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ABSTRACT

Electron-Beam Lithography of Quantum Interference Devices
For Electron Transport Studies

Michael Joseph Rooks
Yale University
1987

Electron-beam lithography is employed to fabricate devices for electron-trans-
port studies. A modified scanning-electron microscope is used to produce sub-0.1 gm
features, and a hybrid deep-ultraviolet/electron-beam process is used to fabricate
complete devices. Feature sizes as small as 30 nm have been produced with a pro-
cess which uses a novel PMMA/PMMA bilayer electron-beam resist. This process
allows the fabrication of metal structures whose sizes are on the order of the elec-
tron phase-breaking length, 2¢. Devices with dimensions smaller than 24, demonstrate
corrections to the Drude conductivity which are determined by quantum interference
effects characteristic of lower-dimensional systems. These effects are observed in
micron-size normal-metal rings of Al and Ag. Resistance oscillations with a flux
period of h/2e, as predicted by Altshuler et al., as well as those with period h/e, are
observed in 1-2 pgm diameter rings. These electron interference effects in metal rings
are the solid-state analog of the Aharonov-Bohm effect for electrons in vacuum.

Narrow wires of Al and Ag, of width 35 to 110 nm, are used to probe the electron

phase breaking rate. This rate is an important parameter for theories which predict
the magnitude of interference effects seen in rings. We find that this rate at low
temperatures is dominated by one-dimensional electron-electron scattering with small

energy transfers.
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L. Introduction

Advances in microfabrication technology have allowed the linewidths found in
commercial integrated circuits to be reduced to the 1 pm scale. Linewidths produced
in the laboratory [Craighead, et al, 1983; Mackie and Beaumont, 1985; Broers, et al.,
1976; Rooks, et al. 1987] are as much as 100 times smaller. The trend toward
smaller and faster commercial integrated circuits requires an understanding of the
scaling properties of small devices. Techniques of microfabrication have not only
allowed the study of such commercially-important devices, but have also opened a
regime of experimental science important in its own right: the physics of electron

transport in ultrasmall structures.
L.A. Device Studies

A free electron in vacuum can be described by a wavefunction

P =9l 0 = |p| KT - YA @1

where K is the wavevector and E is the energy. A real metal has defects,
impurities, and grain boundaries. When the electron moves in such a metal at low
temperatures, it undergoes many elastic scattering events, in which kK changes while
E does not. The length between elastic scattering events, the mean-free path £, is
typically 1-10 nm in most metal films. The electron moves diffusively - perhaps
under the influence of a net electric field - taking steps of length £ = v,7, where
v is the Fermi velocity and 7 is the time between elastic scattering events. After
a time 74 the electron’s phase will change by an amount comparable to 7,
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2-
relative to what the phase would be had the electron not undergone any energy-
changing (inelastic) collisions. Since the number of inelastic collisions goes to zero
as the temperature approaches zero, T4>>7 at low temperatures. The corresponding
length scale is &5 = (D74)/2 which is the phase-coherence length. D = vel/3 is
the diffusion constant for conduction in films with £<d. Phase-breaking events can

arise from electron-electron scattering or electron-phonon interaction.

There is an important distinction between elastic and inelastic scattering:
collisions which change the energy state alter the phase in a time-dependent manner.
In contrast, a set of elastic collisions can form a standing-wave pattern analogous to
water waves in a rocky stream. An electron "remembers" its phase over a distance
2 & therefore, devices designed to show effects due to the interference of electron
waves should be made smaller than the phase-coherence length of electrons in the

material.

Wires which are much longer than 2¢, but whose width W is much smaller than
2¢, are considered "one-dimensional® (1D) in the theory of localization. First
predicted by Thouless for wires of finite width at finite temperature [Thouless, 1977,
electron localization causes an increase in the resistance of the wire as the
temperature approaches 0 K. This rise in R is in contrast to the resistance of a
classical wire at low temperature, which approaches a constant value determined by
impurity scattering. In a non-classical, narrow wire at low temperatures the
electrons have an enhanced probability - due to quantum interference - of forming
standing waves; this is the origin of the term "localization". The effect has been

studied thoroughly, both theoretically [e.g. Altshuler, et al.,1981; Fukuyama, 1984]
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Fig. I-1: Summary of quantum transport effects. (a) interference due to time-
reversed paths in wires leads to localization effects, (b) random paths in short
samples leads to conductance fluctuation effects, (c) time-reversed paths in ring
structures cause oscillations in the resistance with magnetic flux period h/2e, (d)
random, sample-specific paths in rings cause oscillations in the resistance with
magnetic flux period h/e. From [Prober, 1986).
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and experimentally [Bergmann, 1984; Santhanam et al., 1984, 1987, and references

therein].

Studies of localization have been important for understanding quantum
interference effects in micron-size rings. Fig. I-1 gives a summary of these effects,
in rings and wires. Single rings of Al and Ag have shown oscillations in their
resistance as a function of magnetic field. These oscillations are due to the
interference of electron waves - the same interference which causes localization
effects in wires. Other interference effects seen in rings are seen as well in short

wires (where L < £4).

L.B. Lithography

In order to study quantum interference effects (as discussed in section I.B.) in
an effectively lower-dimensional system, one or more of the dimensions of the device
must be less than the phase-breaking length £4. This length is typically one micron
at low temperatures (~1 K). For a moderately complex device - e.g, a ring - the
linewidth must be much smaller than 2¢ - say, W ~ 0.1 pm. To study the effects of
one-dimensional electron-electron scattering, a wire must also be narrower than the
thermal diffusion length £ = (AD/kgT)"/?, where D is the diffusion constant and T
is the temperature. £; ~ 0.1 um in typical metal wires at ~2K. These dimensional
constraints (as discussed further in sections I.B. and IIT) require the use of a high-

resolution technique such as electron-beam lithography.



MASK |wm|mm| exposiNG
: ; ;m\mmon

[ 2 4 =<JRESIST
W =TISUBSTRATE
Y

o

DEVELOP

/\

A

DEPOSIT ETCH

N an

LIFT-OFF
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(right). Alternatively, a metal is evaporated onto the pattern followed by imersion in
acetone. The acetone dissolves the organic resist, leaving a metal pattern. This
"iftoff" process is shown on the left. From [Howard and Prober, 1982].
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1B.1. Exposure and Pattern Transfer

The basic steps of lithography are shown in Fig. I-2. Consider the following
process example. A solution of polymethylmethacrylate (PMMA) in a solvent is spun
on an oxidized silicon wafer, then baked to form a solid layer. The PMMA resist is
then gxposed, either with light or with electrons, thereby breaking bonds in the long
chain resist polymer. A developer will preferentially dissolve the low molecular-
weight areas of the polymer film, leaving the desired pattern. The pattern is then
transferred to the substrate either by etching (wet etching or plasma etching) or by
the "liftoff" technique. In the liftoff process a metal film is evaporated onto a
developed pattern. The remaining resist is dissolved by immersion in acetone, leaving
a pattern of metal as shown in Fig. I-2. Liftoff is the technique used for most of

the work described here.
I.B.2. Electron-Beam System

The e-beam patterning used for this work employs a standard ISI SS-60
scanning electron microscope (SEM) [ISI]. A custom interface drives the electron
beam in a raster pattern, while 2 computer turns the beam on and off. These "beam
blanking" signals are fed from the computer, through the raster interface, to an
electrostatic beam blanker on the SEM column (Fig. 1I-3). For features larger than
0.1 gm a single layer of PMMA (0.3 gm thick) is used as the resist. For linewidths
down to 30 nm, a two-layer PMMA resist is used. The pattern is defined in the thin
top layer. The bottom layer serves to enhance the resist undercut, and provides the
overall thickness necessary for lifting-off a metal pattern. This bilayer is discussed

thoroughly in section ILD.
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Fig. I-3: Electron-beam lithography system. A scanning electron microscope
equipped with an electrostatic beam-blanker receives X-Y scan signals from a custom
raster-scan interface, while blanking signals are sent through the interface from a
Hewlett-Packard Series-200 computer. The computer also sends information which

allows the interface to change raster speeds.



-8-

The most fundamental limitation of e-beam lithography is its serjal nature (ie.,
the primitive shapes in the pattern are drawn one after another). In contrast, the
process of photolithography is a parallel process - in which the entire pattern is
transferred from mask to wafer in one step, regardless of pattern complexity. A
number of works have reviewed the process of standard photolithography: [e.g., Lin,
1983; Ghandhi, 1983]. Fortunately, PMMA can be used both as a photoresist and as

an e-beam resist, so that the advantages of both mechanisms can be exploited.

1.C. Motivation and Outline

The next chapter (II) is devoted to the fabrication techniques which have
constituted the largest portion of this thesis work. A more complete discussion of
quantum interference effects will be presented in chapter III. Earlier studies of
scattering mechanisms and quantum interference effects in metals (e.g., localization
experiments) were greatly limited because devices (wires) could not be made smaller
than the relevant dimensional length scales, or materials were not completely
characterized. These considerations have motivated the development of a flexible

high-resolution electron-beam lithography facility.

A new regime of device size scales has made possible a great variety of .new
experiments. Electron-beam lithography at Yale has been applied to (1) the
Aharonov-Bohm effect in metal rings, (2) one-dimensional electron-electron scattering
in wires, (3) spatial quantization in narrow-gate MOSFETs, and (4) normal-state
junction interference devices. This thesis deals primarily with electron-beam

lithography, ring experiments, experiments on normal-junctions, and (to a lesser
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degree) experiments on 1D electron-electron scattering. The experiments will be

discussed in chapter IV, following the theoretical discussion in chapter HIL






