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The Research Laboratory of Electronics

The Research Laboratory of Electronics (RLE) was
established in 1946 as the Institute's first interde-
partmental laboratory. Originally organized under
the joint sponsorship of the Departments of Physics
and Electrical Engineering, RLE has broadened its
interests to cover a wide range of research.

Professor Jonathan Allen, Director, Research Laboratory
of Electronics (Photo by John F. Cook)

RLE's 50th Anniversary

In November 1996, RLE will celebrate 50 years of
technological impact and innovation with a technical
conference, special exhibit, activities for alumni, and
other events. Two special issues of RLE currents
will describe the achievements of 20 of RLE's
entrepreneurial alumni. For more information on
this event, look at RLE's 50th anniversary page on
the World Wide Web (see next column) or contact
RLE Headquarters, telephone: (617) 253-4653; fax
(617) 253-1301. '

RLE Progress Report

RLE Progress Report Number 138 describes
research programs at RLE for the period January 1
through December 31, 1995. Each chapter of the
Progress Report includes a summary of research
efforts for research projects listed. Facuity,
research staff, students and others who participated
in these projects are identified at the beginning of
each project, along with sources of funding.

There are four appendices at the end of the report:
Appendix A is a bibliography of RLE publications
and papers presented by RLE staff during 1995;
Appendix B is a roster of current RLE staff;
Appendix C is a list of RLE faculty and staff mile-
stones and honors received during 1995; and
Appendix D is an index of RLE sponsors. The
Project Staff and Subject Index provides additional
access to the information in this report.

RLE on the World Wide Web

RLE has a presence on the World Wide Web
(http://rleweb.mit.edu). RLE web pages include an
introduction to RLE research and services; informa-
tion about RLE's history, research groups, staff, and
publications along with news of RLE events, and a
history of the Radiation Laboratory (1940-1945).

RLE Publications

RLE also publishes RLE currents, a biannual news-
letter which focuses on RLE research interests; a
technical report series; Speech Group Working
Papers; and other information related to the Labora-
tory. The RLE Brochure, published in 1991 for
RLE's 45th anniversary, is also available at no
charge.

For more information, write Massachusetts Institute
of Technology, Research Laboratory of Electronics,
Communications Office, Room 36-412, 77 Massa-
chusetts Avenue, Cambridge, Massachusetts
02139-4307, Tel. (617) 253-2566, Fax (617)
258-7864.
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Chapter 1. Compound Semiconductor Materials

Chapter 1. Compound Semiconductor Materials and Devices

Academic and Research Staff
Professor Clifton G. Fonstad, Jr.

Visiting Scientists and Research Affiliates

Norio lisuka,! Dr. Sheila Prasad,2 Masami Tachikawa,® Praveen T. Viadyananthan?

Graduate Students

Rajni J. Aggarwal, Joseph F. Ahadian, Isako Hoshino, Paul S. Martin, Janet L. Pan, Steven G. Patterson,

Yakov Royter, Krishna V. Shenoy, Hao Wang
Technical and Support Staff
Charmaine A. Cudjoe-Flanders, Angela R. Odoardi

1.1 Epitaxy-on-Electronics Integration
Technology

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics
Technology

Fannie and John Hertz Foundation
Graduate Feliowship

Joint Services Electronics Program
Grant DAAH04-95-1-0038

National Science Foundation
Graduate Fellowship

Project Staff

Joseph F. Ahadian, Yakov Royter, Steven G.
Patterson, Hao Wang, Praveen T. Viadyananthan,
Paul S. Martin, Rajni J. Aggarwal, Krishna V.
Shenoy, Gale S. Petrich, Professor Leslie A.
Kolodziejski, Professor Clifton G. Fonstad, Jr., J.M.
Mikkelson*

Epitaxy-on-electronics (EoE) is a monolithic,
heterojunction device, very-large-scale-integration
(VLSI) technology. In the EoE technique, device
heterostructures are grown by molecular beam
epitaxy (MBE) in dielectric growth windows (DGWs)

1 Toshiba Corporation Lid., Kawasaki, Japan.

N

Northeastern University, Boston, Massachusetts.
3 NTT, Atsugi, Japan.

4 Vitesse Semiconductor Corporation, Camarillo, California.

on foundry-processed GaAs MESFET integrated
circuit chips. Manufactured by Vitesse Semicon-
ductor, these circuits are known to withstand
extended temperature cycles of up to 470 degrees
C without significant change in electronic perfor-
mance. Using gas source molecular beam epitaxy
(GSMBE), high-performance LED and laser diode
material has been grown within the EoE time-
temperature envelope. Using solid source MBE
multiqguantum well modulators and SEED structures,
and resonant tunneling diodes have also been
grown under these conditions. Through an interac-
tive foundry service begun by our group known as
the OPTOCHIP Project, eight university research
teams now have the opportunity to design optoelec-
tronic integrated circuits (OEICs) incorporating
LEDs, photodetectors, and VLSI-density enhance-
ment and depletion-mode GaAs MESFET logic
gates. Because the OPTOCHIP Project requires a
robust EoE process and well characterized opto-
electronic devices, development of this technology
has been our goal.

A major advance in EoE technology in the past
year has been the development of an effective
DGW preparation method. DGW formation is com-
plicated by the need to etch through the thick (> 6
um), highly nonuniform dielectric stack without
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damaging the underlying GaAs substrate. Prior
attempts using reactive ion etching alone resulted in
undesirable damage to the GaAs substrate, while
wet etching frequently damaged nearby electronics.
A new procedure utilizing directional dry etching to
a metal etch-stop layer roughly 0.5 um above the
surface and a combination of wet and plasma
etching to the substrate, is now used to obtain an
undisturbed GaAs surface without affecting the
electronic circuitry.

Another major advance was made in the area of in
situ surface cleaning prior to epitaxy. In earlier
work, we had used a hydrogen plasma to remove
the oxides on the surface of GaAs wafers at tem-
peratures as low as 350 degrees C (normal thermal
oxide desorption is done at 600 degrees C).
However, a hydrogen plasma source is expensive,
and the energetic ions involved in the process may
cause surface damage. Recently, we have shown
that atomic hydrogen, obtained in situ using an eco-
nomical, high-temperature cracker cell installed on
Professor Kolodziejski's GSMBE works equally well.
A similar cell will soon be installed on the solid-
source MBE.

Work in 1996 will focus on (1) gaining a better
understanding of the consequences of doing
epitaxy on the ion-implanted, semi-insulating sub-
strates intrinsic to the EoE process, (2) quantifying
and controling the lateral infringement of defects
from the DGW edges into the epitaxial regions, (3)
obtaining statistical data on defects and yield, and
(4) refining and improving the post-epitaxy pro-
cessing sequences.

1.2 High Peak-to-Valley Ratio Resonant
Tunneling Diodes on GaAs Substrates

Sponsor

Joint Services Electronics Program
Grant DAAH04-95-1-0038

Project Staff
Rajni J. Aggarwal, Professor Clifton G. Fonstad, Jr.

Resonant tunneling diodes have traditionally had
relatively low peak-to-valley current ratios (PVCRs)
when grown on GaAs. Resonant tunneling diodes
relying on lattice-matched and/or pseudomorphic
heterostructures on GaAs have achieved PVCRs as
high as seven at room temperature, whereas
pseudomorphic heterostructures on InP  have
achieved values as high as 50. Based on these
observations, a number of research groups have
grown high-indium-fraction heterostructures on
GaAs in attempts to obtain some of the improve-
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ments seen using InP substrates and have
achieved a limited amount of success, achieving
PVCRs as high as 9.3 at room temperature. Still,
these recent results fall short of the PVCR of ten or
more needed to make development of many RTD
circuit applications attractive. We have taken an
approach that can be viewed as combining features
of several recent reports and have achieved PVCRs
on GaAs as high as 13 at room temperature. The
idea was to use (1) fully relaxed buffer layers and
x-ray studies to confirm that the layers are indeed
fully relaxed; (2) an increased In fraction, but not
more indium than can be accommodated by the
buffer layer composition steps; and (3)
pseudomorphic  AlAs  barriers, rather than
metamorphic layers.

Strain-relaxed In,Ga; _,As step buffers were used in
the present work. The structure was grown by
solid-source molecular beam epitaxy (MBE) system
using <100> GaAs n* substrates. Mesa diodes with
areas ranging from 25um? to 90 um? were pro-
cessed using standard photolithography and wet
etching techniques. The I-V characteristics of the
devices were measured at room temperature and
77 K. The maximum peak current density was 22.8
kA/cm2. The maximum PVCR measured was 13:1
at room temperature and 27.5:1 at 77 K.

The good intrinsic performance of the devices indi-
cates that resonant tunneling structures are robust
and can withstand the presence of some dislo-
cations within active layers, although care clearly
must be taken to keep their density down. The
devices were grown under conditions compatible
with epitaxy on commercial GaAs VLSI. With
reduction of their series resistance, they will be suit-
able, for example, for realizing high-density, low-
power static random access memory arrays.

1.3 Monolithic Enhancement of
MESFET Electronics with Resonant
Tunneling Diodes

Sponsor

Joint Services Electronics Program
Grant DAAH04-95-1-0038

Project Staff

Rajni J. Aggarwal, Professor Clifton G. Fonstad, Jr.,
in collaboration with Professor Eugene A. Fitzgerald
and M.T. Bulsara

Using the epitaxy-on-electronics (EOE) integration
technique, we have monolithically integrated
relaxed-buffer InGaAs/AlAs resonant tunneling
diodes (RTDs) with GaAs MESFET VLSI circuits to



build static random access memory (SRAM) cells.
We have performed material characterization and
electrical characterization of the integrated RTDs,
and our results show that RTD heterostructure
material grown on GaAs VLSI circuits is compa-
rable in quality to that grown on epi-ready GaAs
substrates. We also evaluated the critical RTD
parameters for this application (i.e., the peak and
valley voltages and current densities) over a 25
mm? integrated circuit to quantitatively establish
circuit design rules. Finally, in the past year we
have demonstrated the first RTD memory cells
monolithically integrated on GaAs integrated cir-
cuits.

The lack of a compact, low-power memory cell has
been an important limitation of GaAs MESFET inte-
grated circuit (IC) technology. Because of large
junction leakage currents, dynamic memory cells of
the type widely used in silicon integrated circuits
are not viable in GaAs ICs, and designers are
forced to use static cells based on flip-flop circuits.
These cells involve many transistors (a minimum of
six, but more typically ten), consume a great deal of
power, and occupy a lot of chip space. A compact,
low-power static memory cell formed with two
tunnel diodes and a single transistor has been pro-
posed as an alternative by several groups. Other
groups have proposed integrating tunnel diodes
with resonant hot electron transistors (RHETs) and
heterojunction bipolar transistors (HBTs) to produce
low-power lil-V logic circuits.

A major problem with these proposals is that they
would require the development of an entire VLSI
technology to be implemented. It is in this aspect
of the problem that the EoE technology offers its
solution. By building on the multimilion dollar,
multithousand man-year investment in technology
development made by such companies as Motorola
and Vitesse Semiconductor in developing their com-
mercial GaAs VLS| production facilities, the EoE
process leap-frogs the basic issue of developing a
VLSI technology and focuses on the issues
involved in complimenting that technology with
monolithic heterostructure devices, in the present
case, with resonant tunneling diodes.

The uniformity of device performance across an
integrated circuit chip of EOE RTDs and the simi-
larity of that data to that of RTDs formed on bulk
material, has important implications for optoelec-
tronic device integration as well. Figure 1, for
example, compares the forward characteristics of
roughly 50 devices measured on an integrated
circuit, and the same number on an epi-ready sub-
strate. The spreads in peak and valley current and
voltage levels in each case is comparable; this is
very good. On the other hand, there is a difference
in the current levels, which are consistently a factor
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of two lower on the integrated circuit. A possible
explanation is that defects originating from the ion
implanted DGWs on the IC deplete portions of the
RTD heterostructure, reducing the active area by
two, but not otherwise affecting device perfor-
mance.

The next issues to address in this program will be
the minimum size of a growth well and the ultimate
packing density of RTD memory cells. These
issues are also being addressed with respect to
optoelectronic integration.

1.4 Integrated InGaAsP/GaAs Light
Emitting Diodes and Surface-Emitting
Laser Diodes

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics
Technology

National Science Foundation
Graduate Fellowship

Project Staff

Joseph F. Ahadian, Steven G. Patterson, Praveen
T. Viadyananthan, Dr. Gale S. Petrich, Professor
Leslie A. Kolodziejski, Professor Clifton G. Fonstad,
Jr.

The epitaxy-on-electronics (EoE) integration tech-
nique allows for the growth of optical devices in
foundry-opened dielectric growth windows (DGWs)
on fully processed GaAs MESFET integrated cir-
cuits. But to prevent the degradation of the elec-
tronic circuit performance, epitaxy must be done at
temperatures below 470 degrees C. InGaAsP,
which can be grown by gas-source molecular beam
epitaxy (GSMBE) and solid-source molecular beam
epitaxy (SSMBE) at these temperatures, is pre-
ferred over InGaAlAs for EoE emitter applications.
We are actively researching the fabrication of light
emitting diodes (LEDs) and surface emitting laser
diodes (SELs) in this materials system.

LEDs utilizing InGaP/GaAs double heterostructures
have been grown and characterized (electro-
luminescent efficiencies are typically 3 pUW/mA),
with recent efforts directed toward improving their
electrical and optical performance. Various doping

profiles have been implemented to reduce device

bulk resistivity and to improve the current spreading
in order to obtain more uniform optical emission.
Incorporated into the LED design have been
various etch-stop layers to permit selective etching
of mesa type structures. A wet-etch process has
been developed on campus using these etch stops,
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Figure 1. The variations in peak and valley current and voltage measured on fifty resonant tunneling diodes on an
integrated circuit (left) and on an epi-ready GaAs substrate (right). Based on these results, we conclude that EoE inte-
gration yields devices with uniformity comparable to bulk growth. For proper operation, an integrated memory cell using
the n = 1 resonance must accommodate up to a 9 percent variation in peak current, and one that uses the n = 2

resonance must accommodate a 15 percent variation.

and our collaborator, Dr. William Goodhue at MIT
Lincoln Laboratory, has recently developed a dry-
etch process for these materials using ion-beam
assisted etching, and we will be applying this tech-
nique to mesa LEDs soon. A variety of top con-
tacts have also been investigated, including indium
tin oxide, transparent metals, and "finger" patterns.

Efforts have also been directed on several fronts at
the development of SELs for integration. Broad-
area, in-plane lasers grown at 470 degrees C show
current thresholds of 200 A/cm?, and our immediate
goal is to use such material to fabricate in-plane
surface-emitting lasers (IPSELs). To this end, we
are collaborating with Dr. Goodhue and Professor
Steve Forrest at Princeton University to adapt their
respective IPSEL processes to this materials
system.

Ultimately, we hope to develop a vertical-cavity,
surface-emitting laser (VCSEL) integration tech-
nology. We are collaborating with Professor Dan
Dapkus at the University of Southern California on
oxidation of AlAs to form distributed Bragg reflec-
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tors (DBRs). A 33-pair InGaP/AlAs DBR fabricated
in our laboratory displayed a reflection coefficient
spectrum that closely matched theoretical calcu-
lations, and oxidation of AlAs layers has been suc-
cessfully accomplished, thereby enabling the
fabrication of highly reflective DBRs with fewer
reflector periods. Recognizing that the performance
of future VCSELs depends strongly on the DBR
quality and strict cavity length control, an in situ
spectroscopic ellipsometer will be utilized during the
fabrication of future DBR heterostructures.

1.5 Integrated Photodetector Standard
Cells

Sponsors

Defense Advanced Research Projects Agency/
National Center for integrated Photonics
Technology

National Science Foundation
Graduate Fellowship

NTT Corporation



Project Staff

Masami Tachikawa, Joseph F. Ahadian, Professor
Clifton G. Fonstad, Jr.

In the epitaxy-on-electronics (EoE) optoelectronic
integration process, it is desirable to use photode-
tectors fabricated utilizing the basic MESFET
process, rather than epitaxially, so that the epitaxial
heterostructures can be reserved and optimized
exclusively for emitters. Consequently, we have
begun to design, process through MOSIS, and
characterize various photodetector structures.
These studies involve individual photodetectors, as
well as photodectors with associated electronics
(e.g., transimpedance amplifiers), which taken
together can be viewed as optical bond pads for
inputting signals optically to chips.

Three types of cells involving detectors fabricated
during- the standard MOSIS/Vitesse HGaAs;
process have been investigated to date: (1)
optically-sensitive field effect transistors (OPFETS),
(2) OPFETs with depletion-mode field-effect tran-
sistor (DFET) loads, and (3) metal-semiconductor-
metal (MSM) photo-detectors. The spectral
response of these devices was measured and
found to match closely the absorption spectrum of
gallium arsenide. The measured output current of
the MSM detectors is linear as a function of input
light power, while the OPFETs show a logarithmic
dependance of their voltage on the input current
level, as predicted by the theory of a floating gate
OPFET. The current response is 7.5 A/W at 880
nm and increases to over 400 A/W at wavelengths
shorter than 800 nm. The MSM response is 0.1
A/W at these shorter wavelengths.

Measurements of the dynamic response of the
detectors is still underway, and improvements need
to be made in our system to permit measurements
at higher frequencies. To date, the devices have
been mounted in 40-pin integrated circuit packages
along with chip preamplifiers to provide enough
signal with a high speed light emitting diode as the
input. The OPFETs are found to be relatively slow,
with response times of several tens of microsec-
onds. This is consistent with earlier work done on
these devices by our collaborators at CalTech, and
represents the gain-bandwidth trade-off inherent in
these devices. The MSM devices, on the other
hand, are much faster detectors; presently we are
limited by our measurement system in character-
izing MSMs to response times of 0.1 us.

Our immediate objective is to improve our measure-
ment system to perform high-frequency character-
ization, evaluate the effects of backgating on
OPFET and MSM response, and develop and eval-
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uate high-performance transimpedance amplifiers
for use with MSM detectors.

1.6 Microwave Characterization of
Optoelectronic Devices

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics
Technology

National Science Foundation
Graduate Fellowship

Project Staff

Praveen T. Viadyananthan, Dr. Sheila Prasad, Pro-
fessor Clifton G. Fonstad, Jr.

The investigation of the high-frequency and high-
speed performance of optoelectronic devices and
integrated circuits has been initiated. The optical
and electrical components will be characterized
separately, afterward the entire optoelectronic inte-
grated circuit (OEIC) will be characterized. There
are certain significant issues arising in optoelec-
tronic integration that directly affect the high-
frequency/high-speed performance of the OEICs.
These issues are to be explored in the course of
the investigation.

A scattering (S) parameter measurement facility has
been designed and implemented for the high fre-
quency characterization of the optical components
of the OEIC. This faculty permits the characteriza-
tion of individual photonic devices and subsequently
the characterization of the full OEIC.

The set-up consists of Hewlett-Packard 8510B
automatic network analyzer equipped with an
S-parameter test set, a modified Cascade Microtech
on-wafer probe station, and a New Focus high
speed photodetector. This is a broadband
photodetector (400-1650 nm) operating from DC to
26 GHz, 17 ps rise time and 5 V/W. The
responsivity of this photodetector is approximately
0.2 A/W over the entire wavelength. It is planned
the make measurement of laser diodes and light
emitting diodes over this frequency range. On
wafer probing eliminates problems with packaging
parasitics, and the Cascade microwave probe
station has been modified so that it is suitable for
the constant temperature probing of both edge and
surface emitting devices. Future modifications for
the probing of photodetecting devices such as
photodiodes and MSM detectors are being
designed.

11
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Simultaneously, the issue of novel methods of
instrument calibration is being addressed. Cali-
bration techniques which take into account the
optical components such as the fibers are under
investigation for the optimization of accuracy. This
calibration will be equivalent to the electrical open-
short-line method used for electrical calibration.

This facility will permit the full characterization of
optical and electrical devices as well as the circuits.
Measurements will be performed for the extraction
of model parameters and equivalent circuits to
design optimized devices.

1.7 Growth of Distributed Bragg
Reflector and Multiple Quantum Well
Heterostructures at Reduced
Temperature

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics
Technology

National Science Foundation
Graduate Fellowship

Project Staff
Hao Wang, Professor Clifton G. Fonstad, Jr.

Growth of optical devices on commercially available
VLSI GaAs electronic circuits via the epitaxy-on-
electronics (EoE) integration technique employing
molecular beam epitaxy (MBE) requires growth
temperatures below 470 degrees C to avoid deteri-
oration of the underlying circuitry. Furthermore, a
growth temperature even lower than 470 degrees C
is required to growth thick, and therefore lengthy
growth sequences of optical devices such as ver-
tical cavity surface emitting lasers (VCSELs) and
self electro-optic effect device (SEED) modulators.

An important issue to be addressed is whether the
reduced-temperature MBE growth can produce high

quality optical devices and how the optical quality at.

low-growth temperatures can be optimized. We are
currently investigating lowered-temperature growth
of distributed Bragg reflectors (DBRs) and multiple
quantum wells (MQWs), which are constituent ele-
ments of VCSELs and SEEDs. We are also
growing complete VCSELs and SEEDs. The
growth temperature constraint does not allow fully
optimized quantum well formation and ideal

5 California Institute of Technology, Pasadena, California.
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interfacial quality in superlattices during conven-
tional MBE. Therefore, we are exploiting alternative
methods of low-temperature epitaxy, such as
atomic layer epitaxy (ALE) via MBE, pulsed-arsenic
MBE, and stoichiometric (unity group Il to group V
flux ratio) MBE. By reducing the arsenic overpres-
sure while still staying above unity V/Ill flux ratio,
we have demonstrated (Al, Ga)As DBRs with
growth-temperature independent reflectivity down to
a growth temperature as low as 400 C (see figure

2).

In addition to high optical quality mirrors, low
modulation-voltage MQWs are also essential for
integration with low-voltage digital circuits which
typically have 0 V and -2.0 V rails. SEED devices
grown at 500 degrees C have been fabricated and
function well with an 8 V voltage swing. Asym-
metric integrated with enhancement- and depletion-
mode MESFET VLSI circuits, which were designed
as a part of the EoE multiproject chip, to produce
dual-rail digital optical logic circuits which will effec-
tively compete with  depletion-mode  only
MESFET-SEED technology.

1.8 Monolithic Integration of
Self-Electrooptic-Effect Devices on Very
Large Scale Integrated GaAs
Electronics

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics

Technology
National Science Foundation

Project Staff

Hao Wang, Krishna V. Shenoy, Professor Clifton G.
Fonstad, Jr., Professor Cardinal Warde, in collabor-
ation with Jiafu Luo and Dr. Demetri Psaltis®

Benefiting from the novel epitaxy-on-electronics
(EoE) optoelectronic integration technique, the
pursuit of integrating self-electrooptic-effect devices
(SEEDs) with both enhancement- and depletion-
mode MESFET VLSI circuits has become feasible.

Dedicated SEED MESFET VLSI circuits have been
designed and fabricated as part of the MIT EoE
multiproject chips, which includes optical logic gates
such as a SEED receiver, NOR gate, transmitter,
and more complicated logic combinations. In addi-
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Figure 2. Reflectivities of 16 periods' AlAs/Al (0.11) Ga
degrees C down to 400 degrees C. The shift in wavelengt
related to the growth temperature ditferences.

tion, a 10 x 10 SEED optical bump circuit array has
been designed by our collaborators at Caltech.
After several SEED growth/fabrication efforts, the
first working low-temperature integrated SEED has
been demonstrated on a chip. A useful contrast
ratio of 2.2:1 was obtained for a monolithically inte-
grated device while even a better contrast ratio of
3.27:1 was obtained for the bulk monitor at 10V
bias (see figure 3). Further improvements of
regrowth crystal quality are currently under investi-
gation.

One very important issue addressed in our research
is how to achieve low-temperature substrate
cleaning prior to molecular-beam epitaxy growth.
The EoE integration technique demands that we
not expose the VLSI chip to a temperature higher
than 470 degrees C to avoid degradation of the
underlying circuitry. However, conventional MBE
growth involves thermal oxide removal at 580
degrees C prior to epitaxy, which poses serious
problems for the survival of the electronics. Our
current research is exploiting alternative methods of
low-temperature oxide removal, such as in situ
chemical etching of GaAs substrates by gaseous

(0.89)As DBRs grown at temperatures ranging from 600
h of the pass band is due to a calibration error and is not

HCI, or GaAs substrate cleaning using atomic
hydrogen. With these efforts, fully functioning high
density optoelectronic SEED circuitry will soon be
achieved with performance superior to current
depletion-mode-only FET-SEED technology.

1.9 Compact Integrated Optics
Structures for Monolithic Integration

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics
Technology

Project Staff

Yakov Royter, Professor Clifton G. Fonstad, Jr., in
collaboration with Dr. William D. Goodhue

Recently, due to the fiberoptic telecommunications
boom, much work has been done on integrating
semiconductor optical devices, such as modulators,
detectors, and lasers, with driving electronics made
up of MESFETs, MODFETs, or HBTs. However,

13



Chapter 1. Compound Semiconductor Materials

the necessity to optimize both the optical and elec-
tronic devices simultaneously makes the progress
slow. Our project is to integrate mature GaAs elec-
tronic ICs with integrated optics components by
selectively growing (MBE) our optical devices on
open areas of commercial GaAs IC chips. This
epitaxy-on-electronics (EoE) technique has already
been successfully achieved -for integrating LED
arrays with driver circuits. Our goal is to demon-
strate a working integrated optics circuit fabricated
on and integrated with a GaAS IC chip. The basic
optical components of this system are passive
waveguides, phase modulators, and detectors. The
electronics will consist of driving and amplifying
circuit for the modulators, and detectors, as well as
signal processing and control digital circuits. Since
the area of the GaAs VLSI chip is expensive, the
conventional gradual bends, necessary to change
the propagation direction of guided light will be
replaced by abrupt 90 degree bends with deep
etched total internal reflection (TIR) mirrors (see
figure 4).

In our first attempts at EoE integrated optics, we
have used lowered temperature AlGaAs/GaAs het-
erostructures, grown at 500 degrees C, so that
drastic deterioration of the IC performanceis not

caused. However, the material quality of AlGaAs is
poor: we have measured waveguide losses greater
than 20 dB/cm. Therefore, lattice matched
InGaP/GaAs heterostructures will be used since
InGaP grown at 470 degrees C is higher quality.
Currently, etching techniques for InGaP material are
being investigated.  In particular, dry etching
methods for creating deep openings with smooth
vertical walls in InGaP/GaAs heterostructures are
being developed. Such smooth vertical walls are
necessary for the low loss TIR mirror waveguide
bends.

In addition to optical device design, circuit design is
also being carried out. Several versions of
modulator driver circuits have been designed, fabri-
cated at the Vitesse MOSIS foundry, and tested.
These circuits are able to drive the modulators with
a 10 V swing output with DCFL inputs of 0-0.6 V,
and speeds of up to 5 MHz driving external circuit
board lines. Since the HSPICE simulation suggests
200 MHz performance, we expect a drastic
improvement in performance for these circuits
driving on chip interconnections. (The simulations
were done using Vitesse HSPICE device parame-
ters.) Complementing the modulator driver design,
such fundamental issues for high voltage MESFET

SEED Reflectivity (MIT-Caltech-NCIPT 9123)
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and 865 nm of a SEED modulator at selected voltages
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circuit design such as backgating and gate break-
down are being investigated. Structures with
depleted isolation barriers have been shown to
eliminate backgating. Finally, a library of digital
circuit cells is being compiled for the control logic
needed in the demonstration project.

1.10 The OPTOCHIP Project and other
Multigroup OEIC Chips

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics
Technology

Project Staff

Joseph F. Ahadian, Steven G. Patterson, Yakov
Royter, Praveen T. Viadyananthan, Masami
Tachikawa, Dr. Gale S. Petrich, Professor Leslie A.

Kolodziejski, Professor Clifton G. Fonstad, Jr., and
J.M. Mikkelson

The OEIC Platiorms Project is a directed tech-
nology project within NCIPT focused on developing
an optoelectronic integration technology based on
commercially available gallium arsenide integrated
circuits. This technology, named epitaxy-on-
electronics (EoE), involves the epitaxial growth of
optoelectronic device heterostructures on fully
metallized GaAs MESFET VLSI electronics. In
addition to developing this OEIC technology, the
project has the goal of making this technology avail-
able to the broad academic and research communi-
ties.

Progress has continued in all major areas of the
OEIC Directed Project: (1) continued work on
reduced-temperature epitaxy (RTE) of low-threshold
InGaAsP laser diodes (GS-MBE growth), (2) use of
atomic hydrogen to prepare surfaces for epitaxy at
350 C, (3) demonstration of the first monolithically
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integrated SEED and other window modulator struc-
tures, (4) initiation of integrated optics (fiber-coupled
geometry) projects, (5) realization of the second
multiproject OEIC chip, and (6) inauguration of the
OPTOCHIP project.

The NCIPT multiproject OEIC chips are our vehicle
for involving many NCIPT groups and members of
the outside community epitaxy-on-electronics OEIC
chips. These chips, of which there are now two
generations, involve OEIC and test cell designs
(over 50 in total) from five universities. Included
are cell designs for both smart pixel (i.e., surface-
normal configuration) OEICs and integrated optics
(i.e., in plane, fiber-coupled configuration) OEICs.
The chips are being used as the foundation for
epitaxial growth and device processing for a variety
of device types and structures and for realization of
a wide variety of OEICs.

The OPTOCHIP Project was launched in Fall 1995
to involve the smart pixel community in an epi-on-
electronics multiproject OEIC chip through a
foundry-like mechanism. A total of eight diverse
groups have been selected to participate from over
twice that number of applicants. The offering will
involve LEDs, detectors, and MESFETs. Chips
designs will be completed in May 1996, and chips
will be returned to participants in October 1996.

1.11 Normal Incidence Single- and
Dual-Band Quantum-Well Intersubband
Photodetectors

Sponsors

National Science Foundation
U.S. Navy - Office of Naval Research

Project Staff

Paul S. Martin, Janet L. Pan, Professor Clifton G.
Fonstad, Jr., and P. Kannam

Quantum-well intersubband photodetectors (QWIPs)
are attractive devices to compete with HgCdTe for
use in focal plane arrays. QWIPs can take advan-
tage of the established technology for growing and
processing GaAs optical devices to improve device
uniformity and array yield.

We have demonstrated the first TE-active normal
incidence QWIPs based on InGaAs/AlGaAs
quantum wells grown pseudomorphically strained
on GaAs. Our best devices consist of five 45

quantum wells of In,1;GaAs doped n-type at 5 x
10" cm-3 and separated by 510 A of unintentionally
doped Al,5GaAs. The measured responsivity is
shown in figure 5. The peak signal to noise ratio of
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680 occurred for a bias of 3.2 V giving a peak
wavelength of 6.4 um, a peak responsivity of
200,000 VW (25 mA/W) and a Dy of 6 x
10° cm - Hz"2/W for a 100 um square mesa device
measured at 77 K. The FWHM of the response is
1.0 pm typical of bound to quasi-bound intersub-
band signals and very attractive for potential multi-
band QWIP applications. The D, of 6 X
10°cm - Hz'2/W for this unoptimized device is
within a factor of two of the value at which uni-
formity of the QWIP array and not D* becomes the
limiting factor in performance as measured by
NEDT. This highlights our emphasis on TE active
devices which eliminate the need for additional pro-
cessing to implement gratings for other TM coupling
mechanisms and removes the additional processing
nonuniformity these TM couplers cause.

We are currently working to improve the
responsitivity of our detectors and to integrate a
second detector on top of another vertically.
Because no gratings are needed to couple the
normally incident light into the active detectors,
these dual band detectors are relatively simple to
design and emphasize the advantages of the
simple TE mode device design.

1.12 Integrated Quantum-Well
Intersubband Photodetector Focal Plane

Arrays

Sponsor
U.S. Navy - Office of Naval Research

Project Staff

Paul S. Martin, Janet L. Pan, Professor Clifton G.
Fonstad, Jr., P. Kannam

The monolithic integration on GaAs circuits of
normal-incidence-active (TE-mode) quantum well
infrared photodetector (QWIP) focal plane arrays
(FPAs) is expected to increase the yield and pro-
cessing simplicity of infrared photodetector FPAs.
This is very important because QWIP and other
infrared photodetector FPAs are currently limited by
the uniformity of the performance over an entire
FPA and not by detectivity of each pixel in the
array.

Monolithic integration means that there is no
thermal mismatch between different substrate mate-

rials, as there is in a hybridized technology of GaAs
QWIPs bump bonded to Si circuits. Processing is
also simplified because intricate and expensive In
bump bonding is not needed. Normal incidence
active QWIPs do not require gratings to be coupled
to the normally incident radiation. The use of GaAs
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Figure 5. The normal incidence responsivity measured at 77K for a pseudomorphic InGaAs QWIP consisting of five

periods of 4.5 nm of Ine15GaoeAs and 51 nm of Aly;GagAs.

as the substrate material offers advantages of: (1)
a mature processing technology; (2) the existence
of large, low cost, highly uniform and reliable sub-
strates, as compared with mercury cadmium
telluride detectors; and (3) the intrinsic radiation
hardness of GaAs, as compared with Si. The elimi-
nation of In bump bonding and grating fabrication,
as well as the use of a GaAs substrate, allows for
high yield and low cost QWIP FPAs.

In addition to the simplified processing steps dis-
cussed above, the cost of using QWIP FPAs can
be lowered by increasing the QWIP operating tem-
perature.  We are investigating two possible
approaches to doing this. First, band gap engi-
neering will be used to design QWIPs whose upper
state lifetimes are greatly increased. This would
increase the detectivity, an thus the temperature of
the background limited performance, of each QWIP.
Second, microlenses will be used to increase the
ratio of the photocurrent to the dark current at a
given QWIP size by concentrating more of the inci-
dent photon flux onto each QWIP pixel. Micro-
lenses increase the detectivity at a given QWIP

size, as well as allowing more of the space
between QWIP pixels to be used for circuits.

1.13 Intersubband Transitions in
Narrow Quantum Wells

Sponsors

National Science Foundation
Toshiba Corporation

Project Staff
Norio lisuka, Professor Clifton G. Fonstad, Jr.

Intersubband transitions are very attractive phe-
nomena because they are applicable to lasers, pho-
todetectors, optical modulators and other novel
photonic devices. In this project, we focus our
effort on research on quantum wells in which the
intersubband wavelength is 1.55 um shorter, which
is optimal for optical communication. To achieve
such intersubband transitions, we are growing
In(Ga)As/AlAs quantum well structures where on
InP or GaAs substrates the well width is as narrow
as a few monolayers.
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The well width in these structures is so narrow that
the quality of interface between the barrier and the
well is critical. Interface roughness will cause the
transition energy to shift. To achieve good quality
of interface, we are trying to adapt migration
enhanced epitaxy (MEE) to this problem. Another
material problem is that the critical thickness of a
barrier layer or a well layer is very small because of
the large difference in the lattice constants of the
barrier and the well materials. Consequently, it is
difficult to grow multiple-quantum-well structures
which give the light and quantum wells more time to
interact than a single quantum well structure does.
To overcome this difficulty, the strain compensated
structure, which consists of InAs and AlAs on InP
substrate, will be tested.

In actual materials, absorption due to undesirable
energy levels such as a surface level are some-
times confused with absorption due to intersubband
transitions. We have found that there is the specific
region of cap layer thickness in which the effect of
surface states can be eliminated in absorption mea-
surements made on the waveguide configuration.
With this thickness of the cap layer, very little of the
incident light exists in the cap layer, which is con-
firmed by calculating the distribution of the light
intensity. A self-consistent electronic state calcula-
tion program is also being developed. The calcula-
tion will give us information about what the quantum
well structure is like, what the subband levels are,
and how many electronics populate the well region.
Accordingly, it will become a useful tool for the
design of novel devices using intersubband transi-
tions.

1.14 Kinetic Beam Etching of
Semiconductor Nanostructures

Sponsors

Defense Advanced Research Projects Agency/
National Center for Integrated Photonics
Technology

AT&T Bell Laboratories
Graduate Fellowship

Project Staff
Isako Hoshino, Professor Clifton G. Fonstad, Jr.

Since it became necessary to grow compound
semiconductor epitaxial layers upon an already
existing integrated circuit, it became crucial to mini-
mize or eliminate surface damages caused by con-
ventional etching techniques using plasma sources.
To find a solution to the problem of process-
induced damage, we have begun a project investi-
gating the use of molecular-beam (hot neutral
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beam, also known as kinetic beam) techniques to
etch and clean IlI-V substrates and heterostructures
with a minimum of surface damage and allowing
maximum flexibility in attaining various etch profiles.
Depending on the gas combination, it is anticipated
that low energy (0.1 to 10 eV) kinetic beams can be
used to (1) both directionally and isotropically etch-
pattern ill-V heterostructure wafers with no damage;
(2) clean surfaces allowing epitaxial growth on
wafers that have been removed from the UHV envi-
ronment for external processing; and (3) selectively
remove masking materials and clean surfaces suit-
able for subsequent overgrowth.

A differentially pumped UHV kinetic beam etch
(KBE) system design to use a methane-hydrogen
gas mixture using a supersonic beam has been
designed and constructed. The initial function tests
of the KBE system are currently underway. Subse-
quently, a full-scale characterization of the ability of
the KBE system will be performed, mainly concen-
trating on etch rate, etch profile, and surface
damage assessment. The extent of surface
damage, if any, will be determined through elec-
trical and optical characterizations of heterostruc-
ture devices grown by solid-source MBE. Once the
KBE system is fully characterized, it will be con-
nected to the existing MBE system through a UHV
transfer tube.
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Chapter 2. Physics of Heterostructure Field-Effect Transistors

Academic and Research Staff
Professor Jesus A. del Alamo

Graduate Students
Mark H. Somerville

Undergraduate Students
Alexander N. Ernst

Technical and Support Staff
Lisa Zeidenberg

2.1 Introduction

Sponsors

Joint Services Electronics Program
Contract DAAH04-95-1-0038
Texas Instruments
Agreement dated 11/23/94

The goal of this project is to develop InAlAs/InGaAs
heterostructure field-effect transistors suitable for
millimeter-wave high-power applications. This is a
key missing component for millimeter-wave radar
and communication systems.

Our team has been involved on research of high-
power InAlAs/iInGaAs heterostructure field-effect
transistors for several years. Two key contributions
in the past have been (1) the demonstration that
the use of AlAs-rich InAlAs pseudoinsulators sub-
stantially improves the breakdown voltage' and (2)
the demonstration of selective recessed-mesa
sidewall isolation to reduce gate leakage current.?
We also recently identified the detailed physical
mechanisms responsible for breakdown in InAlAs/-
InGaAs HFETs.?

In the last period of performance, we have studied
in detail the physical origin of the "kink effect” in
InAlAs/InGaAs HFETs.* This important anomaly in
the operation of these transistors deleteriously
affects their power performance. Our physical
understanding has culminated in the proposal of a
new equivalent circuit model that successfully cap-
tures the kink. This will enable first-pass success in
the design of future millimeter-wave systems based
on these devices.

2.2 A New Physical Model for the Kink
Effect on InAlAs/InGaAs HEMTs

InAlAs/InGaAs high electron mobility transistors
(HEMTSs) show significant promise for low-noise and
high-power millimeter-wave applications. A signif-
icant anomaly in their behavior is the kink effect, a
sudden rise in the drain current at a certain drain-
to-source voltage that results in high drain conduc-
tance and reduced voltage gain. Conventional
wisdom suggests that traps are responsible for the
kink. Most theories incorporating traps suggest that
high fields and/or impact-ionization-generated holes

1 S.R. Bahl, W.J. Azzam, and J.A. del Alamo, "Strained-Insulator In,Al,_As/n*-In,s:Ga.:As Heterostructure Field-Effect Transistors,"

IEEE Trans. Electr. Dev. 38: 1986 (1991).

2 S.R. Bahl and J.A. del Alamo, "Elimination of Mesa-Sidewall Gate-Leakage in InAlAs/InGaAs Heterostructures by Selective Sidewall

Recessing,” IEEE Electr. Dev. Lett. 13: 195 (1992).

3 S.R. Bahl and J.A. del Alamo, "Physics of Breakdown in InAlAs/n*-InGaAs Heterostructure Field-Effect Transistors,” /EEE Trans.
Electr. Dev. 41: 2268 (1994); S.R. Bahl, J.A. del Alamo, J. Dickmann, and S. Schildberg, "Off-State Breakdown in InAlAs/InGaAs

MODFETs," IEEE Trans. Electr. Dev. 42: 15 (1995).

4 M. Somerville, J.A. del Alamo, and W. Hoke, "A New Physical Model for the Kink Effect on InAlAs/InGaAs HEMTs," International
Electron Devices Meeting, Washington, D.C., December 10-13, p. 201, 1995.
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charge traps either in the buffers or in the insulator,®
leading to a shift in the threshold voltage. Such a
theory, while plausible, is of little predictive value
because of the large number of variables involved.
It is therefore important to search for other physical
origins of the kink that might be amenable to simple
modeling in these devices.

Recent experiments have provided indirect evi-
dence linking the kink and impact ionization;’
however, it remains unclear how the two phe-
nomena are connected. Using a specially-designed
sidegate structure, we have carried out extensive
characterization of the kink effect in a double-
heterostructure InAlAs/InGaAs HEMT. Our mea-
surements provide direct evidence linking the kink
with impact ionization, while at the same time
clearly showing that impact ionization current alone
is not responsible for the kink. Careful analysis
leads us to postulate a new mechanism of barrier-
induced hole pile-up at the source to explain the
kink and to propose a simple equivalent circuit
description of the phenomenon.

A cross-section of the MBE-grown, double-
heterostructure HEMT used in this study is pre-
sented in figure 1. The channel sheet carrier
concentration is 3.5 x 10%2cm-2. Fabrication con-
sists of device isolation via a mesa etch with a
sidewall recess, a PECVD SisN, layer for liftoff
assistance, Au/Ge ohmic contacts, a selective gate
recess, and PvTi/Au gates and interconnects.
Devices with gate lengths between 0.6 um and 2
pum were characterized. The devices exhibit I, =
520 mA/mm, gn.. = 440 mS/mm, and BVps( ~ 8 V.

A relationship between the kink and impact
ionization has previously been postulated based on
simulation results® as well as light emission and

channel-engineering experiments.” However, these
experiments only provided an indirect view of
impact ionization. By using a specially designed
sidegate structure,® we have succeeded in directly
tracking impact ionization in the device without per-
turbing its behavior. The sidegate structure consists
of an ohmic contact on & 40 um x 15 um mesa
located 15 um from the device under test. In the
measurement, the sidegate is held at a large nega-
tive potential with respect to the source
(Vsg_s=-20V). This allows the sidegate to collect
a small fraction of the holes generated by impact
ionization, as sketched in the inset of figure 2.
Thus, the sidegate current should approximately
track the impact ionization generation rate. Such
behavior is observed in figure 2, where the ratio of
the net sidegate current to the drain current is
plotted as a function of 1/(Vps - Vbsisay) for typical
values of Vgs. Throughout the device's range of
operation, lsq follows classical exponential impact
ionization behavior.

Using lss, we can now explore the relationship
between impact ionization and the kink effect. In
figure 3, we examine Ip and lse for Vgs = 0 V. The
kink is clearly visible in Ip starting at Vps =~ 1 V. The
onset of the kink coincides with the appearance of
lse. We have found that this is the case for other
values of Vgs. This is clearly seen in figure 4, which
shows Ip, ls, and lsg as a function of Vpg for dif-
ferent Vgs values. This figure illustrates a number of
key characteristics of the kink: the kink in Ip occurs
approximately at constant Vpg ~ 1.2 V; the size of
the kink appears to increase with increasing Ves;
and the onset of the kink coincides with the appear-
ance of lsg and with a prominent rise in lg, presum-
ably due to hole collection by the gate. These facts
unequivocally establish the connection between the
kink and impact ionization.

5 A.S. Brown et al., "AlinAs-GalnAs HEMTs Utilizing Low-temperature AllnAs Buffers Grown by MBE,” IEEE Electr. Dev. Letit. 10: 565
(1989); T. Zimmer et al., "Kink Effect in HEMT Structures: a Trap-related Semi-quantitative Model and an Empirical Approach for

Spice Simulation,” Sol. State Electr. 35: 1543 (1992).

6 Y. Hori and M. Kuzuhara, "Improved Model for Kink Effect in AlGaAs/InGaAs Heterojunction FETs," IEEE Trans. Electr. Dev. 41:

2262 (1994).

7 G.G. Zhou, A.F. Fischer-Colbrie, and J.S. Harris, "I-V Kink in InAlAs/InGaAs MODFETs Due to Weak Impact lonization in the InGaAs
Channel," Sixth International Conference on InP and Related Materials, Santa Barbara, California, March 1994, pp.435.

8 K. Kunihiro, H. Yano, N. Goto, and Y. Ohno, “Numerical Analysis of Kink Effect in HJFET with a Heterobuffer Layer,” /EEE Trans.

Electr. Dev. 40: 493 (1993).

3 A.A. Moolji, S.R. Bahl, and J.A. del Alamo, "Impact lonization in InAlAs/InGaAs HFETs," IEEE Electr. Dev. Lett. 15: 313 (1994).
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Figure 1. Schematic cross-section of InAlAs/InGaAs double-heterostructure HEMT used in this work.
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Figure 2. Semilog graph of |lss - lsaol/lo versus 1/(Vos - Vosem). The approximately exponential behavior at small 1/

(Vs — Vbsesay) confirms the onset of impact ionization. Vsg.s =-20V, Lg =2 um, T = 300 K.
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Figure 3. Drain and sidegate current at Vas = 0. Note
the saturation of the kink, in contrast with the exponential
growth of the sidegate current. Lo =2 um, T =280 K.

Pure impact ionization has been proposed as an
explanation for excess output conductance in
InAlAs/inGaAs HEMTs." In this model, additional
drain current originates from the impact ionization
generated holes and electrons. Such an explana-
tion of the kink is not consistent with our exper-
iments. If impact ionization alone were responsible
for the kink, the shape of the kink would closely
track the shape of the sidegate current. However,
as seen in figure 3, the kink saturates while the
sidegate current grows strongly with Vps. Clearly
some other effect must be at work.

The kink effect in SOl MOSFETSs is known to be a
result of impact ionization generated holes flowing
through the p-type buffer into the n* source.! This
hole current forward biases the buffer-source p-n
junction, thereby providing additional drive to the
transistor. While such an hypothesis may be appro-
priate in some HEMT designs,? two facts make this
explanation unlikely for current InAlAs/inGaAs
HEMT designs. First, the presence of a significant
valence band discontinuity (0.2 eV) between the
channel and the buffer should confine most holes to
the narrow channel. In addition, the fact that the
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Figure 4. Drain, gate, and sidegate currents for different
values of Vgs. The onset of the kink directly corresponds
with the onset of the sidegate current and a significant
increase in gate current. Lg =2 um, T = 300 K.

channel and the buffer are undoped makes a
parasitic bipolar effect less plausible.

Simulation results have recently suggested another
possible explanation for the kink, source resistance
reduction.”® In this model, holes drift into the low
field source-gate region, where they diffuse and
recombine. To maintain quasi-neutrality, the elec-
tron concentration must be increased, resulting in
reduced source resistance. If this were the case,
the excess current would be of the form

10 M. Chertouk et al., "Metamorphic InAlAs/InGaAs HEMTs on GaAs Substrates with Composite Channels and fu.. of 350 GHz,"
Seventh International Conference of InP and Related Materials, Sapporo, Japan, 1995, p. 737.

11 K. Kato, T. Wada, and K. Taniguchi, “Analysis of Kink Characteristics in SOl MOSFETs Using Two Carrier Modeling," IEEE Trans.

Electr. Dev. ED-32: 458 (1985).

12 K. Kunihiro, H. Yano, N. Goto, and Y. Ohno, "Numerical Analysis of Kink Effect in HJFET with a Heterobuffer Layer," IEEE Trans.
Electr. Dev. 40: 493 (1993); B. Brar and H. Kroemer, "Influence of impact lonization on the Drain Conductance of InAs/AISb

Quantum Well HFETSs," in press.

13 T. Enoki, T. Kobayashi, and Y. ishii, "Device Technologies for InP-based HEMTs and their Applications to ICs," IEEE GaAs ic

Symposium, 337-339, 1994.
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Figure 5. Kink magnitude extracted for Vps - Vpssay = 3 V
at low temperature as a function of l,. The solid line the-
oretical fit is discussed later in the text. Ls = 0.8 um.

Alp = gmolpAR (1)

where gmo and Ip are "pre-kink" values, and AR is
the drop in source resistance brought about by the
hole accumulation. Since |AR| should increase
with increasing Ip, the kink current Alp would be
superlinear in I, according to this hypothesis. In
order to evaluate this hypothesis, we plot in figure 5
the magnitude of the kink, extracted for constant
Vos - Voseay = 3 V, versus Ip. This measurement
clearly indicates that the kink has a sublinear Ip
dependence, which is inconsistent with source
resistance reduction.

Although simple source resistance reduction does
not appear to explain our results, recent reports of
light emission from the extrinsic source'* and kink
suppression by means of a buried p-layer’® moti-
vate us to explore further the possible significance
of holes in the kink effect. As the source-resistance
reduction model suggests, holes can drift through
the channel and invade the extrinsic source. Partic-
ularly effective hole pile-up might arise if there is a
potential barrier at the source. Such a barrier can
occur between the ohmic contact's n*-region and
the channel, or at the transition between the
capped and uncapped portions. [f this is the case,

Chapter 2. Heterostructure Field-Effect Transistors

the ohmic drop in conjunction with the barrier
creates a triangular well where holes can accumu-
late. Any pile-up of holes reduces the ohmic drop in
the region immediately adjoining the barrier (figure
6). This provides an extra gate drive, Vi, to the
transistor.

A simple first-order analysis of this hypothesis pro-
vides a number of key dependences in the behavior
of the kink that can be tested. An additional drive
on the gate results in increased current:

Alp = 9moViink @

The kink voltage is to first order determined by the
excess hole concentration at the barrier:

keT No+pP
Viink © —g— '"( N ) (3)

q

In the classical description of impact ionization, the
ionization rate is proportional to the exponential of
the inverse of the field in the high field region. The
excess hole concentration at the barrier will be pro-
portional to the impact ionization generation rate, so

-8B ) (4)

oo 0 oSy

where B is a constant. Plugging (4) into (3) and (2),
we obtain

AlD o

kBT ( - B )
Bl il 1sAexp[ —=B )| (5)
9mo —q [ D &XP Vps - Vpssat)

where A is another constant.

In examining (5), we note first that when the hole
accumulation is large with respect to the pre-kink
electron concentration, the exponential term domi-
nates, so that at large Vps values,

=1 (6)

Mgl w1
largeVos Vg - Vps(say

14 N. Shigekawa, T. Enoki, T. Furuta, and H. lto, "Electroluminescence of InAlAs/InGaAs HEMTs Lattice-matched to InP Substrates,” in

press.

15 B. Brar and H. Kroemer, "Influence of Impact lonization on the Drain Conductance of InAs/AiSb Quantum Well HFETs," in press; T.
Suemitsu, T. Enoki, Y. Ishii, "Body Contacts in InP-based InAlAs/inGaAs HEMTs and Their Effects on Breakdown Voltage and Kink

Suppression,” Electr. Lett. 31: 758 (1995).
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Figure 6. Postulated kink mechanism. Holes generated by impact ionization drift into the extrinsic source and accumu-
late in the well formed by the barrier and the ohmic drop. The resulting reduction in extrinsic voltage results in increased

drive to the transistor.

Such a dependence is observed in our exper-
iments, as shown in figure 7.

The direct relationship between the sidegate current
and impact ionization generation rate further implies
that the kink should be predicted by the sidegate
current. In particular, from (4) and (5),

kgT

Alp % Gmo —g—In [1 + Clsgl 7)

with C another constant. We observe this in figure
8.

Finally, if Vos - Voseay IS held constant, the kink
should be a simple function of gme and lo:

kT
Alp  gmo —g—In [1+ Dip] (8)

with D also a constant. Such a dependence
explains our experimental observation of figure 5.

The understanding provided by this physical model
allows us to build a simple equivalent circuit model
description of the kink. A new model element needs

26 RLE Progress Report Number 138

to be added in series with the intrinsic source of the
FET (figure 9) that represents the additional drive
provided by the hole pile-up. This element is a
voltage source that is controlled by Vps and lp.
Only two parameters are required to fit completely
the characteristics of the transistor (figure 10).
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Figure 7. Kink magnitude vs. Vos - Vossa. Lo = 0.8 um.
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Figure 8. Comparison of the kink current, Al,, with the
kink predicted by the sidegate current. Le =2 um, T =
280 K.

Although the form of this model is very similar to
those used in SOl MOSFETSs, the physics at play
are significantly different.

In conclusion, we have postulated a new physical
model for the kink effect in InAlAs/InGaAs HEMTs.
The kink arises from hole pile up at a potential
barrier in the source of the device that brings about
a reduction of the ohmic drop at the source. This
results in extra gate drive to the transistor. Our
findings have allowed us to formulate a simple
equivalent model description of the kink effect in
these devices.
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Figure 9. Proposed equivalent circuit model. A new
element with only two bias-independent parameters is
required to model the kink completely.

Figure 10. Comparison of model predictions for the kink
with measured device characteristics. Lg =2 pum, T =
280 K.
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A cathodoluminescence micrograph from a 1 um-thick ZnSe layer
on a Zn-exposed, (2x4) reconstructed, 8 monolayer thick GaAs
layer on a 4 um graded InGaP layer. The surface was imaged at
the ZnSe wavelength at a magnification of 1700x using a probe
current of 32 nA and an acceleration voltage of 20 kV. The sample
was grown in the Chemical Beam Epitaxy Laboratory which is
under the direction of Professor Leslie A. Kolodzigjski.
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3.1 Introduction

The emphasis of the research program which uti-
lizes the chemical beam epitaxy laboratory revolves
primarily around the epitaxial growth of a wide
variety of compound semiconductors (both iI-VI and
I1-V), as well as multilayered structures composed
of II-VI/II-VI, B-VIII-V and HI-V/III-V heterostruc-
tures. The chemical beam epitaxy laboratory con-
sists of two gaseous source epitaxy reactors
(II-VI-dedicated and |lI-V-dedicated) interconnected
to several smaller chambers which are used for
sample introduction and in-situ surface analysis and
metallization. Such a multichamber epitaxy system
allows the fabrication of the aforementioned heter-
ostructures to be accomplished within a continuous
ultrahigh vacuum environment. The interconnected
reactors enable an additional degree of freedom in
device design by providing the ability to integrate
the -Vl and llI-V material families into a single
device. For example, structures containing only
lI-V epilayers or only II-VI epilayers are grown in a
single reactor, or in the case of II-VI/ilI-V heter-
ostructures and quantum wells both reactors are
used.

The II-V gas source molecular beam epitaxy
(GSMBE) reactor uses solid elemental sources of
Ga, In, Al, Si, and Be and gaseous hydride sources
of arsenic and phosphorus. The 1I-VI reactor cur-
rently uses solid elemental sources of Zn and Se,
as well as gaseous hydrogen selenide, in addition
to a nitrogen plasma source and a solid ZnCl,
source to achieve p- and n-type doping, respec-
tively. The plasma source is also used with a high
purity hydrogen/argon mixture for hydrogen plasma
cleaning of GaAs and ZnSe substrates.

In the next section, we will describe our progress in
the growth and doping of ZnSe using gas source
molecular beam epitaxy and solid source molecular
beam epitaxy to examine the role of hydrogen
during epitaxy. The lI-VI effort is complemented by
a program investigating the growth of ZnSe on
epitaxial (In,Ga,Al)P buffer layers. An additional
N-VINI-V  effort involves the fabrication of
ZnSe/GaAs quantum well structures, focusing on
the formation of the ZnSe/lll-V heterovalent struc-
ture and its resultant properties. The Ill-V GSMBE
system is also utilized for the fabrication of
(In,Ga)(As,P) waveguide-based devices and light
emitters that operate at 1.55 um, which is the
wavelength used for optical fiber communication.
Additional lll-V-based projects include the fabri-
cation of optoelectronic devices on premetallized
GaAs MESFET integrated circuits for optoelectronic
integrated circuits, and the fabrication of photonic
bandgap crystals utilizing an air bridge microcavity
structure. A final project consists of the fabrication
of three-dimensional photonic bandgap crystals.

3.2 Gas Source Molecular Beam
Epitaxy of ZnSe, ZnSe:Cl and ZnSe:N

Sponsors

Defense Advanced Research Projects Agency
Subcontract 284-25041

Joint Services Electronics Program
Contract DAAL04-95-1-0038

National Center for Integrated Photonic Technology
Contract 542-381

U.S. Army Research Office/ AASERT
Contract DAAH04-93-G-0175
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Project Staff

Professor Leslie A. Kolodziejski, Dr. Gale S.
Petrich, Easen Ho, Jody L. House, Emily L. Warlick,
Anna Lopatnikova

Under the University Research Initiative (URI)
program sponsored by ARPA through the Office of
Naval Research, Professor Kolodziejski is a co-
principal investigator along with Professor R.L.
Gunshor, Purdue University, and Professor A.V.
Nurmikko, Brown University. The focus of the URI
is aimed towards achieving continuously operating,
room temperature, short wavelength, visible light
emitters operating in the blue and blue/green spec-
tral ranges based on wide bandgap |-Vl semicon-
ductors. As the research effort continues toward
eliminating the various technological barriers prohib-
iting the achievement of viable, commercial "blue”
laser diodes, the heterostructures are becoming
increasingly complex, requiring the use of advanced
epitaxial growth techniques.

Gas source molecular beam epitaxy (GSMBE) is an
alternative epitaxial growth method that replaces
the high vapor pressure elements in molecular
beam epitaxy (MBE) with hydride sources that are
amenable to regulation using a precision mass flow
controller. For example, AsH,;, PH;, and H.Se are
used in place of elemental As, P, and Se, respec-
tively, thus greatly reducing the associated problem
of flux control. Lower vapor pressure elements
such as Ga, In, and Zn are used in effusion
sources. GSMBE retains most of the ultrahigh
vacuum advantages of MBE while avoiding the use
of metalorganic precursors and thus circumvents
the issue of carbon incorporation. In addition, the
use of a hydride gas cracker introduces an addi-
tional degree of freedom in controlling the form of
the precursors provided to the growing surface.
Several tradeoffs, however, are involved when
using the GSMBE method, such as the high toxicity
of the hydride gases and the increased pumping
requirements compared to typical MBE appa-
ratuses.

Another unique aspect of GSMBE is the copious
and unavoidable generation of H, and sub-hydride
species (such as As-H and Se-H) that are gener-
ated. Whether these H, and sub-hydride species
are beneficial or deleterious depends on the mate-
rial system involved. In the growth of Ill-V mate-

rials, the presence of hydrogen radicals have been
postulated to aid in the removal of residual carbon
inadvertently introduced into the vacuum system.'
However, electrical passivation of both intentional
and unintentionally introduced dopants has been
frequently observed in the growth of Si and IlI-V
compound materials. Our previous results? have
shown that while the activation of chlorine donors in
n-type ZnSe is not affected by the use of the H.Se
precursor, nitrogen-doped ZnSe is strongly
passivated by hydrogen and leads to epitaxial
layers that are electrically insulating. Secondary ion
mass spectrometry (SIMS) analysis of both the
chlorine-doped and nitrogen-doped ZnSe further
confirmed the preferential electrical passivation of
nitrogen by hydrogen. While the hydrogen concen-
tration, [H], and chlorine concentration, [Cl], were
found to behave independently of each other in the
chlorine-doped samples, the clear synergy between
the hydrogen concentration [H] and the nitrogen
concentration [N] were observed in SIMS depth pro-
filing (see figure 1).

An important question that remains to be answered
concerns the passivation that is observed during
the GSMBE growth of ZnSe doped with a nitrogen
plasma source, i.e., is the dominant source of elec-
trical passivation derived from molecular hydrogen
that is produced by cracking, or from hydrogen radi-
cals still attached to the Se precursor? In order to
quantify the role of molecular hydrogen in the
passivation mechanism of nitrogen acceptors,
experiments were undertaken where various
amounts of hydrogen were introduced into the
chamber during conventional MBE growth. Figure
2 shows a SIMS profile of a structure containing
intentionally hydrogenated regions (lined regions in
the structure schematic) where different amounts of
molecular hydrogen were introduced; the layer also
contains undoped regions (shaded regions) as well
as a doped region that was not exposed to a flux of
hydrogen. The main features to note in figure 2 are
as follows: (1) similar to GSMBE-grown ZnSe:N,
[H] is seen to closely track [N], with both impurities
decreasing to near their background levels in all of
the undoped regions; (2) a clear increase in [H]
coincident with the addition of 1 SCCM H, (from the
schematically indicated ZnSe:N region to the
ZnSe:N + 1.0 SCCM H, region) indicates that
nitrogen-induced  hydrogen incorporation  has
occurred; and (3) the [NJ/[H] ratio in the ZnSe:N +

1 Y. Okada, T. Sugaya, O. Shigeru, T. Fujita, and M. Kawabe, "Atomic Hydrogen-assisted GaAs Molecular Beam Epitaxy,” Jon. J.
Appl. Phys. 34(2B): L238-L244 (1995); M. Sato, "Effect of Plasma-generated Hydrogen Radicals on the Growth of GaAs using

Trimethylgallium,” Jpn. J. Appl. Phys. 34(1B): L93-L96 (1995).

2 E. Ho, P.A. Fisher, J.L. House, G.S. Petrich, L.A. Kolodziejski, J. Walker, and N.M. Johnson, "Hydrogen Passivation in Nitrogen and
Chlorine-doped ZnSe Films Grown by Gas Source Molecular Beam Epitaxy,” App/. Phys. Lett. 66(9): 1062-1064 (1995).
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Figure 1. SIMS profile of a layered structure with designed nitrogen concentration variations to demonstrate the tracking
behavior of [H] with [N]. The abrupt increases in the [H] and [N] near the ZnSe/GaAs interface were artifacts of the data

normalization procedure and should be ignored.

1.0 SCCM region appears to be greater than the
[NJ[H] in the ZnSe:N + 3.5 SCCM H, region which
is consistent with the assumption that the observed
increase in [H] is directly related to the amount of
injected H,.3

A comparison of capacitance-voltage (C-V) mea-
surements performed on unhydrogenated ZnSe:N
films (reference films without H,) and intentionally
hydrogenated films (ZnSe:N + various amounts of
H;) lends further support to our hypothesis that
molecular hydrogen acts to passivate the nitrogen
acceptors in MBE using a nitrogen plasma cell.
Several series of nitrogen-doped fiims were grown
by MBE, both with and without intentional hydrogen,
using identical growth and doping conditions. C-V
measurements were subsequently performed on all
of the samples to measure the net acceptor con-
centration [Na-Np). With a target [Na-Np] of
~2x 107 cm-3 for the unhydrogenated reference
samples (typical MBE growth), it was generally
found that a significant decrease in [Na- Np]
occurred for fiims that were grown with injected
hydrogen. As an example of the magnitudes of

passivation that were observed, 25 percent and 60
percent passivation were measured for flow rates of
1 and 2 SCCM of H,, respectively, as compared to
the reference (unhydrogenated) MBE-grown
samples (where the passivation was taken to be the
0 percent reference).  This particular set of
hydrogenation runs were grown at 280°C, under
slightly Se-rich conditions with the following RF
source parameters: 400 W of power and 2.2 x 10-°
Torr chamber background N, pressure. The
precise amount of passivation was found to depend
on the growth, doping conditions, as well as the
hydrogen flow rates that were used. Figure 3
shows a normalized percent passivation (normal-
ized by the nitrogen doping parameter defined as
the product of power * pressure) as a function of
the hydrogen flow rate used during the
hydrogenation experiments. The positive slope in
figure 3 highlights a result that we would reasonably
expect: more hydrogen present at the surface for a
given amount of active nitrogen species gives rise
to a larger degree of observed passivation. Note
that it is the relative amount of passivation that is of
interest here and not the absolute magnitudes. The

3 The apparent increase in [H] at the interface of undoped ZnSe and ZnSe:N regions is due to residual levels of hydrogen in the
shared hydrogen/nitrogen gas manifold that feeds the RF plasma cell. Therefore, some background level of passivation exists for
this particular experiment even though H; is not intentionally introduced via the cracker.

31



Chapter 3. Molecular Beam Epitaxy of Compound Semiconductors

1 020 T T T T

1019 L

10"

T

1 017

Concentration (cm™)

undoped ZnSe

— e v - - - — -

Hydrogen }

10°F

ZnSe:N with
1.SCCMH2, |

ZnSe:N
(no H2)

i} l f : . X
%o 02 04/

06 08 1 12 14
ZnSe:N with :
3sscemup  Sputtering Depth (um)

Figure 2. SIMS profile of a ZnSe:N layer grown by MBE on an undoped ZnSe buffer layer (on GaAs). As the depth
into the ZnSe layer increases, various amounts of H, were introduced to the growth front, with two undoped regions as
indicated. The undoped regions serve as markers for the background [H] and [N] concentrations. Variations in the H,

flow are as indicated in the figure.

result of figure 3 can also be stated in a corollary
manner: the amount of electrical passivation
depends on the amount of active nitrogen present
for a given flow of hydrogen. These results and
postulates advanced above are consistent with the
recent data on the thermal annealing of
MOVPE-grown ZnSe:N films obtained by Ogata et
al.,* where annealing ZnSe:N epilayers (possessing
an initial net acceptor concentration of
2.0x107cm-3) in an H, ambient at 350°C was
found to provide significant electrical passivation of
the nitrogen acceptors. More detailed studies are
required to quantitatively understand the passivating
relationship between the active nitrogen species
and the H, present at the growing surface.

Cracking experiments with H.Se revealed that 2
SCCM of injected H, provides a background
hydrogen signal (as detected using a quadrupole
mass spectrometer) that is approximately equal to
that normally encountered during normal GSMBE
growth. Since the degree of electrical passivation
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Figure 3. The percent of acceptor passivation (normal-
ized by the doping parameter defined as the product of
power * pressure) as a function of the intentionally
injected H; flow rate.

4 K. Ogata, D. Kawaguchi, T. Kera, Sz. Fujita, and Sg. Fuijita, paper presented at the Seventh International Conference on II-VI Com-

pounds and Devices, Edinburgh, Scotland, August 13-18, 1995.
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of GSMBE-grown ZnSe:N samples is found to be
much more significant than that measured for the
MBE + H; counterparts exposed to similar H, back-
ground levels, we speculate that an equally impor-
tant mechanism for nitrogen acceptor passivation is
related to incompletely cracked Se-H fragments. It
is expected that hydrogen passivation during
GSMBE growth can be minimized by cracking the
H.Se precursor as completely as possible.
However, our results seem to indicate that some
passivation is inevitable due to the presence of H,
under normal growth and stoichiometry conditions.
This reasoning might also play a part in reconciling
our present results with other seemingly contradic-
tory results,® where hydrogen passivation has been
reported to be absent in GSMBE-grown ZnSe using
the same precursors. We believe that the
hydrogenation behavior described here has signif-
icant implications for the GSMBE, as well as
MOVPE growth of ZnSe:N where multiple pathways
for hydrogen incorporation may exist.  Further
experiments are currently underway to study the
effect of growth and surface stoichiometry condi-
tions on hydrogen incorporation under both MBE
and GSMBE growth conditions. It is our belief that
further and fundamental understanding of the
surface kinetic reactions that occur with hydrogen
during GSMBE and MOVPE will ultimately dictate
the usefulness of GSMBE and MOVPE for
achieving practical and reproducible p-type conduc-
tivity in wide bandgap 1I-Vis with nitrogen acceptors.
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3.3 Novel Epitaxial lll-V Buffer Layers
for Wide Bandgap lI-VI Visible Sources
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At present, most research into -Vl light emitting
devices involves the use of GaAs substrates. GaAs
is less expensive and more readily available than
bulk ZnSe substrates, and allows for the eventual
integration of 11-VI optical devices onto GaAs-based
electronics. Light-emitting diodes are described by
the basic concepts of a forward biased pn-junction
diode. By forward biasing the pn-junction, holes
that are injected from the p-type region into the
n-type region, recombine with electrons, resulting in
photon emission. However, several mechanisms
reduce the amount of radiative recombination due
to the use of GaAs substrates, including non-
radiative recombination due to misfit dislocations
that are generated because of the 0.27 percent
lattice-mismatch between ZnSe and GaAs, and the
difficuity of injecting holes into the Il-VI layers due
to the large valence band discontinuity between the
two semiconductors:

The lattice-mismatch between the ZnSe epilayer
and the GaAs substrate causes a high density of
misfit dislocations to form when the ZnSe epilayer
thickness exceeds the critical layer thickness (150
nm for ZnSe on GaAs). The presence of misfit dis-
locations and stacking faults that occur at the
[-VI/I-V interface causes the formation of new
defects which propagate within the device and act

5 M. Imaizumi, Y. Endoh, K. Ohstuka, T. Isu, and M. Nunoshita, "Active-nitrogen Doped P-type ZnSe Grown by Gas Source Molecular
Beam Epitaxy,” Jon. J. Appl. Phys. 32(12A): L1725-L1727 (1994); M. !maizumi, Y. Endoh, K. Ohstuka, M. Suita, T. Isu, and M.
Nunoshita, "Blue Light Emitting Laser Diodes Based on ZnSe/ZnCdSe Structures Grown by Gas Source Molecular Beam Epitaxy,”

Jpn. J. Appl. Phys. 33(1A): L13-L14 (1994).
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as nonradiative recombination centers.® The forma-
tion of the new nonradiative recombination centers
leads to the degradation of the device. By varying
the mole fraction of In, (In,Ga)P can be designed to
be lattice-matched to ZnSe as opposed to GaAs,
thus minimizing the strain-induced misfit dislo-
cations between the ZnSe and the (In,Ga)P.”

The second problem with a GaAs substrate is the
valence band offset between the ZnSe and the
GaAs. The valence band discontinuities between
ZnSe and GaAs, InGaP, and InAIP are 0.96 eV,
0.67 eV, and 0.34 eV, respectively. The reduction
of the heterobarrier with an intermediate (In,Ga)P
buffer layer has been found to lead to an enhance-
ment of the hole thermionic emission,® which in turn
improved the electrical characteristics of the device.

At present, structures of the form
ZnSe/(In,Ga,Al)P/GaAs are being studied, as shown
in figure 4. The specific buffer layers studied
include InGaP, InAIP, and graded layers of
In(Ga,Al)P. As shown schematically in the upper
part of figure 4, by varying the Ga to Al ratio in
In(Ga,Al)P, the valence band offset between the
ZnSe and the llI-V epilayer can be decreased as
the (In,Ga,Al)P bandgap energy increases. This
can be accomplished independent of the lattice

constant. The lattice constant of the epilayers were
either equal to the lattice constant of ZnSe or
graded from the GaAs lattice constant to the lattice
constant of ZnSe during the growth of the epilayer
as shown in the bottom of figure 4. In doing so, the
lattice mismatch between the IlI-V epilayer and the
ZnSe layer can be minimized.- The Ili-V buffer
layers were transferred in-situ to the II-VI chamber.
In the Ill-V GSMBE reactor, the In(Ga,Al)P buffer
layers were grown with cracked arsine (AsHs) and
phosphine (PH;) as the anion species, and ele-
mental In, Ga, and Al as the cation species. The 4
um thick buffer layers were grown at 490°C on an
epitaxial 0.5 um thick GaAs buffer layer, which was
grown at 600°C. The 1 um thick ZnSe layers were
grown using elemental Zn and Se as source mate-
rials at a temperature around 300°C.

Several characterization techniques have been
employed to investigate these  epitaxial
In(Ga,Al)P/ZnSe heterostructures, including in-situ
reflection high energy electron diffraction (RHEED),
Nomarski microscopy, x-ray diffraction (XRD), pho-
toluminescence (PL), and cathodoluminescence
(CL). XRD yielded information about the lattice
matching as well as the dislocation density from the
width of the diffraction peaks.® The (400) diffraction
rocking curves indicated that all of the (In,Ga,Al)P
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a[GaAs]
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—__ i - T Ec K
1.4eV 2.67eV 1.4eV 2.67eV 1.4eV 2.67eV
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Figure 4. Schematic diagrams of the energy bands and lattice-constants of the In(Ga,Al)P/ZnSe heterostructures.

6 S. Guha, J.M. DePuydt, M.A. Haase, J. Qiu, and H. Cheng, "Degradation of II-VI Based Blue-green Light Emitters,” Appl. Phys. Lett.
63(23): 3107-3109 (1993); S. Guha, H. Cheng, M.A. Haase, J.M. DePuydt, J. Qiu, B.J. Wu, and G.E. Hofler, "<100> Dark Line
Defect in II-VI Blue-green Light Emitters,” Appl. Phys. Lett. 65(7): 801-803 (1994).

7 K. Lu, J.L. House, P.A. Fisher, C.A. Coronado, E. Ho, G.S. Petrich, and L.A. Kolodziejski, "(In,Ga)P Buffer Layers for ZnSe-Based

Visible Emitters," J. Cryst. Growth 138(1-4): 1-7 (1994).

8 M. Onomura, M. Ishikawa, Y. Nishikawa, S. Saito, P.J. Parbrook, K. Nitta, J. Rennie, and G. Hatakoshi, "Blue-green Laser Diode
Operation of CdZnSe/ZnSe MQW Structures Grown on InGaP Band Offset Reduction Layers," Electron. Lett. 29(24): 2114-2115

(1993).

9 R.L. Gunshor, N. Otsuka, and A.V. Nurmikko, "Blue Lasers on the Horizon," IEEE Spectrum 30(5): 28-33 (1993).
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buffer layers were lattice-matched to ZnSe to within
an average of 100 arcseconds. CL provides a
spatial image of the luminescence of the semicon-
ductor. In imaging of defects, the CL contrast is
generally due to the enhanced nonradiative recom-
bination at dislocations in the crystal. in undoped
semiconductors used in this study, threading dislo-
cations appear as very dark dots.” These can
clearly be seen in figure 5.

Currently, work is underway to image the defects in
the structures using transmission electron
microscopy (TEM) in order to determine the relative
prominence of various forms of dislocations and
faults. These results will enhance our under-
standing of the specific effects of lattice-matching.
Eventually, the structures will be doped p-type with
an n-type layer of ZnSe on top to perform |-V mea-
surements and to evaluate the electrical capabilities
of the diodes.

3.4 The Growth and Characterization of
ZnSe/GaAs Heterostructures

Sponsors

Joint Services Electronics Program
Grant DAAL04-95-1-0038
National Science Foundation
Grant DMR 90-22933
Grant DMR 92-02957

Project Staff

Professor Erich P. Ippen, Professor Leslie A.
Kolodziejski, Dr. Gale S. Petrich, David J.
Dougherty, Jody L. House

The integration of 1I-VI and IlI-V semiconductors
into a single [I-VI/IlI-V heterojunction device enables
the exploitation of the many similarities, as well as
the many differences, in material properties (energy
bandgap, lattice constant, dielectric constant, etc.)
to create new devices exhibiting unique optical and
electronic properties. As a specific example, the
epitaxial growth of dielectric quantum wells (QWSs)
composed of ZnSe (E;=2.67eV) and GaAs (Eg=1.42
eV) is under investigation. ZnSe and GaAs have
very similar lattice constants (0.27 percent lattice

Figure 5. Room-temperature cathodoluminescence
image of ZnSe/InAlP/GaAs, where the InAIP was lattice-
matched to ZnSe. The image was taken at the peak
wavelength of 460 nm. The bright regions are
luminescent; the dark spots show points of nonradiative
recombination, due primarily to threading dislocations.

mismatch) which enable the materials to be grown
epitaxially to form a heterostructure.

A quantum well consisting of a thin layer of GaAs
(1 - 100 nm) surrounded by ZnSe barriers has a
large potential well (~1 eV) in the valence band for
holes and a smaller potential well (~0.2 eV) in the
conduction band for the electrons. Such a large
potential barrier for the holes results in a number of
possible confined hole energy states in the GaAs
quantum well. When such a ZnSe/GaAs quantum
well is excited, either electrically or optically, the
transitions of holes between these confined levels
(intersubband transitions) in the valence band can
be detected. Furthermore, from a ZnSe/GaAs mul-
tiple quantum well structure, the density of intersub-
band transitions for the holes can be engineered to
achieve a large signal at the optical communi-
cations wavelength of 1.3 um. In addition, the
large variation in the other optical properties of
GaAs and ZnSe (including a variation in the index
of refraction of ~1) makes the mixed H-VI/III-V het-
erostructure a candidate for high-speed optical
switching devices (switching times of less than 1
picosecond).!

10 B.G. Yacobi and D.B. Holt, "Cathodoluminescence Scanning Electron Microscopy of Semiconductors,” J. Appl. Phys. 59(4): R1-R24

(1986).

11 H. Buhmann, L. Mansouri, J. Wang, P.H. Beton, L. Eaves, and M. Henini, "High Efficiency Submicron Light-emitting Resonant
Tunneling Diodes,” Appl. Phys. Left 65(26): 3332-3334 (1994); O.E. Raichev, "Theory of Hole Conductivity in Semiconductor
Superlattices," Phys. Rev. B 50(8): 5§382-5391 (1994); M. Kumagai and T. Takagahara, "Excitonic and Nonlinear-optical Properties of
Dielectric Quantum-well Structures,” Phys. Rev. B 40(18): 12,359-12,381 (1989); J. Moores, K. Bergman, H.A. Haus, and E.P. Ippen,
"Optical Switching Using Fiber Ring Reflectors,” J. Opt. Soc. B 8(3): 594-601 (1991); K. Kitayama and S. Wang, "Optical Pulse

35




e

Chapter 3. Molecular Beam Epitaxy of Compound Semiconductors

A heterostructure intended for device purposes
needs to have well-defined characteristics. In the
ZnSe and GaAs case, there are two issues which
affect the properties of the heterointerfacial regions.
First, the GaAs and ZnSe are composed of ele-
ments with different valences. As one material is
formed on top of the other, the bonding of the four
different elements can have several orientations.
For example, a theoretically abrupt interface can be
formed where there are no interfacial layers of Ga,
Zn, Se, and As. In this instance, an electronic
imbalance results, and the associated electric field
creates a depletion region for stability. In the
instance when a few transitional monolayers exist,
the heterostructure is no longer entirely ZnSe and
GaAs. One goal of this study is to determine which
of these two extremes is the best from a device
perspective. There has been a great deal of work to
date in defining the electronic structure of the ZnSe
on GaAs heterostructure. Theoretically, the valence
band-offset between the ZnSe and the GaAs has
been shown to vary from 0.7 eV to 1.59 eV,
depending on the ZnSe/GaAs interface formation.'
However, little is known about the far-reaching
effects of these different interfaces.

The second issue affecting the properties of the
ZnSe/GaAs QW structure is the formation of the
heterovalent interfaces, particularly the formation of
the inverted interface formed by GaAs nucleated on
a ZnSe epitaxial surface. The stoichiometry of
each interface is engineered by using various
growth techniques. Due to the severe mismatch in
the optimal growth temperatures for the two mate-
rial systems (600°C for GaAs and 300°C for ZnSe),
additional emphasis has been placed on the
reduced temperature growth of GaAs on ZnSe.

The nucleation of GaAs on ZnSe has been opti-
mized utilizing a monolayer by monolayer growth
procedure. The substrate temperature was
increased from 250°C to 350°C while the V-HI flux
ratio was decreased from 12 to approximately one

during the deposition of the first ten monolayers.
This approach has resulted in a defect-free
heterointerface as exhibited in cross-sectional TEM
micrographs (figure 6a). /n situ monitoring of the
GaAs nucleation on ZnSe with reflection high
energy electron diffraction has shown a recon-
structed c(4x4) surface within six monolayers of
GaAs, indicating a smooth As-rich GaAs surface.
For comparison, MBE-like nucleation conditions that
were employed for the nucleation of GaAs on ZnSe
(where the substrate temperature was 370°C and
the V-l flux ratio was approximately five) resulted
in a heterointerface riddled with a high density of
stacking faults which propagate through the GaAs
material as shown in figure 6b. The RHEED
pattern for the MBE-like nucleation of GaAs on
ZnSe exhibited a spotty bulk-like diffraction pattern
indicative of a rough surface.

Optical characterization has been implemented to
assess the quality of the reduced temperature
GaAs and the ZnSe/GaAs double heterostructures.
Multiple quantum well heterostructures composed of
(In,Ga)P barriers and GaAs wells exhibit low tem-
perature photoluminescence from the first confined
state of GaAs grown at temperatures as low as
300°C. The optical properties of the ZnSe/GaAs
double heterostructure on both GaAs and InGaP
buffer layers are under investigation with photolumi-
nescence, photoreflectance, and photocurrent mea-
surements. In addition, to examine the role of
I-VI/II-V  heterointerface, asymmetric quantum
wells utilizing ZnSe and InGaP as barrier material,
are also being investigated.
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ZnSe

GaAs

ZnSe

GaAs

ZnSe

Figure 6. Cross-sectional transmission electron micrographs of GaAs nucleated on an epitaxial ZnSe surface. (a) (top)
A ZnSe/GaAs quantum well structure (500 A ZnSe/ 400 A GaAs /ZnSe substrate) that was formed using monolayer-
_controlled deposition. (b) (bottom) A 2500 A GaAs layer that was nucleated on a ZnSe epilayer using typical MBE
growth techniques.
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3.5 Low Temperature Growth of
(In,Ga)P/(In,Ga)As Lasers and LEDs for
OptoElectronic-VLSI
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We are investigating the regrowth of (In,Ga)As
quantum well lasers and light emitting diodes
(LEDs) onto premetallized GaAs-based VLSI cir-
cuits. Our approach involves the use of (In,Ga)P
cladding layers with (In,Ga)As active regions (all
lattice-matched to GaAs). Following the design of
the VLSI MESFET circuits, Vitesse Corporation
completes the fabrication including all levels of
metalization of the electronic portion of the circuit
using the MOSIS foundry. The last process step
carried out by Vitesse involves the removal of the
various layers of dielectric material from the growth
window in order to create a region for the epitaxial
regrowth of the optical components (lasers and
LEDs); the samples are then forwarded to MIT for
regrowth and optical device processing.

We are emphasizing the gas source molecular
beam epitaxial growth of lasers, LEDs, and dielec-
tric Bragg reflecting mirrors with the requirement
that all of the growth and subsequent device pro-
cessing is carried out at temperatures below 500°C.
Temperatures greater than 500°C have been found
to significantly degrade the upper level metal on the
various electronic components within the VLSI cir-
cuitry. Initial GSMBE experiments involved the
growth on both bulk GaAs substrates as well as in
the growth window of the GaAs-based VLSI circuits.
However, early results indicated that the processing
steps that were used to remove the dielectric mate-

rial from the growth window resulted in an unac- .

ceptable surface for the regrowth of high quality
GaAs. The "regrown" material was found to be
heavily defective and exhibited a very rough surface
morphology. Subsequent device design and further
processing experiments were required to modify the
steps necessary to prepare the growth windows for
epitaxy. A significant effort within Professor
Fonstad's group has been expended to alleviate
this surface preparation problem. While this
surface preparation problem was being addressed,
we initiated a parallel effort to determine the growth
parameters necessary to fabricate the various
optical components of interest onto bulk GaAs sub-
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strate material. The results from these initial
growth, characterization, and prototype device fabri-
cation experiments will provide the optical device
operating characteristics to our collaborators as part
of the OPTOCHIP project. With the current-voltage,
light output-current, threshold current and threshold
voltage characteristics, further OE-VLSI designs will
be implemented by our OPTOCHIP collaborators.
In addition, these initial device results will provide a
baseline for the optical components that are inte-
grated with the OE-VLSI circuits. Material has also
been forwarded to Lincoin Laboratory and to Pro-
fessor Steve Forrest (Princeton University) to begin
experiments to identify the processing chemistry
necessary to form chemically-etched 45° folded
cavity mirrors with reactive ion etching (Princeton)
and parabolic mirrors using chemically-assisted ion
beam etching (Lincoln Laboratory) for the final fabri-
cation of in-plane surface emitting lasers fully inte-
grated with the OE-VLSI circuits.

Using the integrated modular GSMBE reactors, we
have eliminated the need to remove the native
GaAs oxide by raising the substrate temperature to
650°C for several minutes prior to the initiation of
growth. This is accomplished within the II-VI
reactor by using atomic hydrogen from a plasma
source for the low temperature removal of the GaAs
oxide. The oxide is removed at 300°C in conjunc-
tion with a 15-30 minute exposure to atomic
hydrogen.  Since this initial success with the
plasma source in the lI-VI reactor, a source of
atomic hydrogen has been added to the IlI-V
reactor to enable the oxide removal to be carried
out with an arsenic ambient to further reduce the
difficulty of Ga-droplet formation due to the excess
evaporation of arsenic.

For use in vertical cavity surface emitting laser
structures (VCSELs) and high efficiency LEDs, we
have grown various Bragg mirrors having both large
and small index of refraction discontinuities. The
structures consist of AlAs/(In,Ga)P, which exhibits a
small index of refraction difference (figure 7), and
ALO,/(In,Ga)P which exhibits a large index differ-
ence. The lattice-matched Bragg mirrors exhibit
high optical reflectivity at the wavelength of interest
for the optical devices under consideration, but
exhibit poor electrical characteristics. The low tem-
perature (470°C) growth of the AlAs layer is specu-
lated to contribute to the high electrical resistivity of
the Bragg mirrors, thus negating the expected
improvement in the efficiency of the LEDs. For the
ALO,/(In,Ga)P Bragg mirrors, we have established
the oxidation conditions necessary to complete the
oxidation of the AlAs/(In,Ga)P Bragg mirrors fol-
lowing the approach of Professor Dan Dapkus (Uni-
versity of Southern California). A fully functioning
oxidation furnace has been assembled at MIT and
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Figure 7. Measured and simulated reflection coefficient of a 33 pair InGaP/AlAs distributed Bragg reflector grown at

470°C on a GaAs substrate.

has been calibrated for the proper oxidation condi-
tions. However, the oxidation temperature still
needs to be reduced as the most successful
oxidation conditions occur at 500°C, which exceeds
the maximum allowable temperature during the pro-
cessing of the optical devices with the integrated
circuits.

A significant number of LEDs have been grown,
fabricated, and characterized, each having various
modifications to the layer design, doping character-
istics, presence of etch stop layers, etc., to optimize
the light emission from the optical device. The use
of an AlAs etch stop layer was implemented to facil-
itate the chemical etching of the various sized
mesas in order to minimize the leakage currents
under a small forward bias.

To maximize the amount of light emitted from the
LED structures, we are investigating various
methods to increase the degree of current
spreading underneath a top metal contact. Doping
profile simulations of LED structures are being uti-
lized to guide the growth experiments. In addition,
we are investigating the use of alternative metal
contacts, including transparent metal contacts, such

as Ti:Au in conjunction with current confining aper-
tures, and transparent indium tin oxide contacts.

Thus far, various mask sets have been designed in
order to vary the ratio of metal contact to surface
area to maximize the light emission, but device fab-
rication is still required for proof of concept. In
addition, the progress in fabricating LEDs using
InGaP cladding layers, has been hampered by the
wet chemical etching of the InGaP surfaces using
H,POJ/HCI/H,O. This etchant creates an etched
surface with a rough morphology. We are currently
investigating the use of CH;COOH/HCIH,O,. This
etchant produces a smooth etched surface but
causes process complications due to the presence
of the organic acid.

Promising results have been demonstrated with
regard to the cleaning steps necessary to prepare
the growth windows for epitaxial regrowth. The
new process involves a simple etch step by Vitesse
to remove the various layers of dielectric down to a
layer of Al that is placed near the final GaAs
surface. Once the sample arrives at MIT, the alu-
minum layer is removed and the sample is then
dipped in HF. The surface appears to be free of
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the residue plaguing the earlier circuits, but still
requires additional surface examination to deter-
mine the efficacy of this new surface cleaning
process.

3.6 InP-Based Devices for Optical
Communication Networks

Sponsors

MIT Lincoln Laboratory
National Center for Integrated Photonic Technology
Subcontract 542-383

Project Staff

Professor Leslie A. Kolodziejski, Dr. Gale S.
Petrich, Dr. Katherine L. Hall,”® Dr. Joseph
Donnelly,'8 Elisabeth A. Marley, Jeremy M. Milikow

As communication networks continue to increase in
speed and bandwidth, the semiconductor industry
must continue to strive to provide network
designers with devices that will meet their needs.
One of the more critical requirements is the need
for optical devices that operate with little or no drive
current so that they may operate, or cause another
optical source to operate, at extremely high pulse
rates.

Devices operating at wavelengths of 1.55 um and
1.3 um are the standard for optical communication
networks because the low loss and zero dispersion
propagation wavelengths for commonly used optical
fiber are 1.55 um and 1.3 um, respectively. These
wavelength requirements can be met using the lI-V
materials system, specifically (In,Ga)(As,P). The
growth method used for this project is gas source
molecular beam epitaxy. GSMBE combines the
flexibility and the use of gaseous group V hydrides
(AsH,, PH;) with the conventional molecular beam
epitaxy control of the solid group lll elements
(In,Ga,Al). This combination lends itself to the
growth of multi-layered structures, such as multiple
quantum well (MQW) lasers and saturable Bragg
reflectors (SBRs).

MQW lasers have become the preferred laser for
communication networks due to the fact that they
require a fewer number of injected carriers to
operate than do separate confinement heterostruc-

13 MIT Lincoln Laboratory, Lexington, Massachusetts.

ture (SCH) lasers." For this reason, the threshold
current of MQW lasers is lower than that of other

lasers. By manipulating the doping levels in the
laser as well as accurately controlling the
heterojunctions, the threshold current can be

decreased even further. In conjunction with Dr.
Joseph Donnelly of MIT Lincoln Laboratory, the
current design is a broad area laser that contains
three quantum wells and a lightly doped upper InP
cladding layer, e.g., approximately 5x10'7 Be
atoms/cm?, in order to minimize the free carrier
loss. The net gain versus current density and the
device structure are shown in figure 8. This struc-
ture has yielded threshold current densities of 190
A/cm? for 3000 um devices and a transparency
current density of 165 A/cm2.  Current work on this
topic includes fabricating and testing ridge wave-
guide lasers and tapers as well as designing future
MQW laser structures.

Saturable Bragg reflectors (SBRs) are also of use
in optical networks. SBRs are passive devices that
are essentially distributed Bragg reflectors (DBRs).
The SBR is designed as a conventional DBR, with
a reflectivity bandwidth dependent upon the refrac-
tive indices and the thicknesses of the layers. The
only difference is the incorporation of a single
quantum well in one of the quarter-wave layers.
The reflected intensity of this device, at the
quantum well emission wavelength, can be varied
based on the position of the quantum well within
the DBR structure, e.g., the reflected intensity is
highest if the quantum well is placed in the first
quarter-wave layer, and decreases as the quantum
well is placed further into the device. This quantum
well should have an emission wavelength within the
DBR reflectivity bandwidth in order to maximize the
nonlinear reflectivity of the SBR due to the non-
linear effects caused by the quantum well. By
placing the SBR in a low-gain solid-state laser
cavity, its nonlinear reflectivity will mode-lock the
laser, with the result being self-starting, stable,
ultrashort optical pulses.*®

SBRs have been demonstrated in the 0.85 um
wavelength range by Tsuda, et al.,’s but this wave-
length is not usable in standard optical networks,
thus, the need for SBRs that operate at 1.3 um and
1.55 um. In order to accomplish this, a material
system such as (In,Ga)(As,P) lattice-matched to InP
must be used. The disadvantage of this material

14 P.S. Zory, Jr., ed., Quantum Well Lasers, (New York: Academic Press, 1993).

15 S, Tsuda, W.H. Knox, E.A. de Souza, W.Y. Jan, and J.E. Cunningham, "Low-loss Intracavity AlAs/AiGaAs Saturable Bragg Reflector
for Femtosecond Mode Locking in Solid-state Lasers,” Opt. Left. 20(12): 1406-1408 (1995).
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Figure 8. Net gain versus current density for 3 quantum well broad area lasers of various cavity lengths. The inset

depicts the laser structure.

system is the small refractive index difference
between (In,Ga)(As,P) and InP. To compensate for
this, the SBR must contain on the order of 30 pairs
of layers so as to achieve a reasonable reflectance.
Due to the thickness requirements of each layer,
this structure requires 15 or more hours for the
GSMBE growth alone. When dealing with
GaAs-based devices, it is possible to increase the
difference in refractive indices by oxidizing AlAs.
This increase in the difference between the high
and low refractive indices in the DBR stack causes
an increase of the stack reflectivity with fewer
layers. For the InP system, the Al-containing com-
pounds that are lattice-matched to InP are InAlAs
and InAlAsP, which, when unoxidized, have a
refractive index comparable to InGaAsP. Current
work on this topic involves the oxidation of
InAlAs(P) in a DBR-type structure.

3.7 Integrated Optical Filters and
Circuits in InP

Sponsors

MIT Lincoln Laboratory
National Center for Integrated Photonic Technology
Subcontract 542-383

Project Staff

Professor Hermann A. Haus, Professor Leslie A.
Kolodziejski, Professor Henry I. Smith, Dr. Gale S.

Petrich, Jay N. Damask, Elisabeth A. Marley,
Jeremy M. Milikow

As the designs for the integrated-resonant channel-
dropping filter (CDF) have matured over the last
year, increasing emphasis has been placed on the
structural properties and integrity of the waveguides
and gratings. In particular, an "ideal" CDF, made in
the (In,Ga)(As,P)/InP material system, uses a
quaternary alloy with a dilute concentration of Ga
and As (Iny03Gaoo7ASo.15Poss), a rib height of about
1.5 um, and a grating depth of about 0.7 um which,
at a 244 nm period, translates to a grating aspect
ratio on the order of 6:1. These waveguide dimen-
sions and core alloy concentration were derived
from trading off the core-to-clad index contrast with
feature size. Such a trade-off maintains the grating
strength and the modal confinement required by the
channel-dropping filters while decreasing the polar-
ization dependence by over a factor of six from the
previous designs and increasing the circularity of
the mode which, in turn, increases the fiber-to-chip
coupling. Moreover, the waveguides with the afore-
mentioned parameters are channel guides, which
means that the tolerance on the rib etch depth is no
longer an issue because the rib can be etched to
any depth into the lower cladding without changing
the optical properties.

The primary drawback to the current design is the
high aspect ratio gratings. Such gratings will pose
challenges to the etching, the thermal cleaning
process, and the overgrowth steps that are required
for fabrication. Reactive-ion etching is a popular
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method to anisotropically etch high aspect ratio fea-
tures, but optimizations to the process will have to
be undertaken to insure that the grating tooth
profile has straight side walls. After feature defi-
nition, the wafer must be returned to the GSMBE
reactor for the growth of the upper InP cladding
layer. Conventionally, in order to remove the native
oxide and other contaminants from the surface, the
wafer is thermally cleaned in the reactor. However,
such treatment will likely cause some degree of
reflow of the gratings which will dramatically
degrade the spectral response of the CDF filter. In
order to circumvent the thermal desorption of the
oxide, a new atomic hydrogen source has been
installed into the growth reactor. The atomic
hydrogen species can remove the oxygen and
carbon containing contaminants on the wafer
surface at temperatures around 300°C.  This
cleaning treatment will likely pave the way in order
to retain the structural integrity of the grating fea-
tures.

Nucleation and full overgrowth of the grating fea-
tures, with their 6:1 aspect ratios, has not been
investigated. In order to understand the effects that
influence the growth process, electron-beam lithog-
raphy will be used to directly write features of
various periods, duty cycles, and crystalline orien-
tations. After each overgrowth on a patterned
wafer, a focused-ion-beam tool will be used to
create cross-sections of the grating with overgrowth
for closer inspection.

In order to control the core alloy concentration in
real time during the course of the film growth, an in
situ ellipsometer is being installed on the GSMBE
system. The feedback from the ellipsometer will be
used to insure that the film composition is uniform
and that the target thicknesses of the core and
etch-stop layers are met to within = 0.5 percent.

The combination of atomic hydrogen surface
cleaning, in situ composition and thickness control,
and focused-ion-beam work, in addition to wave-
guide designs, layout and nanolithographies, will, at
the very least, offer a wide range of possible solu-
tions to meet the specifications of the "ideal"
channel-dropping filter design.

3.7.1 Publications

Damask, J.N. "Practical Design of Side-Coupled
Quarter-Wave Shifted Distributed-Bragg Reso-
nant Filters." Submitted to J. Lightwave Tech.

Damask, J.N. "Design of Synchronous Integrated-

Optical Side-Coupled Resonators." Submitted to
J. Lightwave Tech.
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3.8 Photonic Bandgap Structures
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S. Petrich, Dr. Pierre Villeneuve, Kuo-Yi Lim,
Shanhui Fan, Jerry C. Chen, Xiao-feng Tang

A photonic crystal is a periodic dielectric structure
that presents a range of frequencies within which
photons fail to propagate. This forbidden band of
frequencies translates into a photonic bandgap
(PBG), analogous to an electronic bandgap in a
semiconductor crystal. A defect state can also be
introduced in the photonic bandgap when the
dielectric periodicity of a photonic crystal is broken
by the selective removal or addition of dielectric
material. This defect results in the spatial localiza-
tion of the defect mode to within a volume of
approximately one cubic wavelength, yielding a
high-Q electromagnetic microcavity. The realization
of such a microcavity holds promises of vastly
reducing spontaneous emission and zero point fluc-
tuations within an energy band.

The main problem with the microfabrication of a
three-dimensional photonic crystal originates from
the rather sophisticated geometry and intricate
arrangement of holes and rods needed to open a
bandgap. These complex structures do not easily
lend themselves to fabrication at submicron
lengthscales. For example, the three dimensional
PBG structure that is under investigation, is made
of three materials (Si, SiO,, and air) and consists
essentially of a layered structure in which a series
of cylindrical air holes are etched at normal inci-
dence through the top surface of the structure. Fur-
thermore, most applications for photonic bandgap
structures require bandgaps larger than 10 percent
which in turn require the use of materials with large
index contrasts such as in the case of Si and SiO..
In the structure under fabrication, the photonic
bandgap is as large as 14 percent of the midgap
frequency using Si, SiO,, and air; and 23 percent
using Si and air (after the SiO, is etched away).
Until now, three-dimensional PBG crystals have
been constructed for operation in the millimeter
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wave region,’® and the fabrication of a two-
dimensional photonic bandgap nanostructure has
been reported.”

Several difficulties arose during the fabrication of
the three-dimensional photonic bandgap structures.
The first difficulty was creating Si trenches with the
correct geometry. This problem was alleviated by
using a low temperature oxide (LTO) as a hard
mask as opposed to a photoresist mask and by the
use of a special Cl, plasma etch. The second diffi-
culty was the creation of voids in the SiO, that was
subsequently deposited into the Si trenches using a
LTO or SiO, that was deposited by plasma-
enhanced chemical vapor deposition. Using 1 um
of boron phosphide silicate glass along with 1 um
of LTO, the Si trenches were completely filled with
SiO, after the chemical/mechanical polishing step.
Figure 9 shows the completed first layer. The third
difficulty that arose was in the creation of a repro-
ducible 1 um shift between the second layer Si
trenches and the first layer Si trenches. Future
work includes the completion of the ten layers that
are needed in the three-dimensional photonic
crystal and the verification of the photonic bandgap.

The photonic bandgap air-bridge microcavity is
essentially a one-dimensional photonic crystal made
of 1ll-V compound semiconductor material (refrac-
tive index, n~2.9-3.3) surrounded by air (n=1.0).
The one-dimensional crystal comprises of a semi-
conductor bridge that is punctuated with holes that
are periodically spaced along the length of the
bridge. A defect is introduced into the crystal by
removing one of the holes. In Progress Report No.
137, we reported the successful fabrication of these
structures using both silicon-based and 1lI-V semi-
conductor material. Since that report, we have pro-
ceeded to design and fabricate devices coupled
with single-mode waveguides for measurement pur-
poses. These photonic bandgap air-bridge devices
have been designed to exhibit a photonic bandgap
centered at a wavelength of 4.5 um.

A typical device consists of a photonic bandgap air-
bridge with waveguides feeding into and leading out
of the air-bridge. The air-bridge material is GaAs
and the structure is typically 14 um long, 1.8 um
wide and 0.4 um thick. The holes are 1.0 um in
diameter and are separated by 0.8 um. (The
period of the holes is 1.8 um.) The defect is 2.6

Figure 9. Scanning electron micrograph of the com-
pleted first layer of a three-dimensional photonic bandgap
structure. The Si trenches are 1.8 um wide and 1 um
deep.

um wide (measured center-to-center of the two
holes bordering the defect). The waveguide mate-
rial is also GaAs, but has an upper cladding layer of
Al ;Ga,sAs and a lower cladding layer of
Al,-GagsAs. The material configuration is designed
to enhance the coupling of both the input beam
from free space into the input waveguide, and from
the input waveguide into the photonic bandgap air-
bridge. Typically, the upper cladding is 0.4 pum thick
and the lower cladding is 0.4 um thick, and the tri-
layer waveguide structure sits on a 4 um
AlysGao sAs layer on top of the GaAs substrate.

The initial compound semiconductor material for the
photonic bandgap air-bridge structure is grown by
gas-source molecular beam epitaxy in the Chemical
Beam Epitaxy Laboratory. A series of high-
resolution photolithography, reactive ion etching and
wet chemical etching steps are then performed to
fabricate the bridge and waveguide structures.
These processing steps utilize the facilities in both
the Microsystems Technology Laboratory and the
Center for Material Science and Engineering Micro-
electronics Fabrication Laboratory. We have suc-
cessfully fabricated these devices and a scanning

16 E, Ozbay, E. Michel, G. Tuttle, R Biswas, K.M. Ho, J. Bostak, and D.B. Bloom, "Double-stch Geometry for Millimeter-wave Photonic

Band-gap Crystals,” Appl. Phys. Lett. 65(13): 1617-1619 (1994).

17 P.L. Gourley, J.R. Wendt, G.A. Vawter, T.M. Brennan, and B.E. Hammons, "Optical Properties of Two-dimensional Photonic Lattices
Fabricated as Honeycomb Nanostructures in Compound Semiconductors," Appl. Phys. Lett. 64(6): 687-689 (1994).
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electron micrograph of such a device is shown in
figure 10.

Figure 10. Scanning electron micrograph of a photonic
bandgap air-bridge device coupled with input and output
waveguides. The air-bridge is 1.8 um wide, 0.4 um thick
and approximately 14 um long. The holes are 1.0 um in
diameter and are separated by 0.8 um. The defect
region, in the middle of the air-bridge, is 2.6 um wide
(center to center). The 0.4 um thick upper cladding layer
of the waveguide (absent from the bridge) is clearly
visible.
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An experimental optical setup to measure and char-
acterize the photonic bandgap air-bridge structure is
under construction and measurements will be per-
formed in the near future in conjunction with Pro-
fessor Erich Ippen's group.

3.8.1 Publications

Villeneuve, P.R., S. Fan, J.D. Joannopoulos, K.Y.
Lim, G.S. Petrich, L.A. Kolodziejski, and R. Reif.
"Air-Bridge Microcavities." Appl. Phys. Lett.
67(2) 167-169 (1995).
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1.1 Project Description
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In 1995, the main objective of our research was the
nonuniversal properties of quantum dots. Typical
behavior of these closed systems of large but finite
number of electrons is usually called quantum
chaos.! This means something opposite to behavior
of quantum integrable systems where spectra can
be characterized by a set of quantum numbers.
Quantum chaos can be caused either by disorder
or by geometry of a quantum dot or by interactions
between electrons. It was intensively studied for
several years.2 Probably the most popular charac-
teristics of chaotic quantum systems are the statis-
tics of energy spectra. The statistics that describe
distribution of eigenstates in energy and parameter
space were found for systems with well developed
chaos to be universal with a pretty high accuracy.
This means, e.g., that the correlation functions at
small energies, after proper rescaling, become inde-
pendent from the particular features of the quantum
system and particular perturbation. Earlier, we eval-
uated these functions explicitly.?

The global properties of the spectra (i.e., correlation
functions at higher energies), are different for dif-
ferent systems. We have solved the long time
problem in the field of quantum chaos by
expressing these features through the properties of
the underlying classical system.

First, we considered disordered quantum dots.*
Using a nonperturbative approach, we have evalu-
ated the large frequency w asymptotics of the two-
point correlation function

R(w) =<Z; 6(e- &) o(e+w~-¢)> (1)

where & and ¢ denote the eigenstates of our
system (quantum dot) measured in units of the
mean level spacing and <...> stands for the aver-
aging. We found that this function for systems with
broken T-invariance (quantum dot in a magnetic
field) can be presented as

R(w) = 6(w) ~ Rgmooth(@) + Rogc() cos(2TTew). (2)

The functions Rgmeot{®) and Ros(w) are not uni-
versal: they depend on the shape of the quantum
dot, its conductance, etc. In the universal limit,

Rsmooth(®) = Rogc() 1/ (4"2“)2) (3)

is very important for the understanding of the con-
nection between classical and quantum problems;
these functions are completely determined by the
properties of classical diffusion in the system.
Namely, Ros(w) is the spectral determinant of the
diffusion operator and Rsmen(w) is the Green's
function of the same operator. As a result they are
connected as

Remooth(®) = = (14192 {In [Rygo()]} /. (4)

1 M.C. Gutzwiller, Chaos in Classical and Quantum Mechanics (New York: Springer-Verlag, 1990).

2 M.V. Berry, in Chaos in Quantum Physics, eds. M.-J. Gianonni, A. Voros, and J. Zinn-Justin, Les Houches, Session LI, 1989

(Amsterdam: North Holland, 1991), p. 251.

3 For complete discussion see B.L. Altshuler and B.D. Simons, “Universalities: from Anderson Localization to Quantum Chaos,” in
Mesoscopic Quantum Physics, eds. E. Akkermans, G. Montambaux, J-L. Pichard, and J. Zinn-Justin, Les Houches, Session LXI,

1994 (Amsterdam: North Holland, 1996), p. 1.

4 A.V. Andreev and B.L. Altshuler, “Spectral Statistics beyond Random Matrix Theory,” Phys. Rev. Lett. 75: 902-905 (1995).
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This relation is universal even for quantum dots
without any disorder. We have been able to show
that, in a very general case, there is a classical
operator whose spectrum completely determines
the spectral statistics of the quantum dot. This oper-
ator describes the time evolution of the classical
counterpart of our quantum dot. It is crucial for the
whole theory of quantum chaos that this operator
corresponds to the time irreversible classical dyna-
mics. This understanding allowed us to prove a
conjecture proposed long ago by Bohigas, Giannoni
and Schmité for a certain class of quantum systems.
By making use of numerical studies, these authors
found that the spectral statistics even for simple
chaotic systems are very close to universal Wigner-
Dyson statistics. From our calculations,’ it follows
that this is true for systems with exponential relaxa-
tion. By making use of the nonperturbative
approach, we can also evaluate nonuniversal cor-
rections to this universal behavior, given the set of
the relaxation times. This connection between
quantal behavior of the quantum dot and irrevers-
ible classical dynamics of its classical counterpart is
of a particular fundamental importance for the
theory of both classical and quantum complex
systems. :

To complete our study of the universal properties of
quantum dots, we evaluated the statistics of the
oscillator strengths, starting from the Wigner-Dyson
hypothesis.” These statistics provide a characteriza-
tion of quantum chaos which complements the
usual energy level statistics. This theory can be
applied to quantum dots and also to systems like
the hydrogen atom in a strong magnetic field.
Without additional assumptions, we have evaluated
exactly the correlation function of oscillator
strengths at different frequencies and different mag-

netic fields. We have also discovered an unex-
pected differential relation between the density of
states statistics and those of the oscillator
strengths.

Using the mathematical similarity between quantum
particles in one dimension and energy levels, we
have obtained important results that can be applied
for better understanding of the quantum dots with
interactions between electrons. In particular, we
have discovered a novel relationship between equal
time current and density correlations in the model
known as Calogero-Sutherland model, where the
interaction between one dimensional fermions is
inverse proportional to the distance between them.®
This relationship exists in addition to the usual
Ward identities.

1.2 Publications

Agam, O., B.L. Altshuler, and A.V. Andreev. “Spec-
tral Statistics: From Disordered to Chaotic
Systems.” Phys. Rev. Lett. 75: 4389 (1995).

Andreev, A.V., and B.L. Altshuler. “Spectral Statis-
tics beyond Random Matrix Theory.” Phys. Rev.
Lett. 75: 902-905 (1995).

Taniguchi, N., A.V. Andreev, and B.L. Altshuler.
“Statistics of Oscillator Strength in Chaotic
Systems.” Europhysics Lett. 29: 515 (1995).

Taniguchi, N., B.S. Shastry, and B.L. Altshuler.
“Random Matrix Model and Calogero-Sutherland
Model: A Novel Current-Density Mapping.” Phys.
Rev. Lett. 75: 37 (1995).

5 0. Aham, B. Altshuler, and A.V. Andreev, “Spectral Statistics: From Disordered to Chaotic Systems,” Phys. Rev. Lett. 75: 4389

(1995).

6 Q. Bohigas, M.J. Giannoni, and C. Schmidt, Phys. Rev. Lett. 52: 1 (1984).

7 N. Taniguchi, A.V. Andreev, and B.L. Altshuler, “Statistics of Oscillator Strength in Chaotic Systems,” Europhysics Lett. 29: 515

(1995).

8 N. Taniguchi, B.S. Shastry, and B.L. Altshuler, “Random Mairix Model and Calogero-Sutherland Model: A Novel Current-Density

Mapping,” Phys. Rev. Lett. 75: 37 (1995).
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When electrons are confined to a small particle of
metal or a small region of semiconductor, both the
energy and charge of the system are quantized. In
this way such nanometer-sized systems behave like
artificial atoms. The quantization of energy is
familiar: The solutions of the Schrodinger equation
in an isolated region have discrete energies. In
some ways, however, the quantization of charge is
more mysterious. We are quite comfortable with
the idea that the charge of a collection of electrons
is discrete. However, the charge in any small
volume of a large sample of conductor is not dis-
crete because the electronic wavefunctions are
extended over the entire sample. Only when the
states are localized is the charge quantized.

Artificial atoms have been constructed using metals
and semiconductors, and they have been given a
variety of names: single-electron-tunneling tran-
sistor, quantum dot, single-electron transistor, and
zero-dimensional electron gas. The physics of all
these devices is the same, although the limits in

1 MIT Lincoln Laboratory, Lexington, Massachusstts.

2 AT&T Bell Laboratories, Short Hills, New Jersey.

which they operate may be quite different. The
goal of our research is to better understand the
physics of these devices in order to optimize their
performance so that circuit design may commence.

2.2 Summary of Recent Work

Our work this year has been successful in two
arenas. First, we have followed up our studies,
reported one year ago,® showing that electrons in a
single-electron transistor in GaAs undergo phase
transitions as a function of magnetic field. We have
recently reported the observation of low energy
excitations which correspond to the critical fluctu-
ations of these transitions. Second, we have
recently fabricated metal oxide silicon SETs
(MOSSETSs) which show single electron phenomena
up to 20 K. We concentrate here on the latter
research.

A single-electron transistor (SET) is an island of
charge which is coupled to leads by tunnel barriers.
There are two energies that are encountered in
changing the electronic state of the SET: the
energy required to add an electron to the island, U,
and the energy required to excite the electrons
already on the island, AE. Both these energies
increase as the size of the island is diminished.
Since the resolution of single electron phenomena
is limited by the temperature of the electrons, we
may increase the operating temperature by

3 IBM Corporation, Thomas J. Watson Research Laboratories, Yorktown Heights, New York.

4 M.A. Kastner, "Artificial Atoms,” Phys. Today 46(1): 24 (1993).

5 0. Klein, C. de C. Chamon, D. Tang, D.M. Abusch-Magder, S.-G. Wen, M.A. Kastner, and S.J. Wind, "Exchange Effects in an
Artificial Atom at High Magnetic Fields," Phys. Rev. Lett. 74: 785 (1995).
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Lower gate (a) Upper gate

CVD oxide

Thermal oxideX>

" ‘Silicon

Induced electrons

Lower Gate-——\

Schematic of the device: (a) The cross section shows the p-silicon substrate with 20 nm thermal SiO,, lower
beam lithography and liftoff, chemical vapor deposited SiO,, and upper gate. In stan-
dard operation, the upper gate is held at a voltage above the inversion threshold while the voltages on the lower gates
are kept below threshold. Electrons are then induced at the Si-SiO; interface where the lower gate does not screen the
field of the upper gate. (b) Sketch of a top view of our device with an isolated island of electrons coupled to two leads
by tunnel junctions. The lead on the left is the source and is biased at V,; the lead on the right, called the drain, is
connected through an ammeter to ground. Our measurements are made by biasing the source and measuring the

current that flows to the drain.

Figure 1.
metal gate patterned by electron
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reducing the size of the SET. The purpose of our
work is to fabricate small SETs and, in addition to
achieving higher operating temperatures, to exploit
the improved relative resolution to explore coherent
interaction between the electrons in the leads and
the electrons on the island.

An island of charge can be created by electrostatic
depletion of a two-dimensional electron gas
(2DEG). By changing the voltages on metallic
gates which lie a short distance above a 2DEG, the
electrostatic fields can be adjusted; in this way,
both the number of electrons on the island and the
size of the tunnel barriers may be varied. The size
of the island is limited by the depletion width, which
decreases as the gates are brought closer to the
2DEG; a small depletion width allows the possibility
of a small island. Thus, to make small SETs one
needs a material system in which the gates can be
brought close to the 2DEG. The Si-SiO, MOS
system is ideal for this purpose because SiO; is a
robust insulator; layers as thin as 10 nm have low
leakages, high breakdown voltages, and are easily
fabricated. We have therefore chosen to fabricate
SETs in the silicon MOS system, rather than in the
more extensively studied GaAs-AlGaAs system.
Previously observed coulomb blockade (CB) effects
in electrostatically patterned MOS structures have
resulted from impurities. More recent work® has
achieved CB in a Si-SiO, system using pattern-
dependent oxidation. However, our studies are the
first showing well-defined CB phenomena in
lithographically defined MOSSETs where the tunnel
barriers are created by gate electrodes.

2.3 Fabrication

Standard silicon fabrication techniques have been
used in combination with electron beam lithography
to fabricate MOSSETs, thus taking advantage of
existing technology. Figure 1a shows the basic
layer structure .of our devices. We start with a
lightly doped p-silicon substrate (25-45 @ cm) and
grow a 20 nm thick dry thermal oxide on its surface.
Using electron beam lithography, we pattern a 50
nm layer of PMMA, which then serves as a lift-off
mask for our lower metal gate, a 20 nm layer of
chromium. A scanning electron micrograph of a
typical lower metal gate pattern is shown in figure
2. After chemical vapor deposition of 85 nm of SiO,
on top of the gate structure, we anneal our sample
at 900 degrees C for 30 seconds in dry nitrogen.
The upper metal gate and interconnects are then
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Figure 2. A scanning electron micrograph is shown of
one of our SETs. Note that the gap between gates 1 and
3 is 25 nm. The full diameter of the gap between the
lower gates is 120 nm. The measurements discussed in
this paper were made on a larger SET whose diameter is
about twice as large.

deposited by sputtering aluminum and are pat-
terned photolithographically. Ohmic contact to the
inversion layer is made by degenerately doped n*
implants.

In standard operation, the upper metal gate is held
at a voltage above the inversion threshold while the
voltages on-the lower metal gates are kept below
threshold. Electrons collect at the Si-SiO, interface
in regions where the upper gate potential is not
screened by the lower metal gates (see figure 1b);
in this way, it is possible to pattern the 2DEG into
an isolated island of electrons coupled to leads by
tunnel junctions. Because this device uses SiO,,
which is a robust insulator, we can apply large volt-
ages to the gates: > 20 V can be applied to the
lower gates, while 50 V can be applied between the
upper and lower gates. The relative transmission of
the tunnel barriers can be tuned by applying a

6 Y. Takahashi, M. Nagase, H. Namatsu, K. Kurihara, K. Iwadate, Y. Nakajima, S. Horiguchi, K. Murase, and M. Tabe, "Fabrication
Technique for Si Single-Electron Transistor Operating at Room Temperature,” Electron. Lett. 31: 136 (1995).
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voltage difference of up to 2 V between left and
right lower gates.

2.4 Results

We have observed periodic conductance oscil-
lations resulting from CB in a MOSSET, with an
addition energy U = 15 meV, which corresponds to
temperature T = U/kg = 175 K. Figure 3 shows the
conductance as a function of upper gate voltage for
several temperatures in a MOSSET whose
lithographic diameter is approximately 250 nm. We
see the periodic peaks in conductance typical of CB
with a spacing of 200 mV. One of the most striking
features of our data is that the conductance peaks
persist to high temperatures: the traces in figure 3
are taken at 0.315 K, 6 K, and 20 K with an offset
added for clarity. The peaks are still well resolved

o o o
(S > o
1
L

Conductance (e?/h)
(=]
o

o 1 "
95 9.6 9.7 98 99 10.0 10.1
v, ¥

Figure 3. The conductance as a function of upper gate
voltage is shown here for three different temperatures.
Note that the conductance peaks are still sharp at 6 K,
while a periodic modulation of the conductance is still
present even at 20 K. This is consistent with a charging
energy corresponding to 175 K. The measurement was
made using standard lock-in techniques at 8.7 Hz with an
excitation voltage of 65 uV for the traces at 6 K and 20 K
and an excitation voltage of 20 uV for the trace at 0.315
K. The excitation voltage in all our measurements was
chosen to be less than ksT/e so that we measure the
linear response of the system. The curves at 6 K and 20
K are offset by 0.1e%h and 0.2e%h for clarity; the curve at
6 K is shifted by 0.06 V to the left.
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at 6 K, and there is a clear periodic modulation of
the conductance which persists up to 20 K, con-
sistent with a CB charging energy of 175 K.

There are four important energy scales that deter-
mine the transport in CB: AE is the typical excitation
energy of the island with a fixed number of elec-
trons; I is the lifetime broadened natural line width
resulting from tunneling between the island and the
leads; U is the charging energy of the island; and
keT is the temperature of the SET. To observe
well-separated CB peaks, kT <U/5. Past studies
of SETs have been restricted to two different
regimes, both of which have ksT >T. For metal
SETs, where ksT > AE, theory predicts that a con-
ductance peak has full width at half maximum
FWHM = 4.2 kgT/x, where « = Cy/Cs, the ratio of
the gate capacitance to the total capacitance. The
amplitude is predicted to be independent of temper-
ature. In the other previously studied regime,
keT <AE, and the transport is dominated by
tunneling though a single quantum state. Again the
FWHM is linear in temperature, but is now given by
3.5 kgT/xx, while the peak amplitude varies as 1/T.
Thus, by examining both the amplitude and width of
the peaks as a function of temperature we may
determine both the transport regime and the factor
o

In our data, we find that the width of the peak at
9.8 V is linear in temperature (figure 4a). However,
in contrast to the prediction of the simplest model,
the width extrapolates to a finite value at T=0. This
result suggests that our MOSSET is operating in
the regime where I'>ksT. In this regime, we
expect the line shape to be a convolution of the
natural line shape of the zero-temperature conduc-
tance resonance with the derivative of the Fermi-
Dirac distribution function. If the line shape is
Lorentzian with FWHM = T, the width is predicted
to be linear in temperature, with a finite intercept:
FWHM = (3.5ksT + I')x, which agrees well with the
behavior seen in figure 4a. As discussed below,
we find that I' = 1.3 meV, corresponding to a tem-
perature of 15 K, for the peak at 9.8 V. Further-
more, in this regime the amplitude is expected to
have a 1/T dependence for keT > T, and below this
temperature the amplitude is expected to saturate.
Figure 4b shows such a crossover in the amplitude
of the peak at 9.8 V, providing further evidence that
the finite intercept in figure 4a is due to a large
natural line width.

From the slope of the peak width versus temper-
ature (figure 4a), we estimate & = 0.08. The phys-
ical meaning of o is simple: when the gate potential
is changed by AV, the potential of the electron
island is changed by oAV, We thus use « to
convert the gate voltage periodicity of CB peaks to
an energy scale: U=exAV, = 15 meV, or Ukg =
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Figure 4. The full width at half maximum (a) and the
inverse of the peak height (b) are shown as functions of
temperature for the conductance peak at an upper gate
voltage of 9.8 V (see figure 3). Notice that the width
does not have a zero intercept, while the inverse of the
maximum conductance saturates at low temperature.
This behavior is results from the large natural line width
G of the state. The line in (a) is a fit to all the points,
while the line in (b) fits the high temperature points with a
zero intercept.

175 K. Similarly, we use o to convert the peak
widths and find I's of 500 ueV, 1.3 meV, and 3.3
meV for the three peaks in figure 3, in order of
ascending gate voltage.

We have also measured the differential conduc-
tance dl/dV; as a function of V; the source voltage,
which we call the tunneling spectrum. This spec-
trum (shown in figure 5) is proportional to the
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density of single-particle states on the island which
couple to the leads. The first feature to notice in
figure 5 is the CB gap around zero bias. In addi-
tion, there are several features whose spacing is
reproducible; these are marked with arrows. We
associate these features in the density of states
with excited states of the artificial atom (SET). The
first peak in the spectrum on the right of the plot
(arrow labeled gs N) is the current contribution from
the ground state of the island with N electrons,
while additional features (arrow labeled exc) are
due to excited states of the N-electron island. Simi-
larly, the peak on the left of the plot (arrow labeled
gs N-1) is due to current through the ground state
of the N-1-electron island.

The typical energy spacing of bound states in the
SET is ~ 4 meV; we have converted the voltage
axis in figure 5 into an energy scale by accounting
for the capacitive coupling between the lead and
the island. This large value reflects the very small
spatial extent of the electron droplet. Furthermore,
this direct measurement of AE ‘confirms that
keT <AE, as we have seen in the temperature
dependence data.

2.5 Publications

Kastner, M.A. "Mesoscopic Physics with Artificial
Atoms." Comments on Condensed Matter
Physics. Forthcoming.

Kastner, M.A,, O. Klein, C. de C. Chamon, D.
Tang, D.M. Abusch-Magder, U. Meirav, X.-G.
Wen, and S.J. Wind. "Exchange Effects in Arti-
ficial Atoms." Jpn. J. Appl. Phys. 34: 16 (1995).

Klein, O., C. de C. Chamon, D. Tang, D.M. Abusch-
Magder, S.-G. Wen, M.A. Kastner, and S.J.
Wind. "Exchange Effects in an Artificial Atom at
High Magnetic Fields." Phys. Rev. Lett. 74: 785
(1995).
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Figure 5. Tunneling spectrum of the SET at T = 0.315 K. The peaks correspond to variations in the density of states of
the island. Peaks marked gs are due to tunneling through the ground state, while those marked exc are due to tunneling
through excited states. The measurement was made using a lock-in amplifier at 8.7 Hz with an excitation voltage of 26
uv.
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A few years ago, Professor Kastner's research
group discovered that the conductance through a
quantum dot weakly coupled to the leads shows
periodic peaks as a function of the voltage on a
gate electrode.! This behavior was attributed to the
phenomenon of Coulomb blockade: to add an elec-
tron to the dot, the system must have an energy
equal to the electrostatic energy of a dot charged
by one electron. Most of the theoretical and exper-
imental work on Coulomb blockade is devoted to
the case when the quantum dot is separated from
the leads by very high tunnel barriers, which ensure
the discreteness of charge in the dot. A recent
experiment? indicates that as the height of the bar-
riers is lowered, the Coulomb blockade peaks are
smeared and transformed into small oscillations.
Apparently, as one lowers the barriers between the
dot and the leads, the discreteness of the charge of
the dot is smeared, and the Coulomb blockade is
suppressed. An important theoretical problem is to
find the conditions at which a dot strongly coupled
to the reservoirs can exhibit the Coulomb blockade.

Our preliminary studies® showed that a quantum dot
connected to a lead by a single contact should
demonstrate the Coulomb blockade oscillations of

the dot's charge as long as the transmission coeffi-

cient of the contact T is less than unity. Exper-
imentally, it is difficult to measure charge and in the

1 M.A. Kastner, Rev. Mod. Phys. 64: 849 (1992).
2 N. C. van der Vaart et al., Physica 189B: 99 (1993).
3 K.A. Matveev, Phys. Rev. B 51: 1743 (1995).

past year our research group worked on the theory
of the transport through quantum dots.

3.2 Transport Through a Single
Quantum Dot

The system we study is shown in figure 1.4 The
quantum dot is coupled to the reservoirs (leads) by
two quantum point contacts controlled by the corre-
sponding gate voltages. Inside the electrostatically
created constrictions, the potential changes
adiabatically as the electrons move along the
channel, which enables us to describe the transport
by a one-dimensional model. We study the linear
conductance through the quantum dot as a function
of the gate voltage in the regime where the trans-
mission through one or both contacts is almost
perfect: the transmission coefficient T is close to 1.
The results are as follows:

1. In agreement with the experiments, we found
that the Coulomb blockade oscillations of the
conductance disappear when the transmission
through at least one contact is perfect, T=1. If
neither of the contacts is in the regime of
perfect transmission, the conductance shows
weak periodic oscillations as a function of the
gate voltage.

2. An unexpected result was obtained: unlike the
oscillations of the average charge of the dot,
the amplitude of the oscillations of conductance
grows as the temperature is decreased (figure
2). At very low temperatures, the oscillations
are no longer weak, and to find the conduc-

4 A. Furusaki and K.A. Matveev, Phys. Rev. Lett. 75: 709 (1995); A. Furusaki and K.A. Matvesv, Phys. Rev. B 52: 16676 (1995).
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Figure 1. Schematic view of a quantum dot connected
to two bulk 2D electrodes. The dot is formed by applying
negative voltage to the gates (shaded). Solid line shows
the boundary of the 2D electron gas (2DEG). Electro-
static conditions in the dot are controiled by the voltage
applied to the central gates. Voltage V. applied to the
auxiliary gates controls the transmission probability
through the left and right constrictions.

tance a non-perturbative solution is required.
Such a solution was found for several cases,
and we discovered that in the low-temperature
regime the weak oscillations of conductance
are transformed into sharp peaks.

3. The conductance in the centers of the peaks is
of the order of the conductance quantum e%h if
the barriers are identical, and proportional to
the temperature in the asymmetric case.
Between the peaks, the conductance is always
proportional to the square of the temperature.

Our theoretical description of the problem is appli-
cable in a wide range of temperatures between the
charging energy of the dot and the quantum level
spacing. We believe that the results can be easily
tested in the experiments.

3.3 Transport Through Double
Quantum Dots

In a recent experiment the Coulomb blockade
oscillations of conductance through a system of two
quantum dots (figure 3) were studied.® In the exper-
iment the contacts between the quantum dots and
the leads were in the weak tunneling regime, with
transmission coefficients T;, « 1. On the other

5 F.R. Waugh et al., Phys. Rev. Lett. 75: 705 (1995).
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Figure 2. Conductance through a quantum dot as a

function of the dimensionless gate voltage N for the case
when the transmission coefficients for both contacts are
0.96. The dashed line represents the conductance in the
high-temperature limit. The curves a) and b) are for the
temperature equal to 0.04 and 0.005 in units the charging

energy.

hand, the contact between the dots was tuned by
adjusting the gate voltage Vo in such a way that the
corresponding transmission coefficient T, scanned
the whole region from 0 to 1. As a result, a series
of the dependences of the conductance on the gate
voltage at different values of T, were measured.
The experiment showed that as the transmission
through the constriction between the dots is
increased, the periodic peaks in the conductance
split into doublets. The distance between the com-
ponents of the doublets grows with To, and at To=1
the periodicity is restored, but with a period which is
smaller by a factor of two.

Some features of the experiment are easily
explained on the basis of conventional theories of
the Coulomb blockade. For instance, the change of
the period by the factor of 2 is due to the fact that
when the two dots a strongly coupled, they form a
large single dot with a doubled capacitance. On the
other hand, the splitting of the peaks when the
transmission coefficient T, is between 0 and 1
cannot be explained with the usual electrostatic
approach. The goal of this project is to develop a
quantum theory of transport through the double dot
system.

6 K.A. Matveev, L.I. Glazman, and H.U. Baranger, Phys. Rev. B 53: 1034 (1996).
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Figure 3. Schematic view of the double quantum dot
system. The dots are formed by applying negative
voltage to the gates (shaded); the solid line shows the
boundary of the 2D electron gas (2DEG). V, and V,
create tunnel barriers between the dots and the leads
while V, controls the transmission coefficient through the
constriction connecting the dots.

We start with the theory of the positions of the
peaks in conductance as a function of the gate
voltage. When the tunneling between the quantum
dots is weak, an electron added to the double dot
system can occupy two energetically equivalent
positions on either the left or right dot. As a result,
there is a double degeneracy of the peak positions.
As the barrier between the two dots becomes more
transparent, the degeneracy of the two states is
lifted due to the hybridization of the two quantum
states. Thus, the splitting of the peaks at To>0 is
proportional to the decrease of the ground state
energy of the double dot system due to the
quantum fluctuations of the charge between the
dots. We have been able to find the peak splitting
in the both limiting cases of the transmission coeffi-
cient T, close to 0 and 1. At small T,, the splitting
of the peaks is linear in Ty; at T, near 1, the devi-
ation of the peak positions from the equidistant
positions is proportional to (1 -To) In(1 - Ty). The
results are summarized and compared with the
experiment in figure 4.

We have also investigated the temperature depend-
ence of the peak heights. In the conventional theo-
ries of the Coulomb blockade, the Heights of the
peaks in  conductance are temperature-
independent. This result applies to the double-dot
system in the regime of very weak coupling
between the dots. However, as the coupling
between the dots becomes stronger, the peaks
acquire a power-law temperature dependence. The
origin of this temperature dependence is similar to
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Figure 4. The normalized splitting of the Coulomb

blockade peaks as a function of the inter-dot conduc-
tance. Our theoretical results (dashed lines) are in good
agreement with the experiment (crosses and pluses).
The splitting is normalized by the period of the peaks in
the strong tunneling limit.

the well known "orthogonality catastrophe." When
an electron tunnels from the left lead into the left
dot, the right dot is also affected: to achieve the
lowest possible energy, one-half of the charge of
the added electron must be transferred to the right
dot. Thus, the system must significantly modify its
ground state in order to accommodate an additional
electron. This effect shows up as a power-law sup-
pression of the tunneling rates at low temperatures.
In the case of nearly symmetric dots, we found that
the conductance peaks are suppressed as power
5/4 of the temperature. We expect that this result
can be easily tested in our experiments.

3.4 Publications

Furusaki, A., and K.A. Matveev. "Coulomb
Blockade Oscillations of Conductance in the
Regime of Strong Tunneling." Phys. Rev. Lett.
75: 709 (1995).

Furusaki, A., and K.A. Matveev. "Theory of Strong
Inelastic Cotunneling." Phys. Rev. B 52: 16676
(1995).

Matveev, K.A., L.I. Glazman, and H.U. Baranger.
"Tunneling Spectroscopy of Quantum Charge
Fluctuations in the Coulomb Blockade." Phys.
Rev. B 53: 1034 (1996).
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“Soliton” potential distribution in a 11x11 2D quantum-dot array, computed using the full capacitance matrix
(solid line mesh) and the nearest neighbor approximation (dashed line mesh). The soliton is located at the
center of the array (x = y = 0). (see section 4.6)
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4.1 Nonlinear Dynamics of Discrete
Josephson Arrays
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We have studied the dynamics of circular one-
dimensional arrays of underdamped Josephson
junctions connected in parallel. In these Josephson
rings, a single vortex can be trapped and studied
experimentally without complications caused by
reflections off boundaries. We find that a propa-
gating vortex can become phase-locked to linear
waves excited in its wake. In the |-V curve, reso-
nant steps are observed indicative of this phase-
locking. Numerical simulations indicate that, at
least in principle, an infinite number of these steps
is possible. Resonant steps also occur in the |-V
curves for higher voltages in the return path of the
subgap region. These resonant steps have a com-
pletely different origin and occur at voltages where
the periodic whirling solution undergoes an insta-
bility parametrically ampilified by the linear modes in
the system. Only N/2 steps are possible with N the
number of junctions in the ring. Despite the pres-
ence of linear modes, our numerical studies show
that a single propagating vortex can, for a certain
range of parameters, be viewed as a particle with a
long mean free path. This almost free vortex prop-

agation makes discrete Josephson rings ideal
systems for further quantum vortex experiments.

4.2 Resonance Splitting in Inductively
Coupled Arrays

Sponsor

National Science Foundation
Feliowship MIP 88-58764
Grant DMR 94-02020

Project Staff

Amy E. Duwel, Enrique Trias, Professor Terry P.
Orlando, Dr. Herre S.J. van der Zant, S. Watanabe,
S. Strogatz

Coupled arrays of one- and two-dimensional
Josephson junctions have received renewed atten-
tion as model systems for high-temperature super-
conducting thin films of BSCCO and TBCCO,
showing coupling of the discrete layers. These
arrays are also of interest since phase locking
between the coupled rows decreases the linewidth
of the radiation emitted by oscillators made of these
arrays.

We have observed that, in long inductively coupled
arrays of niobium Josephson junctions, two Eck
steps appear in the current-voltage (I-V) character-
istic. These steps correspond to arrays of vortices
traveling through the system. The wave is com-
posed of nearly a single harmonic with a well-
defined amplitude and dispersion relation. We have
found that the lower step corresponds to an anti-
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symmetric state where the voltages are oscillating
out of phase between the two rows. However, the
upper step corresponds to a symmetric state, where
the oscillating voltages are in-phase. We have
found an analytical ansatz for the voltage states
which is close to numerical observations. We can
analytically predict the DC voltages of these reso-
nant states and numerically predict the amplitude of
the AC voltages.

The upper step can have important technological
implications. When the system is biased in this
state, the AC voltages add, increasing the power
output. The two-row device will also have higher
output impedance than its continuous, stacked junc-
tion counterpart. These qualities make this device
desirable for oscillator applications. As in a single
row of a discrete array, the frequencies can be
tuned with a control current and are stable for a rel-
atively wide range of bias currents. Although the
bandwidth is approximately the same as for the
single row, a larger output resistance may increase
the linewidth. However, phase locking between the
two rows is expected to reduce the linewidth, and
such measurements will be helpful.

4.3 Flux Flow and Self Field Effects

Sponsor

National Science Foundation
Fellowship MIP 88-58764
Grant DMR 94-02020

Project Staff

Enrique Trias, Dr. Herre S.J. van der Zant, Pro-
fessor Terry P. Orlando

Measurements and numerical studies of the self-
induced magnetic field effects on flux flow in two-
dimensional arrays of niobium Josephson junctions
have been performed. It was found that the flux-
flow resistance becomes larger as the penetration
depth of the array decreases. A phenomenological
model, which agrees qualitatively with the exper-
iments and simulations, has been developed to
explain the self-field effects on flux flow. The main
conclusion is that both the mass of the vortex and
the array viscosity decrease due to the smaller
spatial extent of the vortex current caused by the
self-fields.

Vortices in the flux-flow region are localized and,
because of the electrical energy in the junctions,

1 U.S. Air Force, Rome Laboratory, Rome, New York.
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can be treated as massive particles. The applied
field specifies the density of vortices present in the
array. With this density, the driving force, and the
viscosity, we model the dependence of the flux-flow
resistance in terms of the array parameters, A, and
B. and applied magnetic field, f. A linear depend-
ence of the flux-flow resistance R; versus f is
found.

It has also been shown that R/ is dependent on
both A, and B.. The dependence on f. follows
from spin-wave damping while the A, dependence
is a result of a reduction of the viscosity caused by
the decreasing physical size of traveling vortices as
A, decreases. This simple phenomenological
model gives a qualitative as well as a semi-
quantitative description of the dynamics. The
effects can also be seen in numerical simulations
that take into account all the mutual inductances

between cell pairs.

However, the flux-flow region appears to be richer
in its dynamics than the presented model can
account for. For small arrays, there is a spatial
dependence of the flux-flow region which we have
measured and also seen in simulations. Different
rows have different flux-flow slopes and the outer
rows closest to the edge appear to have almost no
flux-flow associated with them. Though these devi-
ations do not diminish the useful and intuitive
results from the phenomenological model, they do
point to further research on flux flow.

4.4 Triangular Arrays of Josephson
Junctions

Sponsors

U.S. Air Force - Office of Scientific Research
Grant F30602-96-1-0059
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Project Staff
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Yukon'

Superconducting arrays of Josephson junctions are
important devices for coherent sources of low-
power radiation in millimeter and sub-miliimeter
regime. One- and two-dimensional arrays of
Josephson junctions are of particular importance
because the phase-locking among the junctions
overcomes many of the problems of low
impedances and power levels of a single junction.



Coherent microwave radiation has been observed
in square arrays of Josephson junctions.

In novel geometries based on triangular rather than
square arrays, numerical simulations and calcu-
lations show a novel and technologically important
dynamical state. This state has junctions which
generate microwave current and radiation without
"going over the top" and producing a DC power
loss.

We are developing techniques for designing trian-
gular arrays of Josephson junctions within standard
superconducting foundry capabilities. These arrays
are predicted to generate AC current without a DC
component, and we will explore the feasibility of
making microwave measurements on these and
other types of Josephson arrays.

4.5 One-dimensional Parallel
Josephson-junction Arrays as a Tool
For Diagnostics

Sponsor

Defense Advanced Research Projects Agency/
Consortium for Superconducting Electronics
Contract MDA 972-90-C-0021

Project Staff

Dr. Herre S.J. van der Zant, Professor Terry P.
Orlando, in collaboration with A. W. Kleinsasser?

We propose and demonstrate the use of under-
damped, one-dimensional parallel arrays of
Josephson junctions as a tool for circuit diagnostics.
By measuring the Fiske modes and the critical
current in a magnetic field, we determined the self
and nearest-neighbor inductances as well as the
capacitances of single junctions. We have used
this technique to find the capacitance of
Nb-AlO,-Nb junctions for critical current densities
of 0.3 - 20 kA/cma. We find that the specific capac-
itance increases by about a factor of two over this
range. This increase has important consequences
for the design of single-flux-quantum circuits and
SQUIDs. Measurement of the junction capacitance
for critical current densities of 100 kA/cmz is pos-
sible, but requires submicrometer junctions with
dimensions of the order of 0.3 um.
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4.6 Quantum Device Simulations

Sponsor

National Science Foundation
Grant DMR 94-02020

Project Staff

Dr. Chagarn B. Whan, Professor Jacob K. White,
Professor Terry P. Orlando

We numerically calculated the full capacitance
matrices for both one-dimensional (1-D) and two-
dimensional (2-D) quantum-dot arrays. We find that
it is necessary to use the full capacitance matrix in
modeling coupled quantum dots due to weaker
screening in these systems in comparison with
arrays of normal metal tunnel junctions. The static
soliton (a fundamental electronic charge in the
entire array) potential distributions in both 1-D and
2-D arrays are well approximated by the
unscreened (1/r) coulomb potential, instead of the
exponential fall-off expected from the often used
nearest- neighbor approximation. in terms of dyna-
mics, we compare the current-voltage (I-V) charac-
teristics of voltage biased 1-D arrays using either
the full capacitance matrix or its nearest-neighbor
approximation. The |-V curves show clear differ-
ences and the differences become more pro-
nounced when larger arrays are considered.

For quantum dot arrays made by electrostatic con-
finement of two-dimensional electron gas (2DEG) in
GaAs/AlGaAs heterostructures, the array forms a
co-planar structure with all dots residing in the
2DEG plane. The co-planar capacitors are far less
effective than the parallel plates in terms of con-
fining electric field. Therefore, in comparison with
tunnel junction arrays, the field lines originating
from one of the quantum dots are much less con-
fined and can reach out to dots that are much
further apart. A model that considers only the
nearest-neighbor capacitive coupling is unlikely to
be accurate in this situation. We now give a more
quantitative analysis of this problem.

In our model, the quantum dots (small puddles of a
2DEG) are treated as thin circular shaped con-
ducting plates, with diameter D = 1 um. The plates
are arranged to form either 1-D or 2-D arrays with
lattice constant a = D + d = 1.1 um, where d = 0.1
um is the closest separation between adjacent dots
(or the tunnel barrier width). We believe these
values are reasonable for arrays in the classical
charging regime with weak inter-dot tunneling (i.e.,

2 Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California.
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the tunneling resistance, Rr>Rg=h/e?). Once the
array geometry is specified, we compute the full
capacitance matrix C of the 1-D and 2-D arrays
using FASTCAP, an efficient capacitance extraction
tool.

We have calculated the potential distribution due to
a soliton being located at the center of a 21 x 1
series array, using both the full capacitance matrix
and its nearest neighbor approximation.  The
nearest neighbor approximation gives an exponen-
tially decaying soliton potential as expected.
However, the soliton potential distribution that result
from the full capacitance matrix decays much
slower. We find that the soliton potential follows
the simple 1/r law almost exactly over the entire
array, except at the origin where the Coulomb
potential is singular.

We have also computed current-voltage (I-V) char-
acteristics of 1-D quantum dot arrays, which is
experimentally more relevant. The |-V curves are
calculated with both the full capacitance matrix and
the nearest-neighbor approximation. The resulting
I-V curves show many differences. The threshold
voltages are not exactly the same, and the fine
structures are different and become more pro-
nounced when we consider larger arrays. At high
voltage, the two curves merge and become nearly
linear. Hence, we see that the full capacitance
matrix is necessary in the dynamical simulation of
these arrays.
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At the debutante's ball, young nano-women gather in their finery at the edge of the stage to weep because
the nano-boys won't dance with them.

An array of 50-nm-wide posts with a periodicity of 100 nm. The posts consist of PMMA on top of an antire-
flection coating (ARC). The substrate consists of a 250-nm-thick layer of silicon nitride on_silicon. The
PMMA was exposed using achromatic interferometric lithography. After development of the PMMA, an 0.
reactive ion etch was used to etch through the ARC. SEM viewing caused some melting and charging
which resulted in the large gathering of nanopeople. The melting problem was solved by imaging at low

voltage.

Timothy A. Savas, a graduate student in RLE's Quantum-Effects Devices Group, submitted this micrograph,
which won in the most bizarre category at the Electron lon Photon Beam Technology and Nanofabrication

Conference, Scottsdale, Arizona, in June 1995.
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5.1 Nanostructures Laboratory

The Nanostructures Laboratory (NSL) at MIT
develops techniques for fabricating surface struc-
tures with feature sizes in the range from
nanometers to micrometers and uses these struc-
tures in a variety of research projects. The NSL
includes facilities for lithography (photo, interfer-
ometric, electron beam, ion beam, and x-ray),
etching (chemical, plasma and reactive-ion), liftoff,
electroplating, sputter deposition and e-beam eva-
poration. Much of the equipment, and nearly all of
the methods, utilized in the NSL are developed in
house. Generally, commercial processing equip-
ment designed for the semiconductor industry
cannot achieve the resolution needed for nanofabri-
cation, is inordinately expensive, 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; (3) periodic struc-
tures for x-ray optics, spectroscopy, atomic
interferometry, and nanometer metrology.

5.2 Scanning Electron Beam
Lithography
Sponsors

Joint Services Electronics Program
Grant DAAH04-95-1-0038

Semiconductor Research Corporation
Contract 95-LJ-550

Project Staff

Scott E. Silverman, Juan Ferrera, Professor Henry
l. Smith

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.

The VS-PL system is the cornerstone of a facility
for high performance electron-beam lithography.
The goals of the facility are to provide the MIT
research community with an in-house SEBL capa-
bility for writing directly on experimental device sub-
strates; to advance the state-of-the-art in SEBL,
particularly with regard to pattern placement accu-
racy and long-range spatial-phase coherence; and
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to pattern x-ray nanolithography masks for in-house
use.

Figure 2 shows shows a region of an x-ray mask,
patterned by the VS-PL tool with the gate level for
deep-submicron silicon-on-insulator devices. This
mask was then used in a mix-and-match scheme to
fabricate the actual devices. Other projects include
direct-write experiments on GaAs substrates ori-
ented towards the fabrication of Coulomb-blockade
devices; fabrication of photonic-bandgap resonator
structures; and studies of MBE overgrowth of InP
on patterned substrates for DFB lasers and optical
filters.

5.3 Spatial-Phase-Locked
Electron-Beam Lithography

Sponsors

Joint Services Electronics Program
Grant DAAH04-95-1-0038
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Figure 1. Photograph of the VS-PL scanning-electron-beam lithography system. The operator is Scott Silverman.

National Science Foundation
Grant ECS 94-07078
Semiconductor Research Corporation
Contract 95-LJ-550
U.S. Army Research Office
Grant DAAH04-95-1-0564

Project Staff

James M. Carter, Juan Ferrera, Scott E. Silverman,
Professor Henry |. Smith

It is well known that scanning-electron-beam lithog-
raphy can write extremely fine lines, ~10 nm in thin
PMMA and ~1 nm in AlF;. However, because
writing fields in electron-beam lithography are quite
small (~10* beam steps), large-area patterns must
be created by stitching together the small fields,
using a laser interferometer to provide X-Y posi-
tioning information. However, it is often overlooked
that, due to instability, drift and a variety of other
problems, the precision with which this can be done
is much poorer than the resolution. Typically,
stitching errors of 30 to 100 nm are observed at
field boundaries.
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E-beam Field Marks

0.2 um Gates

Figure 2. Scanning elecron micrograph of a portion of
an x-ray mask patterned with the VS-PL e-beam system,
showing the gate level for deep-submicron silicon-on-
insulator devices.

To solve this problem, we are developing a tech-
nology we call spatial-phase-locked electron-beam
lithography (SPLEBL), which will provide pattern
placement accuracy and precision finer than the
resolution. The basic idea behind SPLEBL is to
create on the substrate a fiducial grid and conduct
all e-beam lithography with reference to it. The
fiducial grid is produced by interferometric lithog-
raphy (IL) to ensure long-range spatial-phase
coherence.

We are investigating two modes of implementation:
the global fiducial grid and the segmented grid. In
the latter approach, the grid is transferred onto the
substrate only in small regions (2 x 2 um square) at
the corners -of each e-beam scan field. Spatial-
frequency-domain techniques are used to achieve
sub-pixel alignment and scaling. In the latter
approach the fiducial grid is transparent to the
exposing e-beam and covers the entire top of the
resist film. By collecting the emitted secondary
electrons, a computer will keep track of the e-beam
position at all times and correct for any drift or spu-
rious displacement.

SPLEBL was used to pattern x-ray masks with
gratings for the fabrication of integrated optical
filters, in collaboration with IBM's T.J. Watson
Research Center. Gratings with multiple quarter-
wave phase shifts and duty cycle variations are
needed to fabricate filters whose performance
exceeds that of single quarter-wave-shifted

resonators. For these applications, the flexibilty of
e-beam patterning is essential, while spatial-phase
locking eliminates the pattern placement errors,
which would have a significant deleterious impact in
the performance of the devices.

The suitability of fiducials produced by interferome-
tric lithography for pattern placement with
nanometer precision is being investigated. The grid
must be characterized with precision equal or better
that the pattern placement desired. We are devel-
oping techniques to measure the fidelity of gratings
and grids fabricated by interferometric lithography.
Figure 3 shows a schematic of the system used to
fabricate fiducials. Two spherical waves, which
emanate from the spatial filters, are overlapped at
the substrate plane to produce a grating image in
resist. This grating has a nonlinear phase
progression, i.e., a "chirp". The phase deviation
from linearity can be calculated from the geomet-
rical parameters of the interferometric system. To
confirm the validity of this model, we use a self-
reference technique: a substrate is exposed in the
IL system and displaced by a known distance; it is
then exposed again. Thus, two identical grating
images have been exposed, which are shifted with
respect to each other. The nonlinearities in the
phase progression of the gratings cause them to
beat in and out of phase. Upon development, a
moiré pattern appears on the surface of the sample,
which is, in effect, a map of the difference in phase
between the two gratings (see figure 4). The moiré
qualitatively matches a theoretical phase map, indi-
cating that no distortion larger than a fraction of the
grating period (200 nm) is present. Work is under
way to extend this technique to enable the quantita-
tive measurement of phase distortions.

INTERFEROMETRIC LITHOGRAPHY
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Figure 3. Schematic of the Interferometric Lithography
(IL) system used to fabricate fiducial gratings and grids
for spatial-phase locking. Mutually coherent spherical
waves emanate from the spatial filters and are combined
at the substrate to form a grating in resist. A grid is made
of two gratings exposed at right angles to one another.

67



Chapter 5. Nanostructures Technology, Research, and Applications

|« 75 mm g

Figure 4. Photograph of a moiré pattern on a wafer, obtained by exposing two 200 nm-period gratings, with the sub-
strate shifted laterally in between the two exposures. The moiré fringes denote the phase difference between the two

exposures.

5.4 X-Ray Nanolithography

Sponsors

Defense Advanced Research Projects Agency/
Naval Air Systems Command
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Joint Services Electronics Program
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Project Staff
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For several years, we have been developing the
tools and methods of x-ray nanolithography (i.e.,
sub-100 nm features). We have explored the the-
oretical and practical limitations, and endeavored to
make its various components (e.g., mask making,
resists, electroplating, sources, alignment, etc.) reli-
able and "user friendly". Because of the critical
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importance of the x-ray mask technology we
discuss this separately in section 5.5.

Our sources for x-ray nanolithography are simple,
low-cost electron-bombardment targets, typically
Cu. (A = 1.32 nm), separated by a 1.4 um-thick
SiN, vacuum windows from a helium-filled exposure
chambers. In the future, we hope to replace the
Cu, sources with higher flux sources.

For most applications that require multiple mask
alignment, we currently use a simple microscope-
based system which provides about 0.3 um super-
position precision. We are also developing a
high-precision mask alignment system (see section
5.6) that should provide overlay approaching 1 nm.

In earlier research, we showed that for x-ray wave-
lengths longer than ~0.8 nm, the range of the
photoelectron emitted when an x-ray photon is
absorbed in resist does not limit the resolution.
Down to feature sizes ~20 nm, diffraction is the
major concern. By means of accurate electromag-
netic calculations, taking into account the vectorial
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character of the electromagnetic field and the
dielectric properties of the absorber, we have
shown that when source spatial coherence is opti-
mized, diffraction does not limit resolution as
severely as had been predicted by simple Fresnel
diffraction calculations. Figure 5 plots the maximum
mask-to-sample gap, G, versus minimum feature
size, W, for two values of the parameter o which
connects gap and feature size: G = aW%A. Mod-
eling and experiment verify that « can be between
1 and 1.5 while retaining good process latitude.
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Figure 5. Plot of maximum mask-sample gap, G, versus
minimum feature size, W, for two values of the parameter
.

For gaps below 10 um, the mask and substrate
must be optically flat (see section 5.5) and dust par-
ticles must be detected and eliminated. To accom-
plish this, a jet of frozen CO. micropellets impinging
on the substrate or mask at a low angle can be
used. The pellets knock off adhering dust particles
while leaving no residue, and the CO, gas aiso
tends to remove thin layers of organic contam-
ination.

For the linewidth range from 70 to 20 nm, mask-
substrate gaps must be below 5 um. This is not a
problem in a research setting. With wafer type sub-
strates, we use small studs on the perimeter of the
mask to achieve the required gap. On substrates
that are smaller than the mask area (e.g., frag-
ments of high-mobility, modulation-doped GaAs
substrates), we use a specially designed apparatus
that brings the mask membrane to zero gap without
damaging either mask or substrate. In manufac-
turing, however, studs on the mask and mask
contact are not acceptable, and for this reason we
are investigating the feasibility of using arrays of

Freznel zone plates for projection imaging with x
rays of either 4.5 nm or about 1.0 nm wavelength.

5.5 Improved Mask Technology for
X-Ray Lithography '

Sponsors

Defense Advanced Research Projects Agency/
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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 5). We have developed a mask configuration
compatible with this requirement in which the mask
membrane is flat to ~100 nm, as shown in figure 6.
A novel, low-gradient furnace was developed to
achieve such high levels of mask flatness.

Our mask technology is based on low-stress, Si-rich
silicon nitride, SiN,. This material is produced in
the Integrated Circuit 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 processed in conventional stations. Radiation
hardness remains a problem at dose levels corre-
sponding to production (i.e., millions of exposures).
For research purposes, however, the material is
fully 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. We generally
try to achieve a stress below 107 Mpa. 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 is used. This produces
stress that is uniform to within about 5 Mpa over
most of the membrane, but higher near the edges.
The edge deviation is attributed to inadequate heat
flow control. We are currently investigating
schemes to fully homogenize the stress over the
entire membrane.
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Pyrex holder
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Figure 6. Fizeau interferogram of the top surface of an x-ray mask fabricated with the low gradient oven. There are no
fringes visible over the membrane area indicating a flatness ~100 nm. The mesa rim deviates from perfect flatness by
~300 nm. The area outside the mesa rim is a pyrex frame, whose deviation from flatness is of no significance.

We are investigating a scheme for edge reinforce-
ment, illustrated in figure 7. The overhang of
B-doped Si, several micrometers thick, provides a
transition between the rigid Si mesa rim, and the
thin membrane. Along the edge of the Si mesa rim
there are often sharp asperities due to the etching
process. These sharp, rigid points increase the
probability of accidental membrane breakage. The
overhang should prevent this, making the masks
more suitable for a production environment.

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
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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 recently acquired Digital Instruments STM/AFM
was found it to be highly effective in inspecting
x-ray masks, providing information on defects not
apparent by other means. This is illustrated in
figure 8.

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-
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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.

X-ray Mask with Edge Reinforcement

SiNx 10 pm
N $
Nt LA A AWOAAWAD 1 s’
Mesa — i Si*(B) 1pm
Si

Figure 7. Schematic cross section of the edge reinforce-
ment scheme being investigated to improve the
robustness of x-ray masks. The overhang of B-doped Si,
several micrometers thick, provides a transition between
the rigid mesa rim and the 1-um-thick membrane.

Figure 8. Inspection of an x-ray mask using the newly acquired Digital Instruments atomic-force microscope (AFM).
This micrograph revealed that the plated gold in this pattern of a quantum-effect device was only 100 nm instead of the
required 200 nm. This thickness deficiency was not apparent by SEM analysis.
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5.6 A High-Precision Mask Alignment
and Gapping System with Immunity to
Overlayers
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A novel x-ray lithographic alignment scheme termed
interferometric broad-band imaging (IBBI) has been
implemented and tested with a variety of wafer
overlayers, such as resist, aluminum, and polysil-
icon. IBBI alignment employs grating and grid type
alignment marks on mask and substrate, respec-
tively, which are viewed through the mask from
outside the x-ray beam at a Littrow angle with /10

optics and a 110 mm working distance. Each mark
consists of two gratings. When aligned, a grating
period p; on mask is exactly above a grating period
p. on wafer, with adjacent pair of gratings vice-
versa. Gratings on wafer are “hatched” to enable
Littrow diffraction in a plane parallel to the grating
lines. This allows the optics to be offset in that
plane to not obstruct the x-rays. Diffraction perpen-
dicular to the grating-lines results in moiré fringes in
the image plane. Using a CCD camera, misalign-
ment is measured from two identical sets of moiré
fringes (~50 mm period) that move in opposite
directions as the mask is moved relative to the sub-
strate.  Alignment corresponds to matching the
spatial phases of the two sets of fringes.

To demonstrate the insensitivity to overlayers, an
alignment mark was partially covered with an over-
layer. The resulting moiré pattern is shown in
figure 9. Alignment was measured in each half of
the image (i.e., with and without the overlayer) and
the difference plotted in figure 10. With each of
these overlayers, the mean alignment error
between the regions is shown to be 0.2 nm or less.

(a)

(b)

Figure 9. Interference fringes (moiré pattern) as seen by CCD camera in (a) misaligned and (b) aligned positions.

Gap is an important parameter in x-ray lithography,
both to avoid mask-wafer contact and to ensure
control of feature linewidth. To detect gap to high
precision we have developed an interferometric gap
detection scheme. This scheme uses the same
marks and optics as employed in alignment, but
viewed from a direction perpendicular to the grating

72 RLE Progress Report Number 138

lines. When viewed (and illuminated) in this crien-
tation, the mask mark acts as a quasi-Michelson
interferometer, with the grating being the
beamsplitter, and the arms being the thickness of
the mask membrane and the gap between the
mask and wafer. No corresponding mark is
required on the wafer. llluminating the mask mark
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Figure 10. Effect of overlayers on alignment. For each
overlayer, a histogram of 100 measurements is shown of
the difference in spatial phase discontinuity between the
half of the alignment mark with the overlayer and the half
without the overlayer.

with polychromatic light results in an intensity vari-
ation as a function of gap. During a limited scan of
gap, a beat pattern is obtained on each of the two
sides of the mark. Since the beat periods are deter-
mined by the periods of the gratings, comparing
these beat patterns yields an unambiguous
measure of gap. The gap sensitivity of this method
is better than 100 nm, which is sufficient for
sub-100 nm lithography.

An x-ray source is being constructed to complete
the prototype |BBI stepper/exposure system (figure
11). The nanometer-level alignment precision of this
system will be essential in the fabrication of novel
devices such SOI-MOSFET devices with gates both
above and below the Si channel.

5.7 Interferometric Lithography

Sponsors

Joint Services Electronics Program
Grant DAAH04-95-1-0038

National Aeronautics and Space Administration
Contract NAS8-38249
Grant NAGW-2003

Project Staff

James M. Carter, Juan Ferrera, Robert C. Fleming,
Timothy A. Savas, Dr. Mark L. Schattenburg,
Satyen Shah, Professor Henry I. Smith

Interferometric (also called holographic) lithography
schemes are preferred for the fabrication of periodic

~ a unique

X-Ray Source

Alignment/
Gapping
Microscopes

Helium Enclosure

Figure 11. Interferometric broad-band imaging mask
alignment/exposure system.

and quasi-periodic patterns that must be spatially
coherent over large areas, and free of phase errors.
For spatial periods down to 200 nm, an argon ion
laser is used in a Mach-Zehnder configuration with
fringe-locking feedback system. This
produces large area (10 cm diameter) gratings with
long-range spatial-phase coherence, free of phase
errors or detectable distortion. The fringe locking
ensures reproducibility of exposure. A multiple
exposure moire techniques is used to verify
freedom from distortion (see section 5.3).

For spatial periods below 200 nm, bright light
sources with wavelengths below 200 nm must be
used. Such sources have limited temporal coher-
ence, and thus one is forced to employ an
achromatic scheme such as shown in figure 12.
The source is an ArF laser (193 nm wavelength). A
collimating lens, polarizer, and a scanning system
are interposed between the source and the
interferometer in order to achieve reasonable depth-
of-focus and large exposure areas. We also use a
white light interference principle to ensure equal
path lengths in the two interferometer arms. Using
this system, gratings and grids of 100 nm period
(nominally 50 nm lines or posts) are obtained in
PMMA on top of a specially designed antireflection
coating. Figure 13 shows a 100 nm period grid
etched into Si following achromatic interferometric
lithography.
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A=193 nm

micrometer

phase grating
(P = 200nm)

resist-coated 100nm-period
substrate interference pattern

Figure 12. Achromatic interferometric lithography (AIL) configuration.

Figure 13. Scanning electron micrograph of a 100 nm period grid, exposed in PMMA on top of a specially designed
antireflection coating, and transferred into Si by reactive ion etching.
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Grids such as shown in figure 13 are of interest in a
number of applications including high-density mag-
netic information storage and flat-panel displays
based on field emission. At present, we use inter-
ferometric lithography to produce grid exposures of
200 and 320 nm period for a flat-panel-display
program at MIT Lincoln Laboratory. In the future,
we expect to provide similar grids for Professor
Akinwande who also conducts research on flat-
panel displays.

5.8 lon-Beam Lithography

Sponsor

Joint Services Electronics Program
Grant DAAH04-95-1-0038

Project Staff

Scott E. Silverman, Professor Henry |. Smith, Pro-
fessor Carl V. Thompson, Anto Yasaka

Yields of FIB-induced secondary electron from Si,
Al, and PMMA targets have been measured to
investigate the feasibility of spatial-phase-locked
FIB lithography. The results indicate that Al has
very high secondary electron yield ranging from 5.7
to 6.9 electrons per ion for 120-240 keV Si2+ inci-
dence, and PMMA has very low secondary yield,
ranging from 1.0 to 1.5 electrons per ion for the
same ion irradiation conditions. These results lead
to the conclusion that a fiducial grid fabricated on a
substrate will be imaged with sufficient contrast by
detecting FIB-induced secondary electrons. Fur-
thermore, the image obtained by FIB will have a
much better signal-to-noise ratio than the image
obtained by electron beams because of the fact
that ion bombardment produces almost no back-
scattering electrons. The required ion dose to
detect the fiducial-grid signal with appropriate con-
trast was calculated. This value is much lower than
the ion dose required to expose resist. Thus, it is
possible to detect the grid signal without disturbing
the writing. It seems reasonable to conclude that
spatial-phase-locked FIB lithography will be a prom-
ising tool to produce nanometer range resolution
lithography with high accuracy and precision.

Secondary electron yields as a function of ion
irradiation time were also measured. When plotting
the results of the secondary yields versus time,
considerable differences in the tendency of the
curves are observed depending on the target mate-
rials. An explanation of the observed results was
attempted in terms of two competing processes:
sputtering by incident ions and oxidation by residual
gases. For a Si target, the results can be illustrated
quite naturally as due to the two processes. That

is, removal of native oxide by sputtering results in a
decrease of secondary yield with time for high
current density, and for low current density the
surface remains oxidized due to reaction of residual
gases and the surface atoms and thus the sec-
ondary yield shows little change with time. For an
Al target, however, this model cannot explain all of
the observed results. In some cases, an increase
of the secondary yields with time has been
observed.

5.9 High Performance Self-aligned
Sub-100 nm MOSFETSs using X-ray
Lithography

Sponsors

Defense Advanced Research Projects Agency/
Naval Air Systems Command
Contract N00019-95-K-0131
IBM Corporation
Contract 1622
Joint Services Electronics Program
Grant DAAH04-95-1-0038
U.S. Navy- Office of Naval Research
Grant N00014-95-1-1297

Project Staff

James M. Carter, Keith M. Jackson, Isabel Y. Yang,
Professor Dimitri A. Antoniadis, Professor Henry |.
Smith

We have fabricated sub-0.1 pum N-channel
MOSFET devices on bulk Si using x-ray lithog-
raphy.  Extremely well controlled short-channel
effects were achieved through appropriate channel
and source/drain engineering. Figure 14 shows the
device schematic. The retrograde channel doping
profile was accomplished using shallow indium and
deep boron implants. The source/drain halo exten-
sions were formed using a low energy arsenic
implant with indium preamorphization and counter-
doping. The self-aligned polysilicon gates were fab-
ricated using x-ray nanolithography and an
anisotropic etching process. The aligned microgap
x-ray exposures were carried out using mesa-
etched SiN, x-ray masks with Au absorber pattern.
Hot Carrier Degradation of the 0.1 um N-channel
MOSFETs devices has been examined with results
suggesting that a Vidd of around 1.6 V gives a life-
time of 10 years for 0.1 um devices fabricated in
this iot.

Current work on sub-0.1 um devices on bulk Silicon
is focusing on N-channel MOSFETs designed to
work at 77 K where further improvement of device
characteristics occurs. Measurements show that
the devices turn on and off more sharply (the sub-
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Figure 14. Schematic of 0.1 um channel-length self-
aligned NMOSFET.

threshold slope improves from 80 to 24 mV/decade)
and the transconductances are at least 50 percent
higher at 77 K, see figure 15. Future work will
address fabrication of devices optimized for low
temperature operation, performance improvements,
and hot carrier reliability.

5.10 Single and Dual-Gate SOl Devices

Sponsors

Defense Advanced Research Projects Agency/
Naval Air Systems Command
Contract N00019-95-K-0131
IBM Corporation
Contract 1622
Joint Services Electronics Program
Grant DAAH(04-95-1-0038
U.S. Navy- Office of Naval Research
Grant N00014-95-1-1297

Project Staff

James M. Carter, Keith M. Jackson, Isabel Y. Yang,
Professor Dimitri A. Antoniadis, Professor Henry I.
Smith

Our current work aims to extend the 100 nm device
technology to a full CMOS line, on bulk as well as
on SOI substrates. Two different device structures
are explored on the SOl substrates. One is the
conventional structure on SOI, and the other is the
double-gated structure (SOIAS) with a top gate
having deep-submicron length, and a wider bottom
gate.

Our first effort is to get a fundamental under-
standing of these devices in DC; i.e., short channel
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Figure 15. |-V characteristics of an 83 nm-channel-
length NMOSFET cooled to 80 K.

effects, drain-induced barrier lowering (DIBL), cou-
pling of the backgate to the front gate, etc. Cur-
rently, the backgate is defined by ion implantation
through the top using optically exposed thick resist
as the mask. The top gate is then aligned over this
bottom gate via x-ray lithography. The technology
issue here is the mixing and matching of the optical
stepper to the e-beam tool which writes the patterns
on the x-ray masks.

We have developed a technique to do this matching
that also saves e-beam writing time. Figure 16
shows this process in which the coarse patterns,
e.g., pads and e-beam field alignment marks, are
first transferred onto a chrome coated quartz wafer
using the optical stepper. The pattern is then trans-
ferred into chrome by a wet etch. A one-to-one
pattern transfer of the coarse features onto the
x-ray mask is then done using proximity 240 nm UV
exposure. The coarse patterns and the field align-
ment marks are then plated up in Au and sent to
the e-beam for fine pattern writing. The final pat-
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Figure 16. Sketch of a small portion of the chip showing:
(a) a pattern of coarse features (pads) transferred onto
the x-ray mask by deep UV lithography; (b) fine features
written by e-beam lithography; (c) composite of fine and
coarse features on the x-ray mask. The pattern is a
nand ring circuit.

terns on the mask will have coarse features pat-
terned by UV proximity printing and fine features
written by e-beam lithography, as depicted in figure
16c.

We were able to fabricate CMOS devices on bulk,
SOl and SOIAS substrates with this mix-and-match
scheme with device lengths of 0.2 um. Figure 17
shows the subthreshold characteristics of a back-
gated device made on SOIAS substrate. The back-
gate can control the NMOS and PMOS threshold
voltages independently from the front-gate and from
each other. Thus, making dynamic control of
threshold voltage for low power applications pos-
sible.
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Figure 17. Subthreshold characteristics of an Leff=0.2
um device on linear and log scale showing 3 decade
reduction in off current and 1.5 times increase in drive
current when the threshold voltage is switched.

5.11 Fabrication of T-gate Devices
using X-ray Lithography

Sponsor

U.S. Army Research Office
Grant DAAH04-94-G-0377

Project Staff
Mitchell W. Meinhold, Professor Henry |. Smith

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,
we are developing a process for fabricating T-gates
using x-ray lithography.

The fabrication sequence is shown in figure 18.
The first layer defines the stem of the gate, a crit-
ical parameter for a field-effect device.  After
exposing and developing the first layer, a second
layer of resist is deposited and the pattern corre-
sponding to the upper part of the gate exposed.
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Figure 18. Depiction of the T-gate process steps: (1) Resist is deposited over existing contact metal. Alignment and
exposure takes place. (2) After hardening the first layer, a second layer is deposited. The second pattern alignment
and exposure takes place. (3) Gate metal is deposited. (4) Liftoff (resist removal)
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At this point, gate metal can be deposited forming
the T-gate. There are two challenges to achieving
this process. First, it must be possible to align the
x-ray masks to within 100 nm. Second, if the
masks do not share a common coordinate system,
features such as the gate stem and mushroom will
not align properly. Also, without precision mask
alignment it would not be possible to get the gate
stem very close to the source. Therefore, the three
x-ray masks required in the process depicted in
figure 18 must be written with reference to a coordi-
nate system that is common to all the masks. To
meet the first challenge, we have put alignment
marks on the masks that are compatible with the
high precision, IBBI alignment system (see Section
5.6). We anticipate no difficulty in achieving
sub-100 nm alignment with the IBBI system.

To meet the second challenge, x-ray masks are
prepared with a grid array of reference marks
located at the corners of fields measuring 0.1 x 0.1
mm, the field size of the e-beam lithography
system. These reference marks were transferred to
each x-ray mask with DUV lithography using the
same optical mask, thereby guaranteeing a
common coordinate system for all three x-ray
masks. Upon registration to these marks, the
e-beam lithography system should be able to place
patterns with a precision well below 100 nm.

There are a number of interesting directions that
may be followed once a reliable, high latitude
process is established. For manufacturable MMIC
systems, both MESFETs and HEMTs are required
for low-noise and power applications. Initially, rela-
tively simple GaAs MESFETs will be studied, fol-
lowed by GaAs and InP HEMTs of varying degrees
of complexity. Further studies could include low-
temperature-grown GaAs MESFETs for high break-
down voltages, -self-aligned devices, or gate
materials other than Au such as W.

5.12 Studies of Coulomb Charging
Effects and Tunneling in Semiconductor
Nanostructures

Sponsors

Joint Services Electronics Program
Grant DAAH04-95-1-0038

U.S. Air Force - Office of Scientific Research
Grant F-49-620-92-J-0064

1 Purdue University, West Lafayette, Indiana.

Project Staff
Martin Burkhardt, David J. Carter, llia Sokolinski,
Professor Dimitri A. Antoniadis, Michael R.

Melloch," Professor Terry P. Orlando, Professor
Henry I. Smith

Quantum-effect devices, whose minimum feature
sizes are comparable to the Fermi wavelength
(about 50 nm in a typical inversion layer), have
promising 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 "island" of electrons ~100 nm, bounded on all
sides by potential walls. This small electron
"island" resembles an atom because 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 tunneling
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 mK
range, the conductance decreases by orders of
magnitude in between adjacent conductance
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 dependence of
the conductance on gate voltage. This depends on
how fast the chemical potential within the dots is
changed for a change in gate voltage. For two
arbitrary dot sizes and very low temperature, the
conditions for conductance through the dots are
arbitrary, and conductance events are expected to
be stochastic.

Figure 19 is a schematic of a coupled-quantum-dot
device. The dots are formed in a two-dimensional
electron gas (2DEG) in an MBE-grown GaAs/Al-
GaAs heterostructure. The 2DEG is approximately
60 nm below the surface of the material. The 2DEG
is contacted electrically with ohmic contacts,
depicted in the corners, and the 2DEG is confined
laterally with Schottky gates which repel the elec-
trons underneath. The areas where the 2DEG
exisits are shown in light grey. The two quantum
dots (the isolated "islands") are connected to the
2DEG leads by quantum point contacts (QPCs) and
to each other by a thin tunnel barrier.
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Ohmic Contact

Figure 19. Schematic of a coupled-quantum-dot device. The two-dimensional electron gas (2DEG) is approximately 60
nm below the surface of a GaAs/AlGaAs heterostructure. Ohmic contacts, shown in dark grey, make electrical contact to
the 2DEG and Schottky gates on the surface electrostatically create lateral confinement. Regions where the 2DEG exists

after biasing the Schottky gates are shown in light grey.

The most critical aspect of quantum dot device fab-
rication in GaAs heterostructures is the nanolitho-
graphy. We have been pursuing both direct-write
electron-beam lithography and x-ray lithography.
X-ray lithography has the advantage of producing
more electrostatically robust devices, since thicker
resist allows deposition of thicker gate metal and
liftoff. It is also more compatible with future manu-
facturing than is electron-beam lithography.

Figure 20 is a scanning-electron micrograph of the
gate structure of a coupled quantum dot device fab-
ricated with electron-beam lithography. Each of the
two quantum dots is connected to the outside world
via three QPCs. Two QPCs allow tunneling of elec-
trons to the 2DEG reservoirs, and the third QPC
allows tunneling between the two dots. This struc-
ture will allow investigation of the coupled quantum
dots in both parallel and series current flow config-
urations. We are also investigating devices in which
a thin tunnel barrier is formed by a fine line (less
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than 40 nm) between the two quantum dots instead
of by a quantum point contact. (see Section 5.14)
We plan to investigate the differences between the
two structures as the voltage on the middle
Schottky gate is varied and the dots go from being
well-separated to being continuous.

We have also designed a one-dimensional
quantum-dot-array structure. Figure 21 is a design
layout of one of the arrays consisting of seven
quantum dots defined by eight quantum point con-
tacts (QPCs). Impurities in the semiconductor
strongly affect the characteristics of QPCs. It is
essential for our experiments that the tunneling con-
ductance of each QPC in the array be the same.
Therefore, each QPC is controlled by a separate
voltage source. The device will be fabricated on a
back-gated GaAs/AlGaAs heterostructure. The
back-gate will allow independent control over the
electron density in the 2DEG.
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Figure 20. SEM micrograph of a coupled-quantum-dot device on a GaAs/AlGaAs heterostructure, produced by direct-
write electron-beam lithography.

quantum dots——> . & & & & & @

—skm —

Figure 21. Layout of a series array of seven quantum dots. The eight quantum point contacts are independently con-
trolled to ensure array uniformity.
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5.13 Fabrication and Transport Studies
of Lateral Surface Superlattices in
GaAs/AlGaAs Modulation Doped
Field-Effect Transistors

Sponsor

U.S. Air Force- Office of Scientific Research
Grant F-49-620-95-1-0311

Project Staff

Professor Dimitri A. Antoniadis, Michael R.
Melloch," Professor Terry P. Orlando, Dr. Anne
Pepin, Mark R. Schweizer, Professor Henry |. Smith

Figure 22 depicts a lateral surface superlattice
(LSSL) in a GaAs/AlGaAs modulation-doped field-
effect transistor (MODFET). When a negative
voltage is applied to the gate, the two-dimensional
electron gas (2DEG), located at the AlGaAs/GaAs,
interface approximately 60 nm under the sample
surface, is depleted under the gate fingers. A peri-
odic modulation of the charge concentration is
therefore introduced in the 2DEG. As a result, elec-

trons flowing from source to drain are subjected to
a two-dimensional superlattice potential (i.e., a two-
dimensional array of coupled quantum dots, in the
case of the grid-gate shown in figure 22). The
strength of the modulation can be adjusted by
varying the gate bias.

Evidence of quantum superlattice effect (electron
back-diffraction) was clearly observed in 200 nm-
period and 60 nm-linewidth grid-gated structures. In
the high field regime (high source-to-drain bias),
negative differential conductance was also meas-
ured in various devices and primarily attributed to
sequential resonant tunneling.

Although a wide variety of alternative techniques
have since been investigated to induce LSSLs and
several studies on magnetotransport measurements
in LSSLs have been reported, none of the early
transport results obtained at MIT could be
reproduced. These objects are of great exper-
imental and theoretical interest, and we have there-
fore chosen to further investigate electron transport
in such structures. New grid-gated and grating-
gated GaAs/AlGaAs MODFETs of different periods

Figure 22. Cross section of the grid-gated MODFET.
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(150, 200, 300, 400 nm and 1 um) and gate
lengths (10, 20 um) are being fabricated. A cross-
section of our structure is shown schematically in
figure 22. X-ray nanolithography and subsequent
metal lift-off are being used to define these struc-
tures. Figure 23 displays a scanning electron
micrograph of a portion of a 200 nm-period Au grid-
gate obtained on an x-ray mask. The gold pattern

was obtained on the 1 um-thick silicon nitride x-ray
mask after e-beam nanolithography and subsequent
electroplating of 200 nm-thick gold. Linewidths as
narrow as 38 nm achieved on x-ray masks should
allow us to fabricate high performance devices.
Low temperature transport measurement, partic-
ularly in the high field regime, will be carried out.

Figure 23. Scanning-electron micrograph of a 200 nm-period and 38 nm-linewidth Au grid-grate obtained on an x-ray

mask.

5.14 Single-Electron Transistor
Research

Sponsor

Joint Services Electronics Program
Grant DAAH04-95-1-0038

Project Staff

David Berman, Professor Raymond C. Ashoori,
Professor Henry I, Smith

The single-electron transistor (SET) has the highest
charge sensitivity of any man-made device. In many
respects, it is the electrical analog of the SQUID,
which is the most sensitive detector of magnetic
field. The SET is very well suited for applications

where one needs to measure small fluctuations of
charge without disturbing the system under study.
An example of such a system is a quantum dot.

Figure 24 shows a scanning-electron micrograph of
one of our devices. The SET consists of a metal
island connected to the source and drain electrodes
by two small tunnel junctions. Fabrication of the
tunnel junctions is done using a shadow evapor-
ation method.

Operation of the SET depends on the fact that the
central island has a very small capacitance, and the
energy that it takes for electrons to charge this
island is quite large. For example, if the device is
cooled to temperatures below 1 K, the electron
thermal energy becomes less than the charging
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Figure 24. Scanning electron micrograph of a single-
electron transistor, made of Al, in which the two tunnel
barriers are produced by a two-angle shadow evaporation
process.

energy. This means that without a significant
source-drain voltage bias, the electrons cannot
travel through the central island. This effect is
known as the Coulomb blockade. The Coulomb
blockade is manifested as a zero current region in
the current-voltage dependence of the SET. This
effect is shown in figure 25. The addition of gate
voltage can alter the size of the Coulomb blockade
region, thus we can use this device as a transistor.

5.15 Distributed-Feedback Lasers
Fabricated by X-Ray Lithography

Sponsors

Joint Services Electronics Program
Grant DAAH04-95-1-0038

U.S. Army Research Office
Grant DAAH04-95-1-0564

Project Staff

Vincent V. Wong, Michael H. Lim, Elisabeth A.
Marley, Thomas E. Murphy, James M. Carter, Juan
Ferrera, Professor Leslie A. Kolodziejski, Professor
Henry I. Smith

Distributed feedback (DFB) lasers are essential
components in  future  wavelength-division-
multiplexed systems. These systems require
tunable transmitters that oscillate in a single longi-
tudinal mode with narrow linewidths; the transmit-
ters must also be integrable with electronic circuitry
such as detectors and field-effect transistors. There
are two basic DFB laser structures (figure 26), each
with its own fabrication challenges. The fabrication
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Figure 25. Current-voltage characteristic of a single-
electron transistor taken at 10 mK, for three values of
gate voltage. The Coulomb blockade is maximum at zero
gate bias.

of the vertically-coupled DFB laser requires an
epitaxial regrowth step carried out on top of the
grating. This etch back step makes the coupling
constant after epitaxial regrowth difficult to predict,
lowering the yield on these devices. In the laterally-
coupled DFB laser structure, gratings are etched on
both sides of the ridge waveguide. This structure
eliminates the need for regrowth and maximizes the
utility of ridge-waveguide devices.

To achieve high enough contra-directional coupling
for laser action to occur in the laterally-coupled DFB
structure, as well as reliable control of coupling
from device-to-device, the lateral gratings should
run right up to the ridge sidewall since the coupling
decreases as the lateral gratings move away from
the ridge sidewall. This decrease is attributable to
the decreased overlap between the optical field and
the grating. For reasonable values of k
(~20 cm-1), the lateral gratings must be within 100
nm of the ridge sidewall. Lateral gratings that reside
closer to the ridge sidewall also relax the tolerance
on the grating duty cycle. However, spinning a thin
coat of resist onto a wafer with a high ridge-
waveguide results in a buildup next to the sidewall
of the ridge; at thicknesses of greater than 1 mm
this poses problems even for x-ray lithography. This
buildup of resist prevents the gratings from running
all the way up to the ridge sidewall.

We have developed a process, that uses ion
implantation (figure 27) to overcome this problem.
Once the ridge waveguides are defined, a 4.3
pum-thick planarizing layer of PMMA is spun onto
the substrate. Next, three ion implanta-
tion/development steps are performed: (1) boron
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700 keV; 10" cm-2; 1:2 MIBK:IPA at 21° C for 150 results, lateral gratings that run right up to the edge
seconds; (2) boron 120 keV; 10" cm-2%; 1:2 of the ridge-waveguide.

MIBK:IPA at 21° C for 150 seconds; (3) boron 80 L . ) .
keV: 10" cm-2; 1:2 MIBK:IPA at 21° C for 150 The challenges of fabricating high quality vertically-
seconds. After these steps, a 0.6 um film of PMMA coupled DFB laser are quite different than those of
remains. Into this film, x-ray lithography defines a @ laterally coupled DFB laser. Because of the
uniform 406 nm-period grating that runs up to the ~ geometries of the VC-DFB, high quality regrowth
ridge waveguide sidewalls. The grating is then  ON a grating is the primary concern. In 1996, we

grating aspect ratio.
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Figure 26. (a) A schematic of a DFB laser that relies on coupling vertically to the corrugation region above the gain
region; (b) schematic of a laterally-coupled DFB laser that relies on coupling laterally to the corrugation regions on the
side of the ridge waveguide. For adequate contra-directional coupling to occur, the distance from the sidewall of the
ridge to the beginning of the grating must be less than 100 nm.
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Figure 27. (a) When high energy ions are implanted, the majority of the ions stop at a particular depth governed by the
energy of the ion. This allows one to develop the thick PMMA down to a thin film for x-ray exposure; (b) the depth of the
developed PMMA saturates at a particular depth dependent on the energy of the implanted ion. The ion dose was 1x
10 cm-2. The PMMA was developed in a solution of 1;2 MIBK:IPA at 21° C.
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Figure 28. Lateral gratings defined on a 1.1 um-high InP/InGaAlAs/InGaAsP ridge-waveguide. The grating has a period
of 406 nm, which corresponds to a 2nd-order DFB laser operating at 1.3 um wavelength. The silicon dioxide damage
mask serves both as an RIE etch mask as well as an ion implantation damage mask. (a) scanning electron micrograph
of a 406 nm-period lateral grating exposed in PMMA by x-ray lithography; (b) scanning electron micrograph of lateral

gratings defined by CHy/H, RIE.

5.16 Fabrication of Integrated
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Multiplexing Applications
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In order to best utilize the bandwidth available for
optical communications systems, it is advantageous
to transmit several communications signals in a
single optical fiber, each modulated with a different
carrier frequency. One key component in the imple-
mentation of such wavelength division multiplexed
(WDM) systems is a narrow-band optical filter that
can separate or “drop” one channel from a wave-
guide, leaving the other channels undisturbed.

Quarter-wave shifted Bragg gratings provide a
compact, flexible fiter for WDM applications.
Insertion of an abrupt quarter-wave shift in an oth-
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erwise coherent distributed Bragg grating gives rise
to a single narrow resonance at the Bragg wave-
length. The small spatial periods required for these
grating filters (~510 nm in SiO, materials and ~250
nm in InP materials) necessitates the use of
advanced nanolithography techniques in their fabri-
cation.

The integrated resonant channel dropping filter
(figure 29) is comprised of two quarter-wave shifted
gratings, each evanescently side-coupled to a bus
waveguide. The function of the filter is to spatially
separate, or drop, just one channel from the bus
waveguide without terminating or otherwise dis-
turbing the remaining channels. The WDM
bitstream is carried along the middle waveguide.
Only that channel, or wavelength band, that excites
the side-coupled resonators is removed from the
bus to the upper waveguide. The remaining chan-
nels travel through undisturbed.

The Lorentzian filter response of a quarter-wave
shifted grating is limited to a filter roll-off of -10
dB/decade away from the resonant frequency. In
order to improve the filter roll-off, several such
resonators can be cascaded along a single wave-
guide, producing a so-called multiple-pole filter, as
shown in figure 30.
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Figure 29. A schematic diagram of the integrated resonant channel-dropping filter, and the associated filter spectral
response.
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Figure 30. A comparison of the response of a single-pole Lorentzian filter to that of a properly designed multiple-pole
filter.
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We are developing the techniques to design and
fabricate integrated resonant channel-dropping
filters and higher-order cascaded quarter-wave
shifted Bragg filters. =~ We describe here our
progress towards this goal, which includes the
design of quarter-wave shifted filters, device fabri-
cation using a combination of spatial-phase-locked
e-beam, optical and x-ray lithographies, and finally
device measurement and characterization.

The initial waveguide geometry consists of a 4 mm
thick SiO. lower cladding layer, a 154 nm thick
Si;N, core region, topped by another SiO; cladding
layer of thickness 340 nm. The guiding structure
was constructed by optical lithography and reactive
ion etching of the top cladding region to ferm a rib
waveguide. After reactive-ion etching, chromium
was deposited and a liftoff step performed, resulting
in a layer of chromium covering all but the top of
the rib waveguide. This layer of chrome acts as an
etch mask in subsequent processing of the Bragg
gratings, thereby ensuring that the gratings reside
only on the top of the rib.

Fabricaton of coherent quarter-wave-shifted
gratings presents challenges to conventional lithog-
raphy techniques. While long coherent gratings can
be generated using interferometric lithography,
quarter-wave-shifted gratings require the use of
electron beam lithography (EBL). Since the grating
lengths required by these types of filters extend
beyond one EBL field, the grating patterns must be
composed by stitching together several fields. In
order to eliminate interfield stitching errors, which
can ruin the coherence of the grating and adversely
effect the filter performance, spatial phase locked
e-beam lithography (SPLEBL) is used to pattern the
gratings. To increase the throughput of the fabri-
cation process, making the device more commer-
cially viable, the gratings are e-beam written only
once onto an x-ray mask, which is subsequently
used to transfer the gratings to the waveguides.

The chemically amplified positive resist, ESCAP,
was used for patterning of the Bragg gratings with
x-ray lithography. An alignment step was neces-
sary to place the gratings on the optical waveguides
with the correct orientation and at the correct posi-
tion. Note, however that because the chrome mask
automatically confines the gratings to the tops of
the rib waveguides, alignment of the gratings in the
lateral direction is not critical, provided that the
grating patterns are wide enough to cover the
waveguides.

88 RLE Progress Report Number 138

The gratings were etched to a target depth of 150
nm using reactive ion etching. In order to achieve
a high degree of control for the grating etch depth,
a two step etching technique was developed in
which the sample is measured at an intermediate
point during the etch process to determine the

etching rate.

Figure 31 shows the optical transmission response
of a single-pole filter, consisting of a quarter-wave
shifted grating which spans nine e-beam fields.
Figure 32 presents the optical transmission mea-
surements of first-, third-, fifth-, and seventh-order
Gaussian mutiple pole filters, consisting of one or
more cascaded quarter-wave shifted Bragg
resonators fabricated by the methods described
above. The 0.1 nm resolution of the spectrum anal-
yzer used for the measurements limits the degree
to which we can measure the filter roll-off as the
filter order is increased.

Our continuing work in this area includes the design
and fabrication of more complex device structures
such as side-coupled resonators and ultimately inte-
grated channel-dropping filters. We are also inves-
tigating other grating based devices such as
apodized grating filters where the grating strength
varies continuously along the length of the grating.
Such devices are predicted to have very low
sidelobe levels compared to conventional gratings.
Additionally, we plan to construct grating based
devices in the InP/InGaAsP material system, in the
process investigating and developing techniques for
reliably regrowing high quality material over etched
grating regions.
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Figure 31. Measured optical transmission response of a
single-pole quarter-wave shifted Bragg grating, spanning
nine e-beam lithography fields.
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Figure 32. Measured optical transmission response of first-, third-, fifth-, and seventh-order Gaussian mutiple pole
filters. The shape of the filter response near resonance is not well resolved by the optical spectrum analyzer, but the
sidelobes on the long-wavelength side are indicative of a Gaussian multiple-pole filter response.
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5.17 Design of a Grating-Based
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in any long-distance optical-communications
system, broadband noise is introduced during
optical amplification. Optical filters are needed to
improve the signal-to-noise ratio before the ampli-
fied signal is detected. The optimal filter is one that
matches the spectrum of the original noise-free
signal. Such a matched filter gives the largest pos-
sible signal-to-noise ratio when the filtered signal is
sampled.

Figure 33 depicts a typical 10 Gb/s optical signal,
consisting of a sequence of square pulses 100 ps
in duration, each representing a single bit. The cor-
responding signal spectrum has the characteristic
sin(AwT)/AwT shape, centered at the optical
carrier wavelength of 1.55 um.

10 Gb/s Pulse Sequence
—__—100 ps

| 1N

fTo1t 00110011 100010

Signal Spectrum

sin(%—A(DT)‘
AwT

15473 15474 15475 15476 1547.7
Wavelength A (nm)

Figure 33. A typical 10 Gb/s binary encoded optical
signal, and the corresponding 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.
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The reflection spectral response of a properly
designed weak Bragg grating can match the spec-
trum of the incident pulse stream, thereby providing
a convenient way to realize a matched filter. In
order for the grating to have the desired spectral
width, the grating length must be chosen such that
the down and back propagation time of light in the
grating is equal to one pulse duration. For
SiO,-based waveguides, this corresponds to a
grating length of ~1 cm. In order for the grating
spectrum to be centered at a free-space wave-
length of 1.55 um (commonly used in optical com-
munications), the period of the Bragg grating must
be approximately 530 nm.

The weak grating filter operates as a single pass
filter where the grating reflects a small portion of
the signal back into the input port. The reflection
spectrum of the weak grating has the same
sinc(AwT) shape as an incident pulse stream.
However, this response comes at the expense of a
decreased power return, because much of the inci-
dent signal passes through the grating without
being reflected. If the grating is made stronger, to
try to increase the power return, the response no
longer resembles a sinc function but rather has a
characteristic plateau response associated with a
strong Bragg grating.

Figure 34 depicts a weak Bragg grating filter, con-
structed in a Mach-Zehnder interferometer. 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 cou-
pling 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 the 50
percent coupling region and emerge in the lower
port of the device.

Because one function of the device is to filter out
broadband noise introduced during optical amplifi-
cation, it is counterproductive to reamplify the fil-
tered signal, as this would only reintroduce noise.
Consequently, it is important to minimize the total
insertion loss of the device. Sources of loss include
material loss, bending-induced loss, and fiber-
coupling loss. In design of the device, we have
investigated each of these loss factors in an
attempt to minimize the total insertion loss without
compromising the device performance.
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Figure 34. Two identical weak Bragg gratings, constructed in a Mach-Zehnder configuration. The Mach-Zehnder con-
figuration provides spatial separation of the input signal and the filtered signal.

The waveguides will be fabricated from commer-
cially available Ge doped SiO, slab waveguides.
This material system has been shown to have low
material loss, and favorable device dimensions.
Because the index of refraction of SiO, is compa-
rable to that found in most optical fibers, the device
allows for good fiber coupling. Additionally, Ge
doped SiO, has been shown to have
photorefractive properties: irradiating the Ge doped
core region with UV light can induce a small, per-
manent index change in the material. This effect
could be used to adjust the relative phase between
the two arms of the interferometer.

We plan to ‘use optical lithography and reactive ion
etching to construct the optical waveguides for this
device. Interferometric lithography will be used to
generate the long, spatially coherent gratings on an
x-ray mask. The grating patterns can then be
transferred to the waveguides using x-ray lithog-
raphy, and reactive ion etched to form the grating
corrugations.

We have completed the design of these filters and
are presently fabricating them. The technologies
required to build these filters should prove useful in
the future for design and fabrication of related
grating based devices, such as strong-grating filters
and apodized grating filters, which could find impor-
tant applications in wavelength division multiplexing.

5.18 High-Dispersion, High-Efficiency
Transmission Gratings for
Astrophysical X-ray Spectroscopy
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Through a collaboration between the Center for
Space Research (CSR) and the Nanostructures
Laboratory (NSL), transmission gratings are pro-
vided for the Advanced X-ray Astrophysics Facility
(AXAF) x-ray telescope, scheduled for launch on
the NASA Space Shuttle in 1998. Many hundreds
of large area, gold transmission gratings of 200 nm
and 400 nm periods are required. In order to
achieve spectrometer performance goals, the
gratings need to have very low distortion. The
gratings will provide high resolution x-ray spectro-
scopy of astrophysical sources in the 100 eV to 10
keV band.
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The need for high grating quality and an aggressive
production schedule require the development of a
robust, high-yield manufacturing process. We have
adopted a scheme involving interference lithography
with tri-level resist, followed by cyrogenic
reactive-ion etching and gold electroplating. A
chemical etching step then yields membrane-sup-
ported gratings suitable for space use. The
gratings undergo extensive testing before being
released for use in the spectrometer.

The Space Microstructures Laboratory, a new
cleanroom fabrication facility, on the fourth floor of
Building 37 (adjacent to the Gordon Stanley Brown
Building) has been constructed in order to fabricate
AXAF gratings. The proximity of the new lab to the
Microsystems Technology Laboratory (MTL) has
allowed the lab to share many MTL services such
as DI and process water, nitrogen, process
vacuum, and waste drains. The laboratory space
includes 1700 square feet of Class 100 and associ-
ated support areas. Production of flight gratings is
underway.

5.19 Submicrometer-Period
Transmission Gratings for X-ray and
Atom-Beam Spectroscopy and
Interferometry

Sponsors
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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 spectro-
scopy 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-
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temperature plasmas. Transmission gratings are
supported on thin (1 um) 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 interferometric lithography combined with
reactive-ion etching and electroplating. Progress in
this area tends to focus on improving the yield and
flexibility of the fabrication procedures.

Another application is the diffraction of neutral atom
and molecular beams by mesh supported gratings.
Lithographic and etching procedures have been
developed for fabricating free-standing gratings in
thin silicon nitride (SiN,) supported in a Si frame.
Figure 35 shows a free-standing 100 nm period
grating in 1000 A-thick silicon nitride.

50 nm

Figure 35. Scanning electron micrograph of a free-
standing 100 nm period grating in a silicon nitride mem-
brane of area 500 ym by 5 mm.

We have established a collaboration with the Max
Planck Institute in Goettingen, Germany which will
utilize our gratings of 100 nm pericd in diffraction
and interferometer experiments using He atom
beams.
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6.1 Goals and Objectives

Several years ago, we developed a technique
known as single-electron capacitance spectroscopy
(SECS). We showed that a very sensitive
electrometer could detect the motion of a single
remote electron inside of a solid, and capacitance-
voltage characteristics of very small structures
could be performed. For small objects such as
guantum dots, a spectrum of electron additions as a
function of a gate bias can be clearly observed. We
have produced quantum dots containing as few as
one electron and up to 60 electrons. Additionally,
electrons can be observed to enter different types
of traps. Electron spectra for single impurity atoms
have been determined this way.

SECS allows us to observe and manipulate single
electrons to a previously unimagined degree. The
main aim of our work is to advance and utilize
these methods. All our work utilizes our specialized
techniques for measuring very small amounts of
electrical charge. The effort is divided into four
projects which, while distinct, use considerably
overlapping methods.

Our most significant advance in SECS will lie in our
ability to perform the technique in a scanning
fashion. By scanning a fantastically sensitive charge
sensor, we are attempting to do something that is
well beyond the capabilities of ordinary scanning
tunneling microscopy: we will be able to "look"
underneath surfaces. Further development of the
method will allow scanning tunneling microscopy
and spectroscopy of insulating surfaces.

A second key advance lies in our time domain
SECS technique. We have developed a method
which allows us to record, in the time domain, the
motion of charge within a sample. This technique
allows us to determine the nonlinear response of a

sample to which we cannot make electrical con-
tacts. So far, we have used the method to study the
characteristics of electron tunneling between a two-
dimensional electron gas and a three-dimensional
electron gas. This measurement was not possible
before. Our plan is to eventually apply this tech-
nique to the study of single traps containing single
electrons.

Presently, SECS is a difficult technique to employ.
We have used HEMT transistors to measure very
small amounts of charge. Typically, electron motion
in our samples results in a small fraction of one
electron charge appearing at the gate of this tran-
sistor. There is just barely enough sensitivity to
detect this charge, and large amounts of signal
averaging are required. We plan to change this by
using single-electron transistors (SETs). SETs will
greatly improve our capacitance spectroscopy mea-
surements. We expect signal to noise levels to
increase by a factor of 100 compared to our mea-
surements using field effect transistors. We now
have functioning aluminum-aluminum oxide SETs.

Finally, we are extending the charge sensitivity that
we have developed for the SECS technique to
study other systems. Until our recent experiments,
sensitive charge sensors had never been used to
study transport in semiconductors. There is a
wealth of experiments for which they may be
employed to greatly enhance sensitivity. HEMT
transistors and FETs will allow us to measure
unprecedentedly small conductances in objects
such as lateral quantum dots, point contacts, and
tunnel junctions. They also allow study of the
quantum Hall effect in a fundamentally new way.
We have developed a capacitance experiment
which we feel gives the clearest picture to date
regarding the nature of edge states in the quantum
Hall effect.
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The first SECS measurements in a disordered 1
micron diameter quantum dot revealed that there
exists a fascinating diversity of quantum states in
this system. The magnetic field evolution of the
spectra indicated states in which single electrons
were trapped on (1) potential fluctuations, (2) single
silicon impurities, and (3) strange sites which bound
two electrons at precisely the same energy in spite
of the Coulomb repulsion between electrons
(Negative-U centers). The latter states have been of
significant theoretical interest recently. Despite all

of the information in the spectra, one gnawing
question persists: What do the states "iook" like?
This kind of question can only be answered using a
scanning probe technique. This probe will also help
to answer critical questions related to localization in
the quantum Hall effect, the structure of quantum
Hall edge states, and the nature of dangling bonds
in the Si-SiO; interface.

We have constructed a scanning tunneling micro-
scope (STM), presently functioning at room temper-
ature, which we are preparing to cool down to 300
mK. The room temperature STM works in a mode
which is entirely different from a typical scanning
tunneling microscope. Rather than detecting a
current from electron tunneling between a scanning
tip and the sample, our STM is sensitive to the
induced charge in the vicinity of the tip. This means
that the STM can be used to study insulating sur-
faces and to do spectroscopy on buried traps and
surfaces. We are now taking our first images using
the new method. It is our hope that this method will
vastly expand the utility of STM. Shown in figure 1
is a scanning tunneling image (a) and a scanning
capacitance image (b) taken with our microscope.
Remarkably, the scanning capacitance image was
taken with the tip at a distance of 700 A from the
sample surface.

Tunneling Image

20 x20

Capacitance Image

10px10p

Figure 1. Scanned images of a microfabricated Au sample. The tunneling image of the surface topography shows an
array squares of height 480 A. It was acquired with the use of feedback, so that the tip maintained a 5 A distance from
the surface. Conversely, the capacitance image was acquired without feedback using a tip-sample distance of roughly
500 A. The contrast reflects both the geometrical capacitance between the tip and surface and the impedance of an

individual square with respect to the substrate.
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The major research thrust of our group is the study
of the motion of small amounts of charge. In our
experiments in capacitance spectroscopy, charges
from a quantum dot sample are coupled to an
ampilifier. It is extremely important that the amplifier
is located as close to the sample as possible to
reduce the capacitance of the gate electrode, since
the signal at the amplifier is inversely proportional
to the gate electrode capacitance. This capaci-
tance includes the coupling capacitance to the
quantum dot, the gate capacitance of the transistor
(the amplifier is usually a HEMT transistor), and all
stray capacitance to the rest of the world. We are
using the single-electron transistor (SET) as an
ultra-sensitive electrometer in this application
because it has a much smaller gate capacitance
than the HEMT transistor. Also the SET can be
fabricated in very close proximity to the quantum
dot, thus reducing stray capacitance.

To further increase the sensitivity of our measure-
ment, we will couple our signals into the central
island of a SET with a gate. We will bias this gate
separately with a specially designed low capaci-
tance resistive element. In previous experiments
with SET electrometers, the central island of the
SET was directly coupled to the device being meas-
ured. By capacitively coupling a gate to the
quantum dot, we hope to gain a threefold advan-
tage. First, the size of the Coulomb blockade
region is independent of the length of the gate wire
and the size of the quantum dot, since it is
capacitively coupled. Second, the potential on the
coupling electrode is not affected by the SET itself,
since the tunnel junctions are decoupled from this
electrode. Third, we have greater control over the
biasing of the amplifier circuit. We can bias the gate
electrode with a resistor, as we have done in our
circuits employing HEMT transistors. This would
give us the