CARNEGIE MELLON

____Department of Electrical and Computer Engineering__

Design and Construction
of a Scanning
Tunneling Microscope

Roland Schaefer
1989

" .
Carnegie
Mellon

N

—




Design and Construction
of a

Scanning Tunneling Microscope

Roland Schaefer

Department of Electrical and Computer Engineering
Carnegie Mellon University
Pittsburgh, Pennsylvania 15213

~ September 12, 1989

Submitted in partial fulfillment of the requirements for

the degree of Master of Science in Electrical Engineering.

(©Roland H. Schaefer; all rights reserved



Abstract

This report describes the design and construction of a Scanning Tunneling Mi-
croscope (STM). A Scanning Tunneling Microscope is a relatively new instrument
in the field of surface science and has the capability of atomic resolution of surfaces.

This report presents some background theory pertinent to the understanding of
the STM. Theories of electron tunneling, STM operation, and control theory are all
briefly covered.

This report also presents the mechanical and electrical designs used in the con-
struction of the STM. Some historical developments are illustrated to justify design
choices. Both the mechanical and electrical designs are described in detail.

Also presented in this report are some results obtained during the design and
construction of the STM. The imaging capabilities of the STM is presented with the
images of different surfaces: a machined surface, an epitaxially grown monocrystal

of gold, and graphite.
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Chapter 1

Introduction

1.1 History

The resolution limit of optical microscopes was reached decades ago. Since then
many other microscopes have been developed in an attempt to resolve even smaller
features; the Scanning Electron Microscope (SEM), the Transmission Electron Mi-
croscope (TEM), etc. . Now, with the advent of the Scanning Tunneling Microscope
(STM), the resolving power of scientific instruments has been advanced yet again.

The STM was developed by researchers at IBM Zurich Research Laboratories
as a tool to “observe structures and compositions on an atomic scale”[1]. Binnig,
Rohrer and Gerber first published their results on tunneling through a vacuum gap
in 1981[2]. In 1983, this same group published the first atomic resolution images
of the Si(111) surface[3]. The development of the STM earned the group a Nobel
Prize in Physics in 1986.

Since the first images in 1983, the STM has been modified and developed by
many research groups around the world. Its atomic resolution makes it an excel-
lent tool not only for surface imaging, but also for spectroscopy measurements and
determination of surface electronic structure{4]. The STM has also been used for
lithography[5][6] and has many possible future applications in semiconductor mate-
rials and device processing[7]. Recently, the STM has been used by researchers at
Lawrence Livermore National Labs to image DNA[8]

A number of good review articles have been written about the STM[9][10][11];
the reader is referred to these articles for a more detailed history of the STM.



1.2 Project Outline

The objective of this project was to design and construct an STM. The design was
to be as flexible as possible, with any changes that may be necessary in the future
requiring a minimum amount of work. The STM built in this project will be used
for spectroscopy measurements of Si/SiO, interface traps by other researchers.
Computer integration is necessary to store and retrieve data, and to facilitate
image processing of the results. The STM is to function on its own with a storage

oscilloscope for display, or under computer control.

1.3 OQOutline

Chapter 2 contains a brief review of the theory and background information neces-
sary in order to understand the principles of the STM. This chapter will summarize
some of the theories and present their results. Further information can be obtained
from the references provided.

Chapter Three will cover one of the most important aspects of the STM: the
mechanical components. It will outline problems and past solutions, as well as the
implementations in this project.

Chapter Four covers the electronics of the system. It will present each of the
major circuits involved and gi\"e a brief explanation of their function

Chapter Five includes the major results of this project. Results include proof of

a tunneling current, images of a machined metal surface and graphite.

1.4 Other Documentation

To keep the report concise, additional information will be included into other docu-
ments. First, a detailed description of all the circuits will be written for application
and debugging purposes. This will go into far greater depth than the descriptions
covered in Chapter Four. Also to be written will be a Users Manual for the opera-
tion of the STM. This will cover how to switch the STM on, practical details of tip
preparation, the correct method to move the sample to the tip, ete.

The computer integration was mostly performed by Raj Basudev, and his Senior

Project report details most of the software written and the interface hardware built.



Chapter 2
Background

The theory behind electron tunneling can be fairly involved. This chapter highlights
a few results of electron tunneling theories, pointing out their relevance to the
operation of the STM.

This chapter also briefly covers the basics of STM theory, while further chapters
go into the details of the STM design.

2.1 Electron Tunneling

Clear discussions of electron tunneling can be found in many texts and papers on
quantum physics[12]-[15].

One-dimensional models of electron tunneling are reasonably simple. Figure 2.1a
shows the band diagram for two similar metals separated by a vacuum. As a result
of this vacuum gap, an energy barrier exists for electrons. However, there is a finite

probability of electrons tunneling through the barrier, given by:
P x e”2d (2.1)

where d is the barrier width, and « is equal to /23(V — E). For this specific
case, m is the mass of an electron myg, and (V — E) is the barrier seen by an electron
with energy E. In most metals at room temperature, few electrons are excited very
much above the Fermi level, so it is possible to let E be equal to the Fermi energy
of the metal; therefore (V — E) is simply the work function ¢ of the material,.

Figure 2.1b shows two dissimilar metals separated by a vacuum. If there is no

applied bias, their Fermi levels will be constant across the junction, and a contact



potential will be created, ¢.. Equation 2.1 is still true, except now the barrier height
seen by the electrons can be approximated as the average of the two metal work

functions.
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Figure 2.1: Energy Diagrams for Electron Tunneling.

Figure 2.1c shows two different metals separated by a vacuum barrier but with
a bias voltage Viios applied. If the bias voltage is small, then the barrier height is
hardly changed. Now, the probability of tunneling in one direction is no longer equal
to the probability of tunneling in the other direction; the result is a net tunneling

current proportional to Viia,s: -
I x Vua,e"‘"\/‘; (2.2)

where Vj;,, 1s the applied bias between the two metals, A4 is a constant related to
o equal to 1.025 A-1eV-3, ¢ is the average of the work functions of the two metals,
and s is the gap spacing. Equation 2.2 clearly shows the ohmic nature of the
tunneling gap. Typical work functions are of the order of 3-5 eV. Calculations have
shown that typical gap spacings for STM operation are of the order of 4-6 A[10].
Changes in gap spacing of 1 A can result in an order of magnitude change in the
tunneling current. This strong dependence of tunneling current on gap spacing is
what makes the STM feasible. Clearly, having gap spacings on the order of 5 A
between two materials is a challenging task. If however, an atomically sharp tip is
used as one of the materials, and the sample is flat, this becomes a realizable task.

Since one of the materials is now a tip, the tunneling theory of the STM becomes

much more complex. The tip of the STM can no longer be represented by a plane,



and the wave representation of the conduction electrons at the Fermi level will
probably be more complicated than that of a simple plane wave. Therefore, solutions
to the problem of tunneling of electrons in the STM must take into account more
of the electronic structure of the surface.

The solution shown does give a good qualitative feel for the tunneling process
and the variables involved. However, a completely accurate picture of the process
involves a much more rigorous approach.

Bardeen[16] and Simmons[17][18] have both tackled this problem by considering
the tunneling phenomenon as an overlap of the wave functions of two independent
systems. The results are complex, and I refer the reader to the papers mentioned

for further information.

2.2 STM Theory

The strong dependence shown in Equation 2.2 should make it straightforward to use
a feedback loop to keep the current constant. If the tunneling current is compared
to a reference, it is possible to ensure a constant current by moving the tip closer to,
or further away from the sample as necessary. As the tip comes upon a perturbation
in the surface, the change in current causes feedback circuitry to move the tip as
required to return the current to its initial value. This signal used to drive the tip
movement is an indication of surface height. When scanned across the surface of
a sample, this signal can be plotted as a function of position giving a topographic

image of the surface.

It 1s important to note that the images obtained are not true surface profiles
(resulting from atomic nucleus locations), but rather images of equal electron state
density contours. This will be discussed later.

There are two basic modes in which the STM can operate: Constant Current
(CI) and Constant Height (CH). The last paragraph explained the STM in CI mode;
the current is kept constant at all times. This involves a relatively slow scan (20 -
30 Hz), and a fast feedback system, so that it can respond to any perturbation on
the surface.

In CH mode, the average separation of tip and sample is kept constant (at a
selected value). As the tip scans over the surface, it does not follow every contour of
the surface, only the general slope of the surface. The current however, changes as

a result of every contour; this information can then be used to represent the surface
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Figure 2.2: Simplified STM.

height. CH mode runs at much faster scan rates (500 Hz) using slower feedback.

2.3 Resolution

Several different researchers have done theoretical calculations of the resolution of
the STM[19][{20]. The theoretical expression derived by Tersoff and Hamann can be

written as:
R+s
A=,/ == 2.3
Vave 23)

Here X is the lateral resolution (smallest discernible lateral dimension), R is the
radius of curvature of the tip, s is the gap spacing, ¢ is the average barrier height,
and A is a constant equal to 1.025 A-? eV-%. In order to get lateral resolution of
5 A, with typical gap spacings of 4-6 A, a tip radius of 10 A is necessary.

2.4 Tips

As seen in the last section, in order to get atomic resolution in the STM it is
necessary to have a tip with a radius of curvature less than 10 A. The first STM
images were taken with a conventionally ground Tungsten wire. It seems difficult to
conceive that such a ground wire would have a radius of curvature less than 10 A.

It is theorized that what actually happens is that small asperities (or ‘tiplets’) form



through which the tunneling current flows. These ‘tiplets’ are generally unstable,
but usually last long enough to get an image. Over the last 7 years, the process
of tip preparation has slowly progressed from an art to a science. There are many

approaches to tip preparation, some of which include[10]:

o crashing the tip into the surface and dragging it along the surface away from

the scanning area, retracting the tip and scanning over the desired area
e applying a high voltage to the tip to get a low field emmision current

e simply letting the system tunnel for an extended period of time before scan-

ning

Recently, electrochemical etching of tips has become popular|[21]. Tips produced
in this manner, which appear sharp under a high power optical microscope, tend to

give atomic resolution almost every time[10].

2.5 Image Interpretation

Several papers have been written on STM image interpretation[10][22][23][24]. The
interpretation of the image is tied in very closely with the complex tunneling equa-
tions resulting from overlapping wave functions of two separate systems. The results
show that the tunneling conductance is proportional to the surface local density of
states at the Fermi level. Since the STM operation involves the maintainance of a
constant current, the tip follows contours of constant local density of states (at the
Fermi level). STM images are therefore images of constant local density of states at
the Fermi level. Calculations of such contours have been performed on a number
of materials: Gold - Au(110)[23], Highly Oriented Pyrolytic Graphite - HOPG[24],
and GaAs(110)[19].

2.6 Control Theory

Since the STM is a system with feedback, the stability of the system is of great
concern. In control theory, one talks about a plant and a feedback controller. If we
consider the STM as the plant, which includes the mechanism for tip movement,

the tunneling junction, and the current detection circuit, the control requirements



of the system can be better understood (see Figure 2.3a)[25]. As will be seen in the
next chapter, the STM exhibits resonance at some frequencies; these are of great
importance in the model. The STM plant can be modeled to have a frequency
response as shown in Figure 2.3b [25]; the plant is assumed linear with only the
lowest order resonance of interest. It should be noted that the resonance is a result
of complex poles, and has a 180° phase shift associated with it . The controller

must have:

e large gain for frequencies approaching DC;
¢ sufficient attenuation at the resonant frequency;

e a unity gain crossover at as high a frequency as possible.

These requirements ensure that there is little error in the system, there is no
oscillation in the system, and that the system responds reasonably fast. Figure 2.3c
shows the open loop response of the plant plus controller system for a non-oscillatory
system (solid line) and an oscillatory system (dashed line).

A proportional plus integral controller satisfies these requirements. The integral
controller has very high DC and low frequency gain, and the proportional controller
(which in our case includes one dominant pole) satisfies the other two requirements.

Figure 2.4a shows the block diagram of the proportional plus integral controller.
Figure 2.4b shows the amplitude response of the controller. The controller has the

transfer function:

AI(l + SK)
Cls) = —m ™ 2.4
() = 2 (2.4)
where
A
K=p + -A—’I’ (2.5)

By changing parameters Ap, A; and p; one can change the shape of the frequency
response curve of the controller; if Ap < A;, we have a response which looks more
like an integral controller (right dotted line in Figure 2.4b). For Ap > A; we
have a controller which looks more like a proportional controller (left dotted line in
Figure 2.4b).
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Figure 2.4: Proportional plus Integral Controller.






