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Brief Outline of Research Findings

During the reporting period covering the first six months of 1989, pattern

translation capability has been developed and used to implant Si NMOS devices and

Gunn diodes.

1. The capability to transfer the positions of features from a given level of an

integrated circuit layout to the focused ion beam machine is important in most of

the intended applications of foc' sed ion beam implantation. We have

developed-the capability.to transfer patterns written in MAGIC (a layout software

system) to the focused ion beam format. The "label scheme", which permits

additional information, besides the location and size of features, to be

transmitted, is used to specify the ion dose in a given feature. Dose gradients

can also be specified.

In addition, routines to calibrate the focused ion beam deflection and to

accurately align the sample to the focused ion beam field have been

developed.

2. The machine development described above w- '.sed to implant the channels

on Si-NMOS devices. A test structure was used where each die had 256

transistors each one with probe contact pads. Each die was aligned to the

focused ion beam and then all 256 channels were implanted with a variety of

doses and geometrics. In some dies boron stripes were implanted next to the

source. This produced a 25% increase in transconductance and a large

increase in output impendence resulting in an increase in gain of a factor of 20.



In other devices As was implanted with a gradient of doping from source to

drain.

3. In the area of GaAs devices Gunn diodes were implanted with variety of doping

gradients between the contacts. Again the pattern transfer and alignment

capability was used. ,The doping gradients were chosen according to

calculated computer models. The conventional fabrication steps (annealing

and contacts) are being completed.

In addition, a mask set has been fabricated for the fabrication of GaAs

MESFET's. The channel regions will be implanted with various doses of Si in

various geometrics. Submicron length gates, aligned to the focused ion beam

imolants, will be defined by using focused ion beam lithography.

4. We have also collaborated with H.I. Smith and his colleagues to usethe fine

pattern writing of the focused ion beam systemlto generate electrodes on

GaAs/GaAIAs modulation doped structures. These electrodes had a minimum

width of 0.05 4im and were used to observe resonant tunneling parallel to the

surface.
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Sub-100 nm X-ray Mask Technology
Using Focused-Ion-Beam Lithography

W. Chu, A. Yen, K. Ismail, M.I. Shepard, H.T. Lezec, C.R. Musil,
J. Me!ngailis, Y.-C. Ku, J.M. Carter, and Henry . Smith

Massachusetts Institute of Technology
Cambridge, MA 02139

Abstract

In the past, nearly all x-ray nanolithography (i.e., sub-100 nm linewidths)
employed the CK x-ray line at 4.5 am. This, in turn, necessitated near-zero gaps (to
avoid diffraction) and carbonaceous masks (e.g., polyimide, which is subject to
distortion). In order to use x-ray replication in the fabrication of multilevel devices

and circuits that cover large areas (- a few cm 2 ) and have feature sizes well below
100 m, we have turned to the CuL line at 1.3 nm. Masks consist of 1 .rn-thick Si or
Si3N4 membranes and Au absorber patterns, 200 am thick, which provide 10 db
contrast. Linewidths < 50 nm have been replicated, indicating that photoelectron

range is not a serious problem; Focused-ion-beam-lithography (FIBL) with Be' +

ions at 280 keV was used to produce quantum-effect-device patterns with minimum
linewidths cow'n to -50 nm. ThE FIBL process (expo_-c r- of 300 nm-thick P,MIA,
followed by .-\u electroplaLig) is high yield and much simpler than a cui-level
electron-beam-lithography process designed to give comparable results. This is the
first time FIBL has been used to make x-ray masks at sub-100 nm linewidths. Along
with the device patterns, linear-zone-plate alignment marks were also written on
the masks, to be aligned to corresponding marks on the substrate via an optical
alignment scheme. In this paper we report on procedures for fabricating and
aligning the new x-ray nanolithography masks, and show results of exposures.

Introduction

X-ray lithography has been used in the fabrication of a wide range of sub-100

nm-linewidth structures and devices, most recently MOSFETs [1,21, quantum wires

[3,41 and lateral-surface superlattices [5]. In all but a few examples of such work the

carbon K (CK) x-ray line at 4.5 nm was used. The CK line is attractive for nanolitho-

graphy (i.e., sub-100 nm features) for two reasons: 1) a contrast of 10 db can be

achieved in films of Au or W only 80 nm or 63 nm thick, respectively; 2) any loss of

resolution due to photoelectrons should be minimal since their effective range is

expec+ed to be -5 nm. On the other hand, use of the CK line carries two significant

1 , nu~ ~ Pnm n nunm nm n nn m unn nn nn u u mu uunnmmann m nm nu



FOCUSED ION BEAM LITHOGRAPHY AlND MPLANTATION

John Meingailis

Research Laboratory of Electronics
Massachusetts Institute of Technology

Cambridge, MA 02139

Abstract

During the past ten years a steady development of focused ion Systems without mass separation are simpler and
beam machines has taken place. A number of realistic applications in generally operate in the energy range of 10-70 kV. They
microelectronics have been demonstated or identified. Typically have shown beam diameters below 0.05 r and operate
machines operate at accelerating voltages between 10 and 15C kV with
beam diameters down to 50 nm and current densities in the beam of 0.1 to with Ga ions. The main applications are: ion milling for

5A/cm
2 . The ion species available include Ga and the main dopants of mask repair or for circuit restructuring and repair; ion

Si and GaAs (As, B, Si, and Be). Computer controlled patterning with induced deposition where adsorbed metal bearing
0.1 tin accuracy has been demonstrated. Photomask repair is already a molecules are broken up to form a patterned film on the
commercially developed application. Integrated circuit restructuring su7'face; surface analysis (SIMS); and scanning ion
and repair is a natural extension and is also being developed microscopy which is used in aligning samples under the
commercially. beam and is much like scanning electron microscopy.

In th;s paper we will survey ion beam lithography and
maskless, resistless implantation. These applications generally
demand the most sophisticated machinery including high voltage and The systems with mass separation generally operate
mass separation, and so far they have been demonstrated only in the up to 150 kV and use alloy sources. The mass separator
research laboratory. However, their long range impact may be can select out the desired ion species. Thus doubly
significant. In lithography the absence of proximity effect and the ionized species are available up to 300 keV. The
ability to expose resist with fine features and vertical sidewalls inized ei s are e 00 ke . The

without multilevel techniques offer distinct advantages. Focused ion minimum beam diameters are near 0.05 gm. The main

beam implantation may, in special cases, be substituted for applications are lithography i.e. exposure of resist and

conventional fabrication, for example in CMOS threshold adjust and in maskless, patterned implantation. This paper will focus
special GaAs devices. The key issue of writing time will be examined, on the latter two applications only. A more complete

review and references to the literature are found in ref. 6.
Introduction

Machinery
An energetic ion incident on a solid surface

produces a number of physical effects: surface atoms can 1. System configuration:
be sputtered off near the point of impact; the energy lost by

the ion can produce chemical changes in adsorbed films or The focused ion beam systems used in implanta-
in the bulk of the solid; the ion can imbed itself in the tion and lithography are complex and, although two

solid changing its properties; the ion can displace lattice companies offer models for sale, they are still
atoms from their equilibrium sites causing damage; and evolving.( 7 ,8)*
the ion can cause electrons to be emitted from the surface.
Some of these effects such as sputtering and implantation The main component is the ion column, which
are widely used in microfabrication where a flux of ions is uses a high brightness liquid metal alloy source to
incident on the wafer, part of which is masked by a generate a beam of ions which passes through various
lithographically palterned film structure (e.g. photoresist). elements which mass separate, focus and deflect the beam

Focused ion beams can address a given area of a wafer on the sample. A schematic of a column is shown in
with submicrometer precision and remove the need for Fig. 1. The column sits on a vacuum chamber which

the lithography step. Thus the number of these houses a precise laser interferometricay controlled x-y
ion/surface interaction modes to be exploited has stage. Pattern generation and deflection electronics
increased. position the stage and deflect the beam to produce a

The development of the liquid metal ion desired pattern with a desired dose.(7 ,8 )

source(1 ,2 ) of high brightness made possible focused ion In general the machines look and operate very
beam machines with usable current densities in the beam much like e-beam lithography machines except that an
spot. Already in 1979 0.1 iim features were written with Ga ion beam is used in place of an electron beam. Figs. 2 and

ions with a current density in the beam of 1.5 A/cm2 . Ref. 3 show the two commercial models available.
3. The next important development was the use of alloy
sources such as Au/Si/Be coupled with crossed electric

and magnetic field mass separation.( 4 ,5 ) This permitted *In fact simpler non-mass separated columns can, and

the dopants of Si and GaAs to be focused on a surface. have been used for lithographic writing of features
down to 30 nm. However, since Ga is used the resist

Focused ion beam machines can be divided into thickness which can be exposed is limited. See ref. 24.
two categories, those without mass-separation and those
with mass separation.

Proceedings of 8th Bienntal Unlverslty/Govt. /Irdustry Microelectrorcs Syrp.

Westbom.. Mass. June, 1989 (pubLished by IEEEI



Resonant Tunneling Across and Mobility Modulation Along

Surface-Structured Quantum Wells

K. Ismail', W. Chu, R.T. Tiberio", A. Yen, H.J. Lezec, MA. Shepard, C.R. Musil, J.

Melngailis, D.A. Antoniadis, and Henry I. Smith

Department of Electrical Engineering and Computer Science

Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge MA 02139

With the Department of Electrical Engineering, Cairo University, Giza, Egypt. Cur-

rently working on his Ph.D. degree at MIT.

National Nanofabrication Facility, Cornell University, Ithaca, NY 14853-5403

Abstract

We present results of fabrication and transport measurements on surface-structured

quantum wells. The structures are fabricated on GaAs/AIGaAs modulation-doped

layers. Three different devices are examined: the grid-gate lateral-surface-superlattice,

the planar-resonant-tunneling field-effect transistor, and the multiple parallel quantum

wires. In the first two structures, transport is perpendicular to the field induced

potential barriers. At 4.2 K, we observed evidence for resonant tunneling in both

types of devices. In the third type of structure, transport is through isolated quantum

wires parallel to the barriers. The presence of one-dimensional energy subbands, and

mobility modulation, above and below the two-dimensional value, were observed.
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