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4.1 NanoStructures Laboratory

The NanoStructures Laboratory (NSL) at MIT
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, interferometric, elec-
tron beam, and x-ray); etching (chemical, plasma
and reactive-ion); liftoff; electroplating; sputter depo-
sition and e-beam evaporation. Much of the equip-
ment and nearly all the methods utilized in the NSL
are developed in-house. Generally, commercial
processing equipment, designed for the semicon-
ductor industry, cannot achieve the resolution
needed for nanofabrication, is inordinately expen-
sive, and lacks the required flexibility.

The research projects within the NSL fall into three
major categories: (1) development of submicron
and nanometer fabrication technology, (2) short-
channel semiconductor devices, quantum-effect
electronics, and optoelectronics, and (3) periodic
structures for x-ray optics, spectroscopy, atomic
interferometry and nanometer metrology.

4.2 Scanning-Electron-Beam
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Figure 1 is a photograph of the scanning-electron-
beam lithography (SEBL) system (VS-PL) located in
Room 38-185. This instrument was obtained as a
donation from IBM Corporation in November 1993.
It is an experimental system based on many years
of IBM technology development in SEBL. In 1994, a
digital pattern generator was implemented, based
on a commercial high-performance array processor,
which utilizes dual RISC processors. In 1995, the
capabilities of the pattern generator hardware were
augmented. New shape primitives were incorpo-
rated into its software. Also, it is now possible to
expose large mask designs composed of many
stitched fields. Complementary to the pattern gener-
ator development was the implementation of con-
version software, which allows a CAD data file to
be fractured and translated prior to exposure by the
electron-beam tool.
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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 (see
figure 3). We have developed a mask configuration
compatible with this requirement in which the mask
membrane is flat to ~100 nm. A novel, low-
gradient furnace was developed to achieve such
high a level of mask flatness.

Our mask technology is based on low-stress, Si-rich
silicon nitride, SiN,. This material is produced in
the Integrated Circuits (IC) Laboratory at MIT in a
vertical LPCVD reactor. Membranes of SiN, can be
cleaned and processed in conventional stations.
Radiation hardness remains a problem at dose
levels corresponding to production (i.e., millions of
exposures). For research purposes, however, the
material is acceptable.

For absorber patterns, we use both gold, Au, and
tungsten, W. The gold is electroplated onto the
membrane after resist exposure and development
using a specially designed apparatus. The stress
of the gold, which affects the in-plane distortion, is
controlled via the plating conditions. The W is
sputter deposited and patterned by reactive-ion
etching. In order to ensure uniform W stress over
an entire membrane, a He-backside temperature-
homogenization  apparatus  was  developed.
Recently, we have begun to investigate amorphous
alloys of tantalum, such as Ta;B. These alloys tend
to provide excellent linewidth control and stability
with time. Moreover, they can be annealed to
produce near-zero stress.
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For periodic structures, patterning of x-ray masks is
done by interferometric lithography (iL), but for pat-
terns of arbitrary geometry, it is done by e-beam
lithography, either in the MIT e-beam facility or in
collaboration 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 over the internet. After
e-beam exposure, masks are shipped back to MIT
by express mail where development and Au electro-
plating are carried out. This collaboration has
already demonstrated that patterning x-ray masks
by e-beam can be done remotely.

The Digital Instruments STM/AFM was found to be
highly effective in inspecting x-ray masks, providing
information on defects not apparent by other
means.

For etching W absorber patterns on x-ray masks, 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 degrees C. At such low temperatures, the
isotropic etching component is suppressed leading
to highly directional etching.

Figure 7 illustrates a new concept for fabricating
x-ray masks that we are developing which should
be especially valuable for gaps less than 15 um. In
brief, after creation of the absorber pattern on the
membrane, the latter is bonded anodically to the
mesa rim of a Pyrex frame. In this way, the critical
absorber pattern can be protected within a He-filled
enclosure from the accumulation of dust, as
depicted in figure 8. Dust and contamination that
might accumulate on the 1 um-thick mask mem-
brane can be removed by aggressive methods
including brushing. The x-ray-transparent pellicle
on the back side of the glass frame could be made
of, for example, 250 nm-thick SiN,. It would not
need to be cleaned aggressively since dust parti-
cles on it would not be imaged on the substrate due
to diffraction and penumbral blurring. Figure 9 illus-
trates that the membranes bonded according to
figure 7 are extremely flat, ~100 nm. The figure 8
mask configuration also includes an edge reinforce-
ment which provides a transition from the rigid
mesa to the membrane.
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Figure 18. |-V characteristics of an 83 nm-channel-

length NMOSFET cooled to 80 K.
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The merits of conventional fully-depleted CMOS on
silicon-on-insulator substrates (SOI) such as near-
ideal subthreshold slope at low-threshold voltages,
and low-junction capacitance with simple isolation
scheme has qualified this technology to be a pro-
mising candidate for low-power systems. To further
exploit the advantages of fully-depleted SOI for
ultra-low-power and high-performance applications,
we have developed a new technology, SOI on
active substrate (SOIAS). This technology involves
the formation of a back-gated SOI device where the
back-gate is formed by burying a conductive layer
underneath the buried oxide and contacting it from
above. Figure 19 shows the cross section of such
a device structure. The purpose of the back-gate is
to dynamically control the threshold voltage of the
normal transistor on top. This approach addresses
the opposing requirements of high performance and
low power, particularly at low-power supply voltages
(e.g., 1.5 V or less). Power dissipation manage-
ment in such a scheme can be accomplished by
selectively lowering the threshold voltage when a
circuit is active, and raising the threshold voltage
when the circuit is idling to reduce static leakage.
Power savings can be dramatic in circuits which are
idling most of the time.

The SOIAS substrate is a multilayered blanket film
stack consisting of the silicon wafer, oxide, intrinsic
polysilicon, back-gate oxide, and silicon film. These
substrates were prepared using either bonded
SIMOX or etched-back bulk wafers. For the
bonded SIMOX process, the back-gate oxide-to-be
was formed by dry oxidation, and intrinsic amor-
phous silicon was deposited as the back-gate-to-be
material on the device wafer. This device wafer
was then flipped and bonded to a thermally
oxidized handle wafer, and annealed. The bonded
wafers were then etched to remove the bulk of the
SIMOX wafer, stopping on the buried oxide. There-
fore, the resulting silicon film thickness is as
uniform as that of the original SIMOX wafer. The
bulk bonding and etch-back process is similar to the
SIMOX process except that the device wafer is
thinned down by chemical/mechanical polishing.

Device fabrication on SOIAS substrates follows the
conventional CMOS SOl process with two addi-
tional steps. N+ and P+ back-gates are formed via
implantation through the silicon film in two masking
steps. By properly tailoring the energy and dose of
the implant, the back-gate and Vr-adjust implants
can be done in one step. Using the same type of
doping in the back-gate poly and silicon film results
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Figure 23. Measured static (a), and dynamic (b) ener-
gies, and delay perstage (c) as a function of Vr and Vpp.

We have developed an energy consumption model
for SOIAS, taking into account front- and back-gate
switching energies and static leakage energy. By
using the measured switching and static leakage
energies with the energy consumption model, the

Figure 24. Optimal V; and Vpp at minimum total energy
for several functions modules.

optimal Vpp and V; can be found for different
system activities with dynamic switching of the Vi.
The switch in the Vy was 250 mV. Module and
back-gate activity factors were obtained from pro-
filing of a SPEC benchmark program, assuming
burst mode operation (1 percent module activity, in
this case) and a clock frequency of 100 MHz.
Figure 24 compares the optimal V+, Vpp and energy
for constant and dynamic switching of the V.
Dynamic switching of the Vr allows reduction of
optimal Vr and Vpp without suffering from high static
leakage energy, providing significant energy
savings while maintaining the same performance.

4.10 Fabrication of T-gate Devices
Using X-ray Lithography
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Monolithic microwave integrated circuits (MMICs)
have potential applications in automobile navigation,
collision-avoidance, and wireless communication
systems. The high-speed MODFET devices of
such circuits require very short gate lengths, while
preserving low resistance. Large gate widths are
required for high current drive. To meet these con-
flicting demands, so-called "T-gate" and "gamma-
gate" processes are used in which the base or
stem of the gate is very short (~100 nm) while the
upper part is large, overlapping the stem, similar to
a mushroom, or the letters T or I'. Although such
structures can be achieved using direct-write
electron-beam lithography in double-layer resists,
the technology is expensive, slow, and unlikely to
meet future production needs. For these reasons,
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4.11 Studies of Coulomb Charging
Effects and Tunneling in Semiconductor
Nanostructures
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Quantum-effect devices, whose minimum feature
sizes are comparable to the Fermi wavelength
(about 50 nm in a typical inversion layer), have pro-
mising potential in novel electronics applications.
Quantum-dot devices have drawn particular atten-
tion. In such devices, an electron gas is confined
electrostatically in all three dimensions, forming a
small ~100 nm "island" of electrons bounded on all
sides by potential walls.  This small electron
“island” resembles an atom in that there can be
only an integer number of electrons, and these
electrons can occupy only certain discrete energy
levels. If two dots are coupled, a structure resem-
bling a molecule is obtained. The conductance of
the dot, when connected to leads through tunnel
barriers, exhibits strong oscillations as the voltage
of the gate is varied. Each successive conductance
maximum corresponds to the addition of a single
electron to the dot. At temperatures in the
millikelvin range the conductance decreases by
orders of magnitude in-between adjacent conduc-
tance maxima because there is a large energy cost
for an electron in the lead to enter the dot. This
energy cost can be removed by changing the gate
voltage, resulting in the observed periodic depend-
ence of the conductance on gate voltage. By
opening up barriers between the dot and the
outside world, the energy cost is also reduced and
the Coulomb blockade breaks down.

Previous experiments in semiconductor structures
have focused on quantum dots that are coupled to
their environment or to each other via quantum-
point-contacts (QPCs). As these QPCs are opened
to allow the dot to couple to its electronic environ-
ment, a single-electron transport channel opens up.
When one transport channel is opened fully (such

' Purdue University, West Lafayette, Indiana.
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that its transmission probability is equal to unity),
the quantum dot no longer has a weli-defined
charge state and Coulomb blockade effects disap-
pear.

We have fabricated a different type of quantum dot
structure in which the transition from poor environ-
mental coupling to strong coupling happens not
through the opening of one channel to a trans-
mission of unity, but through the opening of many
channels to a small transmission probability. In this
case, the physics of the transport will be much
more like that of a metal tunnel barrier, such as
those used in Josephson junctions or metal
Coulomb blockade devices. Figure 26 shows the
two types of double-dot structures, one with a QPC
between the dots and one with a fine-line tunnel
barrier between them. By fabricating both devices
on the same chip, a number of experiments can be
done comparing the behavior of the two barrier
types in single and double-dot configurations.

NIN lll
P P
HIE HIN

(a) Fine Line (b) QPC

Figure 26. Schematic of two different types of coupled
quantum dot devices. A two-dimensional electron gas
(2DEG) is approximately 60 nm below the surface of a
GaAs/AlGaAs heterostructure.  Schottky gates on the
surface, shown in black, electrostatically create lateral
confinement.  Regions where the 2DEG exists after
biasing the Schottky gates are shown in light gray.
When the barrier between the coupled dots is opened,
the nature of the coupling between dots is quite different
for the two structures.

In order to fabricate the tunnel barrier structure in
such a way as to have good control over the
strength of the barrier with an external voltage
source, it is necessary to have extremely fine lines.
In order to push these widths as low as possible,
we used x-ray nanolithography, which has minimal
line-widening effects due to backscattered electrons
from the substrate as is found, for example, in an
electron-beam direct-write process. A scanning-
electron micrograph of the novel
coupled-quantum-dot gate structure on a GaAs sub-
strate is shown in figure 27.
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precisely to the grating lines themselves. Specif-
ically, one mark on the grating mask is written.
Then, one grating line is identified and followed
along the length of the mask to the second align-
ment mark location. The second mark is written in
alignment with the grating as well as in the general
location of the target on the substrate pre- pattern.
This process is repeated until all requisite alignment
marks are written. These marks are then aligned to
the wafer pre-pattern.

To date, two device mask systems, the optical
matched filter and the resonant channel-dropping
filter, are being fabricated in the manner presented
above. The material systems are the germium-
doped silicon dioxide and the InGaAsP/InP com-
pound semiconductor.

4.16 Integrated Optical Grating-Based
Matched Filters for Fiber-Optic
Communications

Sponsors

National Science Foundation
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The unavoidable presence of noise in optical com-
munications systems makes it necessary to use
filters to obtain the best performance. The most
sensitive optical receivers demonstrated to date
utilize optical preamplification before detection.
While the optical preamplifier can provide substan-
tial gain, it is also the dominant source of noise in
the system. The sensitivity of the optical receiver is
depends upon how well the optical data signal can
be separated from this background noise.

The noise from an optical amplifier is broad-band in
nature, and usually overlaps the narrow-band com-
munications channel. For this reason, the most
suitable filter is one which has a spectral response
similar to the signal to be detected. This project
seeks to develop an optical matched filter; a filter
whose spectral response is precisely matched to
the communications signal of interest. Such a filter
can be shown to yield the highest signal-to-noise
ratio and therefore, the best performance.
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Figure 41 depicts a typical 10 Gb/s optical data
signal, consisting of a sequence of square pulses
100 ps in duration each representing a single bit.
The corresponding signal spectrum has the charac-
teristic sinc shape, centered at the optical carrier
wavelength of 1.55 um.

10 Gb/s Amplitude-Modulated

Data Sequence
1 — —100ps

|0100110011100010[

Calculated Signal Spectrum:

sin(%AmT)
" T AoT
10 GHz
(0.08 nm)
p— + :
15473 15474 15475 15476 15477

Wavelength A (nm)

Figure 41. A typical 10 Gb/s binary encoded optical
signal, and the corresponding predicted signal spectrum.
Note that only the slow 10 GHz amplitude modulation is
depicted in the pulse diagram. The rapid oscillations
associated with optical carrier frequency are not shown.

To date, it has been difficult to achieve an optical
filter response that is precisely matched to the
spectrum depicted in figure 41; communications
engineers must instead settle for one that resem-
bles, but does not match the spectrum.

However, the reflection spectral response of a prop-
erly designed weak Bragg grating can match the
spectrum of the incident pulse stream, thereby pro-
viding a convenient way to realize a matched filter.

Figure 42 depicts a weak Bragg grating filter, con-
structed in a Mach-Zehnder interferometer. The
grating is formed by etching a shallow periodic
pattern onto the top surface of the waveguide struc-
ture. The Mach-Zehnder configuration provides a
means of spatially separating the reflected signal
from the input signal. In this device, two identical
grating filters are placed in opposite arms of a
Mach-Zehnder interferometer. Light is launched in
the upper port of the device and a codirectional
coupling region transfers half of the signal to the
lower waveguide. A portion of the light in each arm
of the interferometer is reflected by the two identical
weak gratings. The reflected signals recombine in



Chapter 4. Nanostructures Technology

530 nm |<—>|

> Grating Etched into
Top Surface of
Input Waveguide
<+“—>
INELLT RN EL, (1)) SRR R R R R ey
'-Oi~1 cm :I
[+)
C°53p/?er IR e s e n e | e
4>
Output Spectral Response of Filter
Output . A =
—— Filter
o 012} Spectrum | 4
H L
- £ o oa| o ches
© | (sinc)
§ 0.04}
(72
0.00

©-w,

Figure 42. A schematic diagram of an integrated matched filter. Two identical weak Bragg gratings are constructed in a
Mach-Zehnder configuration, which provides spatial separation of the input signal and the filtered signal.

the 50 percent coupling region and emerge in the
lower port of the device.

Because the device is constructed on an optical
chip, it offers the potential for integration with other
optical and electronic components of the receiver
system. Moreover, the planar fabrication approach
makes it possible to use precision alignment tech-
niques to control the dimensions of the device to
within a fraction of a wavelength of light.

Presently, our work on this project is concentrated
on developing the fabrication technologies for
building this device. The grating portion of the
device consists of fine-period patterns (~250 nm
lines and spaces) that must be spatially coherent
over distances as large as 1 cm. We use interfer-
ometric lithography to generate these grating pat-

terns on an x-ray mask. The grating patterns can
then be transferred to the waveguides using x-ray
lithography and reactive-ion etching. Optical lithog-
raphy is used to print the larger waveguide features
on the substrate.

One of the important fabrication challenges that we
are currently addressing is the need to have the
gratings aligned in angle to the waveguide patterns
on the device. Misalignment of the gratings to the
waveguides will lead to undesirable back-reflection
in the input port of the device. In order to address
this problem, we plan to use electron-beam lithog-
raphy to add alignment marks to the x-ray mask.
Using an electron-beam system, the alignment
marks can be placed such that they are perfectly
aligned in angle with the interferometrically gener-
ated grating lines.
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imaged, would provide unprecedented real-time
mapping of this complicated magnetohydrodynamic
environment. This information would be valuable in
order to safeguard the health of orbiting satellites,
and ensuring the stability of our nation's electric
power grid.

Unfortunately, sensitive orbiting neutral-beam detec-
tors are easily overwhelmed by the bright flux of UV
photons typically emitted from astrophysical
plasmas (mostly the 121.6 nm emission from
hydrogen and the 58.4 nm emission from helium).
Filters which allow the passage of low-energy
neutral atoms but block UV light are essential for
the performance of this instrumentation. Through
several years of collaboration with Los Alamos
National Laboratory (LANL), the University of West
Virginia, and the University of Southern California,
we have developed neutral beam filters which con-
sists of mesh-supported 200 nm-period gold trans-
mission gratings with 50-60 nm wide slots. The tall,
narrow slots in the gratings behave as lossy wave-
guides at or below cutoff, providing discrimination
on the order of millions between UV and atoms.

We are under contract to deliver to Southwestern
Research Institute (SRI) a quantity of flight grating
filters for the Medium Energy Neutral Atom (MENA)
instrument on the NASA Magnetospheric Imaging
Medium-Class Explorer (IMAGE) mission, sched-
uled for launch in 1998. The gratings are fabricated
by interferometric lithography with tri-level resist, fol-
lowed by cryogenic reactive-ion etching and gold
electroplating. An additional masking step followed
by nickel plating fabricates the mesh support struc-
ture, and a final chemical etching step yields mesh-
supported gratings suitable for space use.
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