Imaging Coherent Electron Flow Through
Semiconductor Nanostructures

A thesis presented

by
Brian James LeRoy
to
The Department of Physics
in partial fulyllment of the requirements
for the degree of

Doctor of Philosophy
in the subject of

Physics
Harvard University

Cambridge, Massachusetts

May, 2003



E 2003 by Brian James LeRoy
All rights reserved.



Abstract

Imaging Coherent Electron Flow Through Semiconductor Nanostructures

Advisor: Robert Westervelt Author: Brian LeRoy

Scanning probe microscopy is used to probe coherent electron pow in
semiconductor nanostructures. We have developed a technique for imaging coherent
electron pow through a two-dimensional electron gas (2DEG). The images are acquired
using a scanning probe microscope at low temperature. The conductance through the
device as a function of tip position is measured to obtain an image of electron pow. The
images of electron pow are decorated by interference fringes spaced by half the Fermi
wavelength. We use the spacing of these fringes to measure the local electron density.
The variation of the density with back gate voltage agrees with a parallel plate capacitor
model.

We use our imaging technique to characterize the rate of energy loss for electrons
traveling through the 2DEG. A source-drain voltage is applied to the electrons, which
accelerates them and causes them to loss energy more quickly. By imaging the electron
pow, the rate that the electrons lose their excess energy is determined. The results agree
with the electron-electron scattering rate in a 2DEG for different distances and energies.

Images of electron pow through three electron-optic devices are presented. An
electrostatic prism is used to control the direction of electron pow based on the density

under its gate. Images are shown using a round gate as a defocusing lens for electron



waves and as a circular scatterer. The potential proyle from an electrostatic gate is
investigated by creating a narrow channel for electrons. By imaging the trajectories of
electrons, the proyle of the potential from the gate is found.

The origin of the interference fringes, which decorate all of our images of electron
pow is investigated. They are due to interference between paths backscattered from the
tip and ones backscattered from scattering objects at nearly the same distance. This is
conyrmed by the addition of a small repecting gate, which enhances the interference
fringes at the same distance from the quantum point contact. The interference fringes
move as the position of the repector is changed indicating that the fringes are due to

backscattering from the repector.
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Chapter 1

Introduction

1.1. Motivation

For more than 15 years, the growth of high mobility two-dimensional electron
gases has allowed many new experiments in the yeld of mesoscopic physics. These
experiments have demonstrated new and unexpected phenomena including conductance
quantization, the integer and fractional quantum Hall effect, and single electron tunneling
[Beenakker, (1991); Sohn, (1997)]. However, most of these experiments relied on
transport measurements to understand these phenomena. The use of scanning probe
microscopy techniques allows the behavior of the electrons to be imaged on a much
smaller length scale then is accessible with standard transport measurements.

Scanning probe microscopy provides a novel way of examining electronics
devices even as they continued to be miniaturized. This is because they provide
information about the local behavior of the electrons rather than an average measure
over a macroscopic area. Our imaging techniques are also important for the design and
implementation of new devices that rely on the coherence of the electron, for example
quantum information processing devices, to perform computation. From our images
we are able to determine whether the pow is coherent and to image the pattern of pow
through a device. In this thesis, we examine the operation of some of these new types of
devices, including their pattern of electron pow and their scattering rate.

The design of new electronic materials requires methods to investigate their



properties. We show how scanning probe microscopy can be used to investigate the

local properties of these new materials. From our images of electron pow we are able to
spatially proyle the local electron density. The images of electron pow are also decorated
by a new type of interference, which can be used in the creation of devices that rely on

the coherence of the electron for their operation.

1.2. Background

The advances in mesoscopic semiconductor devices have been driven by
improvements in material quality and fabrication techniques. Most notably, the
mobility of GaAs/AlGaAs heterostructures continues to increase and has now reached
3x10" cm?#/V s [Pfeiffer, (1989)]. This increase has been caused by the development of
modulation doping techniques [Dingle, (1978)] and improved sample quality. The size
of devices that can be fabricated continues to decrease with improvements in electron
beam lithography. It is now possible to fabricate devices containing only a few electrons

[Tarucha, (1996); Ciorga, (2000); Elzerman, (2003)].

1.2.1. Two-dimensional Electron Gases

The samples that we use in all of the experiments described in this thesis contain
two-dimensional electron gases in GaAs/AlGaAs heterostructures. The heterostructures
are grown by molecular beam epitaxy, which ensures that the thickness of each layer
can be controlled with sub-monolayer precision [Herman, (1989)]. This control of the
growth properties allows arbitrary potential wells for electrons to be created. Some of

the basic shapes that can be made are square wells, triangular wells, parabolic wells and



superlattices.

For all of the experiments in this thesis we have used samples with accumulation
layers formed at the interface of GaAs and Al ,Ga ,As. Figure 1.1 shows the
conduction band edge for a 2DEG sample. The 2DEG is formed between the GaAs
and AlGaAs layers due to the offset in the conduction band for these two materials.

This offset is determined by the difference in the bandgap and electron afynity for
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Figure 1.1 Schematic band diagram showing the conduction band edge for the samples
used in this thesis. The bottom portion shows the growth layers for the heterostructure.



GaAs and Al ,Ga As. This gives an offset in the conduction band of about 230 meV
[Adachi, (1985)]. The second consideration in ynding the conduction band proyle for
the heterostructure is that the Fermi level is pinned about 600 meV below the conduction
band edge due to the surface states [Davies, (1998)]. These states are compensated with
the delta layer of Si donor atoms, which give up electrons to satisfy the surface states
and create the 2DEG. The Si donor atoms yx the Fermi level about 120 meV below
the conduction band edge at their position [Davies, (1998)]. The last step to ynd the
conduction band proyle is to calculate the slopes between these yxed points knowing the
distance and electron density.
The slope of the conduction band edge is calculated using a simple parallel
plate capacitor model. The distance and potential difference from the surface to the
Si donor atoms is known. Using this information, the number of electrons needed to
satisfy the surface states can be calculated. This leaves the rest of the Si atoms to give
their electrons to the 2DEG. The electrostatic attraction between the electrons in the
2DEG and the donor atoms creates an approximately triangularly shaped potential at
the interface of the GaAs and Al ,Ga, As. The density of the Si donor atoms is chosen
so that only the lowest subband of the potential well is occupied. The energy levels of
this potential proyle are well known and the wavefunction is given by an Airy function
[Harris, (1989)]. The equation for the energy eigenvalues of the well is
M2 opp oy a0 0F°
e Ex 10
where F = 4Ln/B is the electric yeld due to the ionized donors, n is the electron density in

the 2DEG, R is the dielectric constant of GaAs and m is the electron effective mass, which



is 0.067 times the free electron mass. This provides the conynement in the z-direction
while the electrons are free in the x and y direction creating the 2DEG.

The Fermi energy of the 2DEG can be estimated from Figure 1.1 by yxing the
chemical potential throughout the sample. This gives the following equation for the

Fermi Energy.

E.Oel,,, OFd0el ., OE,

donor offset

a120mV, 4230 mV and d is the distance from donors to the 2DEG.

where sifeet

donor
The model also can give the density of Si dopants needed to satisfy the surface states:

elO0

|:| D surface D Doffset
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where r is the distance from the dopants to the surface, _Surfac

,8600mV, and ¢ & 1/2 is
the fraction of dopant atoms that are thermally activated, i.e. not all Si donors are active.
In the case of our heterostructure more of the electrons from the ionized donors go to the
surface states than go to the 2DEG.

Since the heterostructure is grown on a GaAs [100] surface, the Fermi surface for
electrons is just a circle. This gives a very simple dispersion relation between the Fermi

energy, E., and the electron wavevector, k. This relation is given by

(>0 4K

E
F 2m

There is also a simple relationship between the wavevector, k, and the electron density, n,

since the electrons are conyned to two dimensions.

The combination of these two equations shows that the Fermi energy is linear in the

electron density.



1.2.2. Quantum Point Contacts

To further conyne the electrons we lithographically pattern electrostatic gates on
the surface of the heterostructure. The simplest pattern that can be created is a quantum
point contact (QPC), which consists of two gates with a small opening between them.
Figure 1.2 shows a scanning electron micrograph image of a quantum point contact. A
negative voltage is put on the gates with respect to the 2DEG to push away the electrons
underneath. This forces the electrons to pow through the narrow channel between the
two gates and conynes them to one-dimension.

The conynement of the electrons to one-dimension leads to a quantization of the
conductance through the QPC [van Wees, (1988); Wharam, (1988)]. Each mode of the
QPC carries the same amount of current because of the cancellation of the group velocity

and the density of states, which leads to the quantization of the conductance. Figure 1.3

Figure 1.2 Scanning electron micrograph image of a typical quantum point contact
device showing the two electrostatic gates that conyne the electrons.
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Figure 1.3 Conductance through a quantum point contact as a function of the voltage on
its gate, which controls its width at a temperature of 1.7 K. The conductance shows well-
deyned plateaus at multiples of 2e%/h.

shows the measured conductance through the QPC as a function of the voltage on its
gate at a temperature of 1.7 K. As the voltage is made more negative, the width of the
channel is decreased and transmission through the modes of the QPC is reduced. The
conductance of the QPC can be calculated using Landauer-Buttiker formalism if the
transmission probabilities of each mode are known [Landauer, (1957); Landauer, (1970);
B ttiker, (1986)]. The conductance, G, is given by the following equation

2
GDZ%DTi

where the summation is over all of the modes of the QPC and the T, are the transmission
probabilities of the individual modes through the QPC. If there is no scattering in the

QPC, the transmission probability is either O or 1 for each of the modes. This shows the
conductance quantized in units of 2e?/h depending on the number of modes accessible in

the QPC.



When the electrons are conyned to one-dimensional subbands the equation for
their energy versus wavevector has to be modiyed to account for the conynement. The

new equation is

21,2
>k
2m

EOE,O

where E is the energy of the subband at the saddle point in the center of the QPC. It is
now clear that the electrons are only free in one dimension and their energy is quantized
in the other two directions. The energy of the one-dimensional subbands in the QPC
can be found by measuring the conductance as a function of the gate voltage and the
source-drain bias VV_. As the bias is increased the electrons are able to transverse the
QPC through higher subbands [Kouwenhoven, (1989)].

Figure 1.4 shows the differential conductance through the QPC as a function
of its gate voltage and the source-drain voltage V , at a temperature of 1.7 K. Areas
of high differential conductance are shown by the blue and yellow lines. Taking a
vertical line through the data at VV_ = 0 meV, gives spikes in the differential conductance
corresponding to the addition of each new mode of the QPC. Moving to ynite V_,
transport can take place through excited levels in the QPC giving lines of high differential
conductance. These bright lines form diamonds marking the boundary of areas of
constant conductance. By measuring the width of the diamonds, the spacing of the
subbands in the QPC is determined.

The conductance plateaus of the QPC are not well deyned when the energy
spacing between the subbands of the QPC becomes smaller than the temperature. This
is because conduction takes place through several subbands and the probability of

transmission through each subband is no longer O or 1 but rather given by the electron

8
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Figure 1.4 Plot of the differential conductance through a QPC as a function of the gate
voltage and the source-drain bias voltage V_,. Blue and yellow lines indicate areas of
high differential conductance that correspond to energies in which new subbands of the
QPC become accessible. The data was obtained at a temeperature of 1.7 K.

distribution at that energy. This rounds the shape of the conductance steps into the shape

of the Fermi function for the temperature of the experiment.

1.2.3. Scanning Probe Microscopy

Since the invention of the scanning tunneling microscope, there has been a rapid
increase in the use of microscopy techniques to study phenomena on a much smaller

size scale [Binnig, (1982)]. This increase was fuelled by the atomic force microscopy



technique, which can image surfaces that are not conducting [Binnig, (1986)]. In recent
years, there have been many groups using low temperature scanning probe microscopes
to study a wide variety of phenomena including standing waves on Cu [Crommie, (1993);
Manoharan, (2000)], carbon nanotubes [Lemay, (2001); Woodside, (2002)], high
temperature superconductors [Hudson, (1999); Pan, (2000)]. One very active area of
research has been on semiconductor heterostructures where research has been focused
in two main areas, electron pow through devices [Eriksson, (1996); Topinka, (2000);
Topinka, (2001); Crook, (2000)] and the quantum hall regime [Tessmer, (1998);
Yacoby, (1999); McCormick, (1999)].

Each of the methods of scanning probe microscopy uses a feedback principle
to perform topographic imaging of the sample. In the case of scanning tunneling
microscopy, the current from the tip to the sample is measured. This is exponentially
sensitive to the distance between the tip and sample, so that it provides a sensitive
measure of the surface topography and atomic resolution can be obtained. However,
this technique requires that the surface is conducting, which is not the case in our
semiconductors where the 2DEG is 57 nm below the surface. In the case of atomic force
microscopy, the force on a small cantilever is measured. By keeping this force constant,
an image of the surface is obtained. The size of the tip determines the resolution of this
technique making atomic resolution difycult but non-conducting surfaces can be imaged.
In order to study the behavior of electrons in a two-dimensional electron gas new
techniques are needed since they are inside the heterostructure.

In the quantum Hall regime, several ways of detecting the properties of the 2DEG
have been developed. These include using a single electron transistor to sense individual

10



charges and map out their location, which has produced images of the quantum hall states
at different ylling factors [Yacoby, (1999)]. There are also techniques involving the
measuring of capacitance and compressibility, which leads to information about the local
potential of the electrons [Tessmer, (1998); Finkelstein (2000)]. These techniques work
well at high magnetic yled but are not sensitive to the electron pow without a magnetic
yeld.

The second class of experiments using scanning probe microscopy techniques
and 2DEGs involve the imaging of electron pow. These techniques all use a perturbation
in the 2DEG to scatter electrons and from the response determine the pattern of
electron pow. This technique has been applied to the pow through a large channel
[Eriksson, (1996)], pow from a quantum point contact [Topinka, (2000); Crook, (2000a)],
bending due to magnetic yeld [Crook, (2000b)], and electron pow in a 2DEG
[Topinka, (2001)]. In the rest of this thesis, this technique and variations of it will be

applied to a new set of devices to understand the electron pow through them.

1.3. Outline

This thesis presents results from experiments imaging coherent electron pow.
All of the results presented were obtained using a liquid-Helium cooled scanning probe
microscope [Topinka, (2002)]. The scanning probe microscope tip is used to probe the
pattern of electron pow through a two-dimensional electron gas formed in a
GaAs/AlGaAs heterostructure. Figure 1.5 shows images of electron pow from the
(@) yrst, (b) second, and (c) third mode of a QPC located 700 nm past the right edge of

the images. The modal pattern of the electron pow from the QPC is visible along with
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Figure 1.5 Images of the pattern of electron pow from the (a) yrst, (b) second, and
(c) third mode of a QPC located 700 to the right of the images.

interference fringes spaced by half the Fermi wavelength.

Chapter 2 describes the procedures that we use to fabricate the devices used in
these experiments. This includes the procedures for electron beam lithography, thin
ylm deposition and chemical etching. It also details the design and operation of our two
low-temperature scanning probe microscopes. This includes the design of the control
electronics, the data acquisition program and the cryostats.

Chapter 3 presents the imaging techniques that we use to image coherent electron
pow in a two-dimensional electron gas. The yrst technique uses the scanning probe
microscope tip as a moveable scatterer to probe the pattern of electron pow. The second
technique that we have developed oscillates the voltage on the tip to image the spatial
derivative of the electron pow. The ynal technique that we use is sensitive to the energy
of electrons hitting the tip and measures the local density of states.

Chapter 4 discusses our experiments on imaging the local density of electrons.
Our images of electron pow are decorated by interference fringes spaced by half the

Fermi wavelength. The spacing of these fringes gives a measure of the local electron

12



density. By measuring the change in wavelength as a function of back gate voltage, the
results are compared with a capacitor model. We also show that images of electron pow
become more diffuse as the density is reduced because the mean free path of the electrons
is reduced.

Chapter 5 describes our measurements of the electron-electron scattering length
in the two-dimensional electron gas. We demonstrate a technique that is sensitive to
whether or not an electron has scattered. By accelerating the electrons across a quantum
point contact, we decrease their scattering length. This decrease in scattering length is
measured by our images of electron pow. The results for a variety of distances and Fermi
energies are shown and all agree with theory for electron-electron scattering in a 2DEG.

Chapter 6 shows images from a series of experiments on electron optics devices.
These are devices that control the pow of electrons using electrostatic gates in analogy
to switches and lenses in optics. We show images of electron pow from a triangular
electrostatic gate, which acts as a switch. We use a round gate as a defocusing lens and as
a circular scatterer for electron waves. We also fabricated a narrow channel to guide the
electrons and study the potential proyle from the electrostatic gate.

Chapter 7 examines the origin of the interference fringes that are seen in all of our
images of coherent electron pow. The fringes arise from interference of electron waves
backscattered from the tip with backscattered waves from impurities that are near the
same distance from the QPC as the tip. This is conyrmed by using a small repecting arc,
which acts like a large number of impurities, to enhance the interference fringes at the
same radius as the arc. The interference fringes move with the position of the repector
as controlled by its voltage. We have also found that enhanced backscattering from the

13



arc enhances the interference fringes. In the last section, we show that the interference
fringes are more robust to thermal smearing near the radius of the repector.

Chapter 8 presents some conclusions for the experiments described in this thesis.
It also discusses some future experiments that can be done using our two low temperature
scanning probe microscopes. These include new experiments made possible by the

construction of our He-3 microscope that can reach much lower temperatures.
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