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4.1 NanoStructures Laboratory

The NanoStructures Laboratory (NSL) at MIT (for-
merly the Submicron Structures Laboratory)
develops techniques for fabricating surface struc-
tures with feature sizes in the range from nanome-
ters to micrometers and uses these structures in a
variety of research projects. The NSL includes
facilities for lithography (photo, holographic electron
beam, ion beam, and x-ray), etching (chemical,
plasma and reactive-ion), liftoff, electroplating,
sputter deposition, and e-beam evaporation. Much
of the equipment and nearly all of the methods uti-
lized in the NSL are developed in house. Gener-
ally, commercial integrated circuit (IC) processing
equipment cannot achieve the resolution needed for
nanofabrication, and it lacks the required flexibility.
Research projects, described briefly below, fall into
four major categories: (1) development of
submicron and nanometer fabrication technology;
(2) nanometer and quantum-effect electronics; (3)
periodic structures for x-ray optics; spectroscopy
and atomic interferometry; and (4) crystalline films
on non-lattice-matching substrates.

1 Tokyo University of Agriculture and Technology, Tokyo, Japan.

4.2 Scanning Electron-Beam
Lithography Facility
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Since its inception in 1978, the Submicron Struc-
tures Laboratory (recently renamed the NanoStruc-
tures Laboratory) has relied on outside facilities,
most notably the Naval Research Laboratory (NRL)
in Washington, D.C., and IBM in Yorktown Heights,
New York, for scanning-electron-beam lithography
(SEBL). In November 1993 we received, as a
donation from IBM, an SEBL system, designated
the VS-2A, shown in figure 1.

61






Chapter 4. Nanostructures Research

Stitching Error (Phase Discontinuity)
at E-Beam Field Boundary

-095

Scan Direction

-105F

-L15 set #1 set #2

relative phase of fundamental (rad)

100 200 300 400 500 600
column index

Figure 2. Measurement of the spatial-phase of two overlapped gratings as a function of distance along a direction
parallel to the grating lines, as depicted in inset. Set 1 was written using a fiducial grating as a guide. Then the stage
was moved and set 2 written, again using the fiducial grating as a guide. Stitching error is below the noise level (i.e., <2
nm).
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Figure 3. Histogram of the phase difference between two successive frame acquisitions on a reference fiducial grating,
corrected for stage drift. The standard deviation value of 0.3 nm represents the repeatability or precision of spatial-
phase locking in 1-D for our experimental conditions: 8 periods of the 200 nm gold reference grating per viewing
window; 100 pA beam current at 50 kV; a p-n diode backscatter detector.
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severely as had been predicted by simple Fresnel
diffraction calculations.
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Figure 5. Plot of maximum mask-sample gap, G, versus
minimum feature size, W, for two values of the parameter
.

Figure 5 plots the maximum mask-to-sample gap,
G, versus minimum feature size, W, for two values
of the parameter & which connects gap and feature
size: G=aW2A. Modeling and experiment verify
that o can be as large as 1.5 while retaining good
process latitude.

For the linewidth range from 70 to 20 nm, mask-
substrate gaps must be below 5 um. This is not a
problem in research but for manufacturing may be
unacceptable. For this reason, we investigated the
feasibility of using arrays of zone plates for
projection imaging with x-rays of either 4.5 nm or
~1.0 nm wavelength.

4.5 Improved Mask Technology for
X-Ray Lithography
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At feature sizes of 100 nm and below, the mask-to-
sample gap, G, must be less than ~10 um. We
have developed a mask configuration compatible
with this requirement in which the mask membrane
is flat to < 250 nm. We continue to make incre-
mental improvements in this technology aiming at a
process that will enable x-ray mask blanks to be
fabricated almost entirely with automated IC pro-
cessing equipment.

Our mask technology is based on low-stress, Si-rich
silicon nitride, SiN,. This material is produced in
the IC Laboratory at MIT in a vertical LPCVD
reactor. The resulting films are clean and uniform,
and x-ray mask membranes made from them are
extremely robust. They can be cleaned and pro-
cessed in conventional stations. Radiation
hardness remains a problem at dose levels corre-
sponding to production (i.e., millions of exposures)
but for research the material is quite suitable.

For absorber patterns we use both gold, Au, and
tungsten, W. Both can be obtained with near-zero
stress (i.e., < 107 MPa) which implies that pattern
distortion should be negligible (i.e., < 1 nm). The
gold is electroplated onto the membrane after resist
exposure and development using a specially
designed apparatus. The W is sputter deposited
and patterned by reactive-ion etching.  During
sputter deposition, the plasma environment leads to
a nonuniform temperature distribution, which, in
turn, causes nonuniform stress. In order to ensure
uniform W stress over an entire membrane, a He-
backside temperature homogenization apparatus
was constructed. Heat is transferred to the mem-
brane from a heated aluminum block separated
from the membrane by a 1 mm gap. Results are
shown in figure 6. We verify the achievement of
stress < 107 MPa using a Linnik interferometer
equipped with a CCD, a frame grabber and special
purpose software that averages out-of-plane deflec-
tion over an entire frame.
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Uniform, Zero- stress W via He- backside Temperature
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Figure 6. Plot of out-of-plane deflection (left ordinate) and stress (right ordinate) versus radial position for 300 nm-thick
W, sputter deposited at 200°C onto a SiN, x-ray mask membrane, with and without He backside temperature homogeni-
zation. A uniform zero stress is achieved with He, whereas stress is nonuniform without the He.

We have also constructed an apparatus that makes
precision measurements of membrane deflection in
response to gas pressure differential. This "bulge
tester" will enable us to make non-destructive mea-
surements of absorber stress in the low 108 MPa
range.

Patterning of x-ray masks is done by holographic
lithography for periodic structures but, for patterns
of arbitrary geometry, it is done by e-beam lithog-
raphy, either in the MIT e-beam facility or in collab-
oration with NRL or IBM. We use CAD tools at MIT
and convert the data into formats compatible with
the e-beam exposure systems. Data is shipped to
NRL or IBM by electronic mail. After e-beam expo-
sure, masks are shipped back to MIT by express
mail where development and Au electroplating are
carried out. This collaboration has already demon-
strated that patterning x-ray masks by e-beam can
be done remotely, and, by implication, that univer-
sity researchers with limited facilities can have
access to nanolithography via x-ray alone and do
not need to own or even visit an e-beam lithog-
raphy facility. Figure 7 shows an x-ray mask of a
coulomb-blockade device in which the finest line-
width in the 200 nm-thick electroplated gold is 40
nm.
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For patterning x-ray masks with W absorber, a
reactive-ion-etching process is required which puts
considerable power into the membrane substrate.
Since membranes have very low thermal mass and
conductivity, we use He- backside cooling in a reac-
tive ion etcher. Membranes can be cooled to below
-20°C. At such low temperatures the isotropic
etching component is suppressed leading to highly
directional etching.

4.6 A High Precision Mask Alignment
System
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Figure 9. Schematic of optical configuration for on-axis interferometric alignment system.

4.7 Optimization of Synchrotron-Based
X-ray Lithography
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There are two approaches to high flux x-ray
sources for commercial x-ray lithography: hot,
dense plasmas, generated either by lasers or elec-
trical discharges; and synchrotrons. Traditionally,

the former have operated around A = 1.4 nm and
the latter below A = 1 nm, with a substantial frac-
tion of the absorbed power below the Si K edge at
0.7 nm. Operation at the shorter wavelengths dic-
tates thicker absorber (~0.6 um) which becomes a
difficult task at 100 nm linewidths. Our analysis
indicates that the peak of the synchrotron spectrum
absorbed by resist can be shifted to 1 nm or even
longer without loss of exposure efficiency. This is
illustrated in figure 10. Such a shift would greatly
simplify the mask-making task. However, to
accomplish this the 25 um-thick Be vacuum window
currently used in synchrotrons must be replaced by
a ~2 um-thick Si window. We have demonstrated
that SiN, membranes this thick can withstand a
pressure differential of one atmosphere. We are
currently testing various versions of elliptical (2.5 x
55 nm) windows as possible vacuum windows for
synchrotrons.
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Figure 10. Comparison of the current Helios synchrotron
spectrum (A) with four alternative spectra achieved by
use of a 2 um-thick Si vacuum window and modification
of either the beam energy or the beam-line mirror angle.
By shifting the peak to longer wavelength, spectra B, C,
D, and E require thinner mask absorber and increase the
x-ray power absorbed in the resist. Spectrum E is pre-
ferred.

4.8 Achromatic Holographic
Lithography
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Holographic schemes are preferred for the fabri-
cation of periodic and quasi-periodic patterns that
must be spatially coherent over large areas, and
free of phase steps. For spatial periods below 200
nm, light sources with wavelengths below 200 nm
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must be used. All such sources have limited
temporal coherence, and thus one is forced to
employ an achromatic scheme, such as shown in
figure 11. In order to make the apparatus more
reliable, the depth-of-focus had to be increased. To
this end, we introduced a collimating lens and a slit
scanning system. We have also incorporated a
white-light interferometer that utilizes optical paths
through the quartz plates that closely approximate
the paths of the exposing beams. A photodetector
and lock-in amplifier (figure 12) are used to find the
optimum sample position. With the substrate to be
exposed in place, the white light interferometer
ensures maximum fringe contrast during exposure
with the 193 nm deep-UV radiation. Using these
improvements, we can reliably expose 100 nm-
period gratings over areas of more than 2 cm2. We
plan to use this system to fabricate 100 nm-period
x-ray masks and free-standing gratings for He atom
interferometry. We also plan to take the technique
one step further to 50 nm periods (25 nm lines and
spaces) using a 13 nm undulator as a source.

4.9 lon Beam Lithography
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Focused-ion-beam (FIB) systems are potentially
useful as nanolithography tools because of the near
absence of backscattering, which is a significant
problem in electron-beam lithography, especially on
high-atomic-number substrates. We currently work
with Be*+ ions and have demonstrated 50 nm lines
and spaces. The FIB system is being modified to
accept an improved Be alloy source. We will
explore the feasibility of combining spatial-phase-
locking with FIB lithography. This could prove to be
the superior technology for making x-ray
nanolithography masks based on W absorbers.



























4.13 Dual Electron Waveguide Device
Fabricated Using X-ray Lithography
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Dual-electron-waveguide devices were fabricated
using x-ray nanolithography. An electron wave-
guide is essentially a one-dimensional channel in
which electrons travel without scattering. In our
device, two such channels are -electrostatically
formed in close proximity to one another by
depleting those electrons in an AlGaAs/GaAs
modulation-doped heterostructure which reside
underneath the gates. The x-ray mask used in the
fabrication process was patterned using 50 keV
e-beam lithography at the Naval Research Labora-
tory. After replicating this mask to change its
polarity (using x-ray lithography), we align the
daughter mask to the AlGaAs/GaAs sample and
expose using x-ray nanolithography.

In an electron waveguide, much like in an optical
waveguide, discrete transverse modes arise due to
lateral confinement. The conductance of each
waveguide mode is equal to a fundamental con-
stant 2e?h. This results from the cancellation of
the energy dependence in the product of the 1D
density of states and the electron velocity. Figures
22 and 23 show the results of testing the dual elec-
tron waveguides at 1.6K.

4.14 Novel Mesoscopic
Superconducting Devices
Sponsor

Joint Services Electronics Program
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Superconducting integrated circuits have demon-
strated fast switching speeds, low power dissipa-
tion, and low-loss wiring to distant devices. One of
the hurdles between these devices and a practical
technology is the lack of a useful three-terminal
device. We are currently addressing that problem
with the examination of several forms of supercon-
ducting FETs on both Si/SiO, and GaAs/AlGaAs.
By exploiting the quantum interference effects found
in very short channel devices (<100 nm), we
believe it will be possible to produce three-terminal
superconducting devices with gains greater than
unity.

In addition to the promise of a practical technology,
these devices can be used to investigate several
interesting questions in mesoscopic physics. In
particular, we are interested in the interaction
between the macroscopic quantum states in the
superconductor and the mesoscopic quantum
states available in traditional quantum-effect
devices. By exploiting our experience with quantum
dots and quantum point contacts on both Si/SiO,
and GaAs/AlGaAs, we hope to study the unique
effects predicted for these structures with supercon-
ducting contacts. These include quantization of the
superconducting  critical current, supercurrent
carried by resonance states, and others.

4.15 Channel-Dropping Filters
Fabricated Using X-ray Lithography
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Channel-dropping filters (CDFs) are novel optoelec-
tronic devices which are promising candidates for
future wavelength-division-multiplexed optical com-
munication systems. Figure 24 shows a schematic
of a CDF. The device operation relies on the
frequency-selective nature of the quarterwave-
shifted (QWS) grating structure, commonly used to
improve longitudinal mode control in distributed
feedback (DFB) lasers. Such QWS-DFB structures
can interact with optical signals in such a way as to
selectively transmit, reflect or detect the signals
(i.e., wavelengths) that are resonant with the struc-
ture. We work with two material systems for the
optical waveguides: InGaAsP/InP and silica-on-
silicon. For such material systems the necessary
grating lengths can span over 1 mm and the grating
periods are ~240 nm and ~500 nm for InGaAsP/InP
and silica-on-silicon, respectively. Furthermore, the

grating lines must be spatially-coherent to within
AJ/150 over the entire span to reduce linewidth
broadening and spectral offsets from the desired
resonance, and to avoid spurious responses in the
filter spectrum. Recently, we have developed a
new technique called spatial-phase-locked e-beam
lithography (SPLEBL) which has demonstrated an
interfield phase-locking precision standard deviation
of o = 0.35 nm. Figure 4 of section 4.3 shows an
e-beam-written QWS-DFB grating with a period of
Ay = 230 nm. The continuity of the moiré pattern
across the field boundaries indicates no discernible
stitching error, while the 1r-phase shift at the QWS
boundary (field 3) indicates a true A/4 phase step.
Using SPLEBL x-ray masks have been written with
several QWS-DFB gratings of various lengths and
periods.

Channel-Dropping Filter

Field 1 N

Field 3 ——

—N4

p ~ 230 nm
N~ 104

Figure 24, Schematic of a quarter-wave-shifted channel-dropping filter. The gratings, which span several fields of an
e-beam lithography system, must be precisely tuned and spatially coherent in order to selectively tap off the narrow

channel f,.

We are also utilizing a novel on-axis interferometric
alignment scheme to obtain sub-0.1 ym alignment
of the QWS-DFB grating (x-ray level) to the rib
waveguides (optical level). Such accuracy is nec-
essary to minimize the resonant effect of the
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QWS-DFB grating on the unloaded waveguide, or
optical bus. X-ray lithography and reactive-ion-
etching in CHF; is then used to transfer the
QWS-DFB gratings into the rib waveguide.



4.16 Ridge-Grating
Distributed-Feedback Lasers Fabricated
by X-ray Lithography
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Distributed-feedback lasers are essential compo-
nents in optical communications systems because
they operate in a single-longitudinal-mode and are
easily integrable with electronic drive circuitry. In
the fabrication of a typical DFB laser, an epitaxial
regrowth step is carried out on top of the grating,
which can be yield-limiting. In particular, because
of etch back the coupling constant after epi-growth
can be difficult to predict. We are developing a
novel DFB laser structure in which gratings are
etched on either side of a ridge waveguide, as
shown in figure 25. This structure eliminates the
need for regrowth and maximizes the utility of ridge-
waveguide devices, which are relatively simple to
fabricate. The structure also decouples materials
growth, waveguide fabrication and grating fabri-
cation, which should increase device yield.

Ridge-Grating DFB Laser

Mddin

active region __ optical mode

n-cladding

n-InP

YW940228.03

Figure 25. Schematic of novel DFB laser structure.

To realize such a device structure, we have devel-
oped a fabrication process that utilizes x-ray lithog-
raphy for the grating fabrication because it offers
good process latitude, high throughput, long-range
spatial-phase fidelity in the gratings, and large
depth-of-focus. After the epitaxial growth of a com-
plete  InGaAlAs graded-index, separate-con-
finement, multi-quantum-well-layer diode structure,

by molecular-beam epitaxy on an InP substrate, a
3-4 um-wide ridge waveguide is formed by CHy/H,
reactive-ion-etching (RIE). A first-order grating with
a period of 230 nm for the target lasing wavelength
of 1.55 um is then patterned in PMMA using x-ray
nanolithography, as shown in figure 26. The x-ray
mask is patterned using holographic lithography,
which guarantees excellent uniformity and long-
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300 nm InAlAs buffer layer that lies between the
active InGaAs and the semi-insulating InP layers, is
the most recent addition to the MSM structure. Its
presence has been shown to reduce the parasitic
capacitance of the structure over the 100 MHz - 1
GHz range, hence improving the RC-limited band-
width of the device substantially.

The main bottleneck for the detector bandwidth,
however, arises from the transit time of the carriers
in the region between the electrode fingers. It is
natural to expect that this limitation can be over-
come by reducing finger spacing. Detectors with
finger spacings down to 0.5 um have already been
reported in the literature. Our efforts are now
geared towards pushing this limit even further. The
current work is an extension of an earlier effort,
made about two years ago at MIT, which yielded
good working devices with a bandwidth of about 6
GHz. The smallest finger spacing that was
achieved then was about 1 um. Using otherwise
the same fabrication process, we will now pattern
the fingers by x-ray nanolithography. This will allow
us to scale the finger spacings down to almost 50
nm. Furthermore, the broad process latitude that
x-ray nanolithography provides should result in a
higher yield of good working devices. More impor-
tantly, from a long-range perspective, the large
depth-of-focus associated with this technology will
permit us to simultaneously fabricate sub-micron
size gates for FETs that may then be integrated
with these detectors.

As long as the device parasitics are not allowed to
‘dominate, and the detectors can operate in the
transit-time limited mode, our efforts should result in
structures  with  greatly improved frequency
responses.

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

Another application is the diffraction of neutral atom
beams by mesh supported gratings. Lithographic
(holographic and UV proximity) and etching proce-
dures have been developed for fabricating free-
standing gratings in thin silicon nitride SN,
supported in a Si frame. Figure 29 illustrates the
configuration and the method employed to verify
freedom from distortion.

We have recently established a collaboration with
the Max Planck Institute in Goettingen, Germany,
where they will utilize our gratings of 200 and 100
nm period (see section 4.8) in diffraction and inter-
ferometer experiments using He atom beams. In
addition, free-standing zone plates for use in atom
focusing experiments will also be fabricated in S\N,.

4.19 High-Dispersion, High Efficiency
Transmission Gratings for
Astrophysical X-ray Spectroscopy
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DISTORTION ANALYSIS
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Holographically
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Figure 29. Schematic of the free-standing SN, gratings of 200 nm period. In order to verify that these gratings are free
of distortion, chromium atoms were evaporated through the free-standing grating onto a holographically exposed grating
of the same period. The resulting moiré fringes reveal the absence of any systematic distortion.
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Through a collaboration between the Center for
Space Research and the NanoStructures Labora-
tory (NSL), transmission gratings are provided for
the Advanced X-ray Astrophysics Facility (AXAF)
x-ray telescope, currently scheduled for launch in
1998. Many hundreds of low-distortion, large-area,
gold transmission gratings of 200 nm period and
400 nm period 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  holographic  lithography has been
selected. In order to ensure spatial-period fidelity,
master reference gratings are used to periodically
recalibrate the holography system. The grating pat-
terns are transferred into the substrate using a tri-
level resist scheme and reactive-ion etching,
followed by gold electroplating. An etching step
then yields membrane-supported gratings suitable
for space use. Flight prototype gratings have been
fabricated and continue to undergo space-
worthiness tests. Progress in this area focuses on
increasing the yield and flexibility of the fabrication
procedures and perfection of grating evaluation
tests.

4.20 GaAs Epitaxy on
Sawtooth-Patterned Silicon
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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. Ordi-
narily, the 4.1 percent mismatch between the two
materials leads to high dislocation densities.
However, it has been shown here that when GaAs
is grown on sawtooth-patterned Si substrates, the
dislocation density is less than 10%cm?, orders of
magnitude lower than in GaAs films grown on
planar Si substrates. We investigate this effect
both for its potential of greatly improving the quality
of GaAs on Si and as a model for understanding

4 Cairo University.
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the mechanism of dislocation reduction. Oriented
gratings of 200 nm period are fabricated in Si;N, on
(100) Si substrates using holographic lithography.
Anistrotropic etching in KOH is then used to
produce sawtooth-profile gratings in the Si. Then
these serve as substrates for GaAs growth by gas
source MBE.
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