INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMt films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






HARVARD UNIVERSITY
Graduate School of Arts and Sciences

THESIS ACCEPTANCE CERTIFICATE
The undersigned, appointed by the

Division of Engineering and Applied Sciences

Department

Committee

have examined a thesis entitled

"Imaging Coherent Electron Wave Flow in

Two-Dimensional Electron Gas Nanostructures'

presented by Mark Allen Topinka

candidate for the degree of Doctor of Philosophy and hereby
certify that it is worthy of acceptance.

%A /k/\k W

Signature reeeeeeessenesae e enenn

Typed name Professor R. Westervelt

Ve

Signature ........Ld SN or o Aetc s 722 - <.« OO,
N .
Typed name nl"j:ofes_sor M. Tlnkha_{r} ..................................
; T Acvind s ope vp
Signature .........0 550 : fe i £za Coud KOOSO

Typed name Pxofessor. F. Spaepen. ...

~
Signature .......... é‘/\/(. ..... ) / ....................................

Profe;sor_E; Hellgr

Typed name







Imaging Coherent Electron Wave Flow

Through 2-D Electron Gas Nanostructures

A thesis presented

Mark Allen Topinka

to
The Division of Engineering and Applied Science
in partial fulfillment of the requirements
for the degree of
Doctor of Philosophy

in the subject of
Applied Physics

Harvard University

Cambridge, Massachusetts

January 2002



UMI Number: 3038491

Copyright 2002 by
Topinka, Mark Allen

All rights reserved.

®

UMI

UMI Microform 3038491

Copyright 2002 by ProQuest information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, MI 48106-1346



© 2002 Mark Allen Topinka
All rights reserved.



Imaging Coherent Electron Wave Flow
Through 2-D Electron Gas Nanostructures

Adpvisor: Prof. Robert M. Westervelt Author: Mark Allen Topinka

Abstract

This thesis presents the first published spatial images showing coherent electron
flow through quantum point contacts (QPCs). The QPCs are defined in a high-mobility
two-dimensional electron gas (2DEG) existing in a GaAs/Al 3Ga ;As heterostructure.
The images of electron flow were obtained using a new technique in which high-speed,
low-noise transport measurements are taken at the same time that 1 charged atomic force
microscope (AFM) tip is scanned or positioned directly above the 2DEG. The AFM tip
creates a movable depletion disc in the 2DEG which can backscatter electron waves and
hence change the conductance of the QPC (or other nanostructure device) when it is posi-
tioned in an area of high electron flow. By raster scanning the AFM tip and
simultaneously monitoring the conductance of the device, an image of electron flow can
be compiled.

The first series of measurements examines the angular current patterns for elec-
tron flow through the lowest transverse modes of a QPC. Very good agreement between
theory and experiment is found - the number of lobes in the electron flow patterns are
found to be equal to the mode number. Coherent interference fringes spaced by half the
Fermi wavelength, Ag, decorate the images of flow and can be blurred out by using high

drain-source bias voltages, leaving behind the envelope of electron flow. The use of the
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AFM tip as a positionable artificial impurity is also investigated, whereby it can selec-
tively suppress individual conductance plateaus.

A second series of measurements reveals surprising features in electron flow from
a quantum point contact at distances greater than about 500nm. The electron flow is
found to develop strong branches which split and bend, but which remain narrow
throughout the entire scan range. This unexpected feature of the flow has since been
investigated theoretically by our collaborators and has been found to be due to the cumu-
lative effects of many small angle scattering events - the branches are related to caustics
which form downstream of focussing dips in the potential. Another surprising feature is
found in this series of measurements - coherent fringes are found to persist throughout the

entire scan range.
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Chapter 1

Introduction

1.1 Overview

Two dimensional electron gasses (2DEGs) and nanostructures fabricated in them

have formed an exciting and dynamic area of research over the course of the past two

decades!~. Developments in two distinct sets of technologies - molecular beam

epitaxy (MBE) and microfabrica-
tion - have allowed this to occur.
MBE has allowed researchers to tai-
lor the atomic structure of a crystal
in one growth dimension with nearly
single atomic-layer precision and to
create designer crystals such as the
high-mobility GaAs/Al,Ga;_As
2DEG heterostructure shown in
Figure 1.13. These 2DEG hetero-
structures contain a quasi 2-D sheet

of electrons at the buried
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Figure 1.1 shows the 2DEG heterostructure
used in our experiments and the resulting
energy band diagram. (a) shows the material
layers and dimensions of our heterostructure.
(b) shows the conduction band edge and the
resulting z-wavefunction for every electron in
the 2DEG.

1. C. W. J. Beenakker. H. van Houten (1991). “Quantum Transport in semiconductor nanostruc-
tures,” in Solid State Physics 44, H. Ehrenreich and D. Turnbull, eds.. Academic Press. San Diego.

2.L.L.Sohn, L. P. Kouwenhoven, G. Schon, eds.. (1997). Mesoscopic Electron Transport. Kluwer
Academic Publishers, Dordrecht. The Netherlands.

3. Self consistent Schroedinger-Poisson
rik Bruus. personal communications.

Calculation of conduction band and |¥(z)|” courtesy of Hen-



GaAs/AlGaAs interface where electrons are confined to their lowest energy z-subband,
but are able to move as free electrons in the x and y directions. At the same time that
advances in MBE have allowed such crystals to be grown, microfabrication has pro-
gressed to the point where nanostructures in and on these crystals with lateral features
much smaller than 100nm are now straightforward to fabricate. The convergence of
these two technologies has allowed researches to create 2DEG nanostructures with
reduced dimensionality, and with precisely controllable and tunable shapes and sizes.

The size of the nanostructures that can be made in these 2DEGs have dimensions
of a similar order as the electron wavelength, and much smaller than the electrons’ mean
free path and phase coherence length. The ability to create such devices has opened up
an exciting new area of research known as mesoscopic physics. This is an area at the
intersection of the microscopic and the macroscopic, where the quantum wave nature of
electrons is critical to understanding the electrical behavior of the nanostructures. but
where important deviations from microscopic, coherent quantum mechanical behavior
occur because of connections to and interactions with the leads and the environment. The
field of mesoscopics has exploded since with the advent of the advanced MBE and
microfabrication techniques described in the paragraph above.

The amount of research using GaAs/Al,Ga,_,As two dimensional electron gasses
(2DEGs) and nanostructures in the past two decade is impressive. Nobel prizes were
awarded in 1985 for the discovery of the quantum Hall effect*, and in 1999 for the frac-

tional quantum Hall effect®. Nanostructures patterned in 2DEGs have been the subject

4. K. Von Klitzing, G. Dorda. M. Pepper, Phys. Rev. Lett. 45, 494 (1980)
5. D. C. Tsui, H. L. Stormer. A. C. Gossard. Phys. Rev. Lent. 48, 1559 (1982)
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of intense investigation ever since the experimental discovery in 1988 of quantized con-
ductance in quantum point contacts (QPCs)%’. That discovery helped launch an
explosion of research in 2DEG nanostructures and mesoscopic physics which continues
to this day. Research based on 2DEG nanostructures in the past decade includes an
incredible range of work. Investigations involving quantum dots alone have led to many
experimental and theoretical discoveries: Coulumb blockade and single electron
transistors>-8, Kondo physics in dots®-!9, dots as highly sensitive charge sensors!!, dots as
adiabatic charge pumpslz, dots as tunable artificial molecules!3, spin physics in dots'*!13,
quantum computation involving dots %, to name Just the tip of the iceberg. 2DEG nano-
structures more open than quantum dots have been used in an equally wide array of
investigations and discoveries: electron optics in 2DEGs!”, high-frequency mixers using
QPCs!8, investigations into quantum chaos!?, Fabry-Perot style resonators?, weak local-
ization and phase coherence measurements2!-22, Hanbury Brown and Twiss-type
experiments with QPCs>3, dephasing experiments with which-path detectors*, QPC 0.7

$»25.26

structure » to mention but a few. The field of 2DEG nanostructures and mesoscopic

physics has been an extremely exciting and robust field over the past decade.

6. B. J. van Wees et al., Phys. Rev. Lett. 60. 848 (1988)

7. D. A. Wharam et al.. J. Phys. C Solid State Phys. 21. 209 (1988)

& reviewed in M. A. Kastner, Physics Today 46, 24 (1993)

9. D. Goldhaber-Gordon et al.. Nature 391. 156 (1998)

10. S. M. Cronenwett. T. H. Oosterkamp, L. P. Kouwenhoven, Science 281. 540 (1998)

11.Duncan, D.S.: Livermore, C.: Westervelt. R.M.: Maranowski. K.D.; Gossard. A.C. Appl. Phys.
Lerr. 74, 1045 (1999)

12. Switkes, M.;: Marcus, C.M.; Campman, K.; Gossard. A.C.. Science 283 1905 (1999)

13.C.Livermore. C.H.Crouch, R.M.Westervelt, K.L.Campman. A.C.Gossard, Science 274. 1332
(1996)

14. Folk. J.A. et al., Phys. Rev. Lerr. 86 2102 (2001)



The subject of this thesis is the development of a novel scanned probe micro-
scope (SPM) tool with which to study 2DEG nanostructures which allows the collection
of detailed spatial images of coherent electron flow. Our technique combines the
strengths of traditional low-noise transport measurements with the ability to collect direct
2-d spatial information about the operation of the devices under study. Transport mea-
surements alone over the past decade have yielded a wealth of information about the
physics of these devices, as evidenced in the paragraphs above, but some very fundamen-
tal questions have been difficult to address - questions such as where are the electrons
flowing through these nanostructures?, and how are the details of the electron flow
related to the behavior and physics of these devices? This thesis presents the develope-
ment and application of a radical new tool which allows us, for the first time, to take
direct spatial images of electron flow through these devices and to begin to answer some

old questions as well as ask some new ones.

15.S. Luscher et al., Phys. Rev. Lett 86 2118 (2001)

16. Imamoglu. A.: Awschalom, D.D.: Burkard, G.; DiVincenzo. D.P.: Loss. D.: Sherwin. M.: Small.
A., Phys. Rev. Ler. 83, 4204 (1999)

17. Spector. J.: Stormer, H.L.; Baldwin, K.W.; Pfeiffer. L.N.: West. K.W.. Appl. Phys. Lett. 56.
2433 (1990).

18. Haubrich. A.G.C.: Wharam, D.A.; Kriegelstein, H.; Manus. S.; Lorke. A.: Kotthaus. J.P.: Gos-
sard. A.C.. Appl. Phys. Letr. 70, 3251 (1997)

19.Marcus, C.M.: Rimberg, A.J.; Westervelt. R.M.; Hopkins. P.F.: Gossard. A.C., Phys. Rev. Lett.
69 506 (1992)

20.Katine, J.A. et al.. Phys. Rev. Lert. 79 4806 (1997)
21.Katine. J.A.; Berry. M.J.; Westervelt, R M.: Gossard, A.C.. Phys. Rev. B 57, 1698 (1998)
22.A. Yacoby, U. Sivan, C.P. Umbach. J.M. Hong, Phys. Rev. Lett 66, 1938 (1991)



The system we apply our technique to in )
a

this thesis is one that is at the heart of a large frac- -

/T . f{/)))}/)//////)/'/

tion of 2DEG nanostructure physics - the quantum

point contact (QPC) (see Figure 1.2). After the ini-

tial experimental discovery that they show

b)

conductance quantization, QPCs have been and

continue to be used in myriad investigations

including almost every experiment mentioned in 2r

the paragraphs above. Electron flow through -1.0 08 06

Vg (Volts)
QPCs has been studied both theoretically and Figure 1.2 shows in (a) a schematic
of the experimental setup used to
image electron flow through a
quantum point contact (QPC), and in
(b) an experimentally measured
QPC conductance trace with
conductance quantization in steps of
2e’/h.

experimentally and the fundamental origins of con-
ductance quantization through QPCs is well
understood, but many questions crucial to under-
standing the operation of real-world QPCs (and
other nanoscale devices) remain unanswered. Because they play such a central role in
the operation of mesoscopic devices, QPCs make an ideal first system to study using our
new SPM techniques.

The basic experimental technique is shown in Figure 1.2a. A charged AFM tip is
brought down over the QPC, creating a movable depletion disc in the 2DEG below. This

depletion disc can backscatter electron flow through the QPC, modifying the QPC’s con-

23.W.D.: Kim, J.: Liu, R.C.; Yamamoto, Y., Science 284. 299 (1999)
24.E.Buks, R.Schuster, M.Heiblum, D .Mahalu, V.Umansky. Nature 391, 871 (1998)
25. A. Kristensen, et al., Phys. Rev. B 62, 10950 (2000)

26.S. Cronenwett, et al.. submitted to Science QOctober 2001.



ductance. When the tip (and its depletion disc) are placed so as to block flow coming
from the QPC, a relatively large change in conductance through the QPC will be mea-
sured. Conversely, when the tip is placed over an area where little current is flowing, it
will have a correspondingly small effect on the QPC’s conductance. By raster scanning
the tip and simultaneously measuring the conductance through the QPC we can compile
an image showing the electron flow pattern from the QPC.

A number of interesting, important, and often surprising facts about electron flow
from a QPC were successfully measured using this technique. Figure 1.3 shows both the-

oretically calculated and experimentally measured flow through the third mode of a QPC.

Figure 1.3 shows theoretical and experimentally measured electron flow
patterns through the 3rd mode of a quantum point contact. The central region
shows the gates (gray) and the theoretical flow (black indicates low flow
regions, color corresponds to higher flow). The far left and right are actual
experimental images of electron flow from the third mode of the QPC.

Excellent agreement between thf:ory27 and experiment can be seen in Figure 1.3. We
confirm the theoretical prediction that flow through the Nth mode should in general con-

tain N lobes of current flow. Three main lobes of electron flow can be seen on both sides

27. Theoretical calculation performed by Scot Shaw in Prof. Eric Heller’s group.



of the QPC in this figure. Coherent fringes spaced by Ag/2 decorate the experimental
image of flow and confirm that we are imaging coherent quantum mechanical electron
wave flow. Modal structure such as that seen in Figure 1.3 and other features of electron
flow close to a QPC are the subject of Chapter 4.

Several very surprising features of the electron flow from a quantum point con-
tact (QPC) were found when we looked further away from the QPC. Figure 1.4 shows an

experimental image of flow from a QPC biased on the first conductance plateau.

Figure 1.4 shows electron flow through the Ist mode (G = 2e2/h) of a QPC. The
electron flow is constrained to a surprisingly narrow branch throughout the entire
scan range, and coherent fringes decorate the flow out to the edge of the scan. The
QPC gates and channel are located approximately 300nm to the left of this scan.

This image dramatically shows a very interesting and unexpected feature of electron flow
from a QPC that was discovered in the course of these experiments- rather than spread-
ing out into a smooth fan far from the QPC, the flow forms into narrow branches which
stay surprisingly strong and narrow throughout the entire scan range. This was studied
theoretically by Prof. Eric Heller’s group, and an unexpected and elegant explanation was
found. These branches are the results of classical electron trajectories forming caustics as

they pass over many bumps and dips in the potential. These branches as well as other



features of the images of electron flow for distances between 1 um and 4um from the

QPC are the subject of Chapter 5.

1.2 Contents of the Thesis

The first half of this thesis (chapters 2 and 3) concentrates on the development
and investigation of a new low-temperature scanned probe microscope (SPM) tool for the
study of nanostructures. The second half of this thesis (chapters 4 and 5) presents results
from applying this new tool to one of the central devices in 2DEG mesoscopic physics,
the quantum point contact (QPC).

Chapter 2 presents a description of the elements that have gone in to making the
experiment work. An overview of the entire experimental apparatus is presented, start-
ing with a picture of the entire room containing the experiment and zooming in step by
step down to the heart of the experiment, the atomic force microscope. After this over-
view, details of a number of important subsections are given including the cryogenics
necessary to reliably cool the sample to 1.7K, vibration isolation techniques, control elec-
tronics, and details about the control software which was written to manage the
experiment. An additional section details advanced cryogenic AFM techniques devel-
oped in the course of completing this work, and a last section details special lithographic
techniques used in preparing samples.

Chapter 3 provides details of how the experimental technique we have developed
to image coherent electron tlow actually works. Electrostatic calculations were per-
formed using a home-written 3-d Poisson solver in order to better understand the

perturbation our tip was introducing to the 2DEG. Measurements were then performed to



experimentally measure the actual perturbation from the tip. Comparison between theo-
retical and measured tip perturbations shows excellent agreement, indicating that our
simple model for understanding the effects of our tip is accurate. Next the tip is weakly
coupled to the 2DEG and is used as a movable gate. A series of measurements in this
mode of operation demonstrates a surprising resilience of conductance quantization in a
QPC against non-depleting perturbations. In the final section of this chapter, the tip is
strongly coupled to the 2DEG and the first images of electron flow are taken. Explana-
tions for how our technique achieves a higher resolution than might be at first expected
are included in this final section.

Chapter 4 discusses what we have discovered about electron flow from a QPC
close in to the QPC. All the images presented in this chapter were taken within about
400nm of the QPC. In this region the flow through the Nth mode is found to have N
main lobes, in good agreement with theory (see Figure 1.3). The appearance of coherent
quantum mechanical fringes spaced by Ag/2 is discussed and the fact that they can be
washed out by applying a large drain-source bias is shown. Last, the use of the tip as a
positionable artificial impurity is demonstrated by selectively scattering different modes
from the QPC.

Chapter 5 presents images showing electron flow farther from the QPC - up to
4um away. In this region the electron flow forms unexpected narrow branches which
persist throughout the entire scan range (see Figure 1.4). These branches have been
investigated theoretically by Prof. Eric Heller and his group, and the understanding
arrived at from that work is presented here. Next, the surprising results that the fringes

observed close in to the QPC in Chapter 4 are found to persist to the edge of our scan



range is presented. Finally, several other interesting, unexpected observations made

while imaging flow far from the QPC are discussed.

Chapter 6 discusses the conclusions drawn from this work and mentions several

exciting possible future directions.
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Chapter 2

Experimental Techniques

2.1 Chapter Overview

A number of unique experimental techniques, tricks, and tools have been devel-
oped in the process of completing these experiments. In this chapter I cover solutions to
challenges uniquely associated with building a low-temperature atomic force microscope
(AFM), as well as some more general experimental techniques. The first half of this
chapter deals with strategies that are most relevant to the issues surrounding successfully
building and operating a cryogenic AFM. Section 2.2 provides an overview and descrip-
tion of the entire AFM experimental apparatus. Section 2.3 details some cryogenic
techniques which are critical to the design and operation of the low-temperature AFM.
Section 2.4 covers AFM sound and vibration isolation strategies. Section 2.5 covers
other issues that have been important to successfully building and operating the AFM
including making sure the AFM tip conducts at low-temperature and being able to align
to a sample both at room-T and at liquid Helium temperatures. Section 2.6 covers the
electronics that were developed to run the experiment. Section 2.7 details the software
package that was written to run the experiment and also to perform specialized analysis
and plotting of the data. Section 2.8 explains specialized lithography techniques that [

have developed and used during sample fabrication.



2.2 Experimental Overview

This section provides an overview of the experimental setup used to image coher-
ent electron wave flow. We will start with a “zoomed-out” view of the entire apparatus,
and move in one step at a time until we are focussed on the sample and AFM tip. A sche-
matic diagram and a digital photograph showing the entire experimental setup used are

shown below in Figure 2.1:
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Figure 2.la shows a photograph of the experimental setup. 2.1b shows a corresponding
schematic of the setup with identically labelled components See next page for a detailed
description of the setup.



The Macintosh “Control Computer” seen on the far left of Figures 2.1a & 2.1b is
responsible for controlling all aspects of AFM operation as well as controlling and mea-
suring the device being studied. A computer software package has been written for this
purpose and is described in Section 2.7. The computer controls and monitors the AFM
and the sample through home-built electronics, detailed in Section 2.6. The AFM itself is
mounted to a cold plate inside of the vacuum space of the dewar, which is placed inside
of a sound and vibration isolation box. Figure 2.2 is a close up of the dewar (containing

the AFM) and the sound & vibration isolation box.
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Figure 2.2 shows the vibration isolation box and cryogenic dewar. The box is about Im
X Imx 1m, and the dewar is 0.5m tall, and 0.3m wide. Note that in actual operation
the isolation box has an addition front and top lid to acoustically isolate the experiment.

The sound and vibration isolation box contains lead sheets and acoustic foam to dampen

sound transmission from outside, and is hung from the ceiling by 6-foot long springs.
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Previously surgical tubing was used, but was replaced by springs due to the possibility
for catastrophic failure, i.e. oxidation and sudden snapping of the rubber tubing. In actual
operation two additional lead and acoustic foam-lined lids are placed on the front and top
of the box, further isolating the dewar and the AFM from outside vibrations and sound.

A close-up of the dewar containing the AFM is shown below in Figure 2.3:

a) b) Dewar Cryogen
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Figure 2.3 shows close-up views of the cryogenic dewar used to cool the AFM to
low temperatures. (a) shows a digital photograph of the dewar resting inside the
sound & vibration isolation box. (b) shows a schematic cutaway view of the
insides of the dewar.

The AFM is mounted horizontally in a large vacuum space at the bottom of the
dewar. The dewar is then closed up and evacuated with a turbo pump. Once a suffi-
ciently low pressure in the vacuum space has been reached (about 10 Torr), cryogens are
added to the dewar, the dewar vacuum space is valved off, and the turbo pump is discon-

nected (because cryopumping to the 4K and 77K shields is now more than sufficient to






