Dordrecht, The Netherlands: Kluwer Academic
Publishers, 1992,

78 RLE Progress Report Number 134

Smith, H.l., and M.L. Schattenburg. “Proximity
X-ray  Nanolithography.” Optical Society
Meeting, Monterey, California, Optical Society
of America, OSA Proceedings on Soft X-ray
Projection Lithography 12: 148-149 (1991).

Toriumi, A., K. lIsmail, M. Burkhardt, D.A.
Antoniadis, and H.l. Smith. “Resonant
Magneto-Conductance in a Two-Dimensional
Lateral-Surface-Superlattice.” 20th Interna-
tional Conference on the Physics of Semicon-
ductors, Thessaloniki, Greece, August 6-10,
1990.

Yen, A., R.A. Ghanbari, Y.-C. Ku, W. Chu, M.L.
Schattenburg, J.M. Carter, and H.l. Smith.
“X-ray Masks with Large-Area 100 nm Period
Gratings for Quantum-Effect Device Applica-
tions.” Microelectronic Eng. 13. 271-274
(1991).

Zhao, Y., D.C. Tsui, S.J. Allen, K. Ismail, H.L
Smith, and D.A. Antoniadis. “Spectroscopy of
2-Deg in a Grid Gate Patterned Heterostruc-
ture.” Presented at the March Meeting of the
American Physical Society, Bufl. Am. Phys.
Soc. (1991).

417.3 Theses

Early, K.R.  Experimental Characterization and
Physical Modeling of Resolution Limits in
Proximity Printing X-ray Lithography. Ph.D.
diss., Dept. of Electr. Eng. and Comput. Sci,,
MIT, 1991.

Ku, Y.-C. Fabrication of Distortion Free X-ray
Masks using Low Stress Tungsten. Ph.D. diss.,
Dept. of Electr. Eng. and Comput. Sci.,, MIT,
1991.

Yen, A. Fabrication of Large-Area 100 nm-Period
Gratings using Achromatic Holographic Lithog-
raphy. Ph.D. diss., Dept. of Electr. Eng. and
Comput. Sci., MIT, 1991.



