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Abstract

This project standardizes the process of ballistic electron emission mi-
croscopy (BEEM) using a 4-probe STM system for multiple probe trans-
port measurement on advanced nanostructures manufactureéh-situ in the
attached ultra-high vacuum molecular beam epitaxy (UHV-MBE) system.
Speci cally, this provides a path to developing a system for producing the
semiconductor-superconductor hybrid nanowires expected to host the com-
putationally valuable phenomena known as Majorana zero modes (MZMs),
and to this end, a wide variety of systems and statistical methods were
tested. The rst sample attempted consisted of an Au thin Im grown
on a GaAs(100) substrate, with ballistically transported current measured
through the backside plate used for staging the sample. Though this sample
did not yield the response expected of the Schottky barrier which typically
forms at Au/GaAs interfaces, it provided the basis for a further multiple-
probe technique using an additional probe connected to a circular Au/Ti/-
GaAs deposition region, with this extra Ti layer creating an ohmic contact
with a resistor-like I-V curve. To optimize Schottky barrier height extrac-
tion and precisely measure spatial shifts, various models and optimization
techniques were investigated and compared to literature values. One such
model, which gave a highly precise t in tests, was used to extract Schot-
tky barrier heights and associated goodness-of- t statistics over a 61 61
point scan, to be compared with an analogous 3600 nfnarea on a topo-
graphic STM scan. As a nal test, BEEM measurement was performed
on a con ned 2-dimensional electron gas (2DEG) system, composed of an
Ing:gAlo.2As=InAs thin- Im heterostructure with a patterned Al deposition
acting as the BEEM contact layer. The 2DEG con nement layer, was com-
posed on InAs in an attempt to analyze the barrier height of the wide-gap
semiconducting alloy surface layer. The result was next compared to simula-
tions of similar systems using self-consistent Schmdinger-Poisson simulation
and k p perturbation theory, though no barrier height was found.

Introduction

1.1 Background

In condensed matter physics, the study of possible material implementations of
modern quantum computing theory has become a signi cant eld of research, in
large part as a result of the broad variety of possible industrial applications. As
a primary example, in theoretical computer science, the space of computationally
solvable problems currently includes problems which require polynomial time to
complete, as a function of the complexity of the initial problem (for instance, de-
termining whether a subset of a given set of integers sums to a given nal target
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integer, which would require an exponential number of steps to solve as the size of
the set of integers grows, while more deep and complex problems would require a
prohibitively lengthy time to solve for all but the simplest cases in a conventional
computing scheme. In contrast, when considering quantum-mechanical operators
on a particular state, the fundamental representation of data, ordinarily being a
single two-level 'bit,” becomes instead a Bloch sphere representing the superpo-
sition of the 'on' and 'o ' states of the bit, with some arbitrary relative phase
between 'on' and 'o ' components of the superposition, as is common in quantum
mechanics. As such a system could incorporate many di erent possible operators
and coupled states which would otherwise not be available, the operation space
and operational complexity of such a quantum machine would extend beyond the
binary gates and logical operators of traditional computer science. Ultimately, the
key requirement for this kind system to be created relies on the material conditions
which would allow said states to exist for a signi cant length of time in a consistent
superposition, allowing operations to be performed while assuming a minimal loss
of information.

A particular form of quantum state, known as MZMs, have been theorized to
be possible to construct and verify experimentally in a lab environment, with the
possible end result of producing an industrial platform for topologically protected
guantum computing devices. [1, 2, 3] The requirements for such a state to ex-
ist, however, are by necessity rather complex, with the rst precondition being
a one-dimensional (1D) superconductor-semiconductor hybrid nanowire, with the
superconductor side of the interface being a conventional s-wave superconductor,
and the semiconductor side having a strong spin-orbit coupling, in order to cre-
ate a split band dispersion with a proximitized superconductivity e ect near the
interface. Separately, the presence of an applied magnetic eld can in theory be
used to open a Zeeman gap in the band dispersion. The particle-hole symmetry of
the superconductor, combined with the topologically distinct phase of this system
caused by the applied magnetic eld, can create a p-wave superconductivity e ect.
Through the conglomeration of these various e ects on the electronic structure of
a 1D system, the emergence of Majorana quasiparticles has been predicted at each
end of the nanowire. These hypothesized states would exist at zero energy within
the superconducting gap in the k-space dispersion relation. The key feature of
these prospective states is the expected property of non-Abelian exchange statis-
tics, wherein the path by which the particles at either terminus of the wire replace
each other in a larger system can result in a non-degenerate di erence in nal state.
In terms of nal application, this topological 'braiding' of multiple particle paths
could then be used as part of the operations of a complete quantum computer. To
give a better picture of the theoretical workings of such a system, the section on
future research gives a mathematical overview of the necessary spin-orbit coupling



and the Kitaev toy model explaining how such states could arise in a 1D nanowire.

One of the most crucial aspects to creating such a system is being able to
fabricate the actual material platform itself. Any possible scattering center along
the length of the nanowire can easily lead to a loss of information, and modeling
and performing the high-complexity nanostructural growth processes necessary
to construct such an elaborate system presents a truly towering hurdle to imple-
menting the conceptual model which suggests such a system is possible. More
speci cally, it requires the fabrication of localized metal-semiconductor interfaces
with atomic accuracy, with all possible paramaters, defects, and interface proper-
ties being sharply controlled and measured. Measuring these interfaces, by itself,
presents yet another signi cant challenge. Because the interfaces are fabricated on
an underlying substrate in a high-precision molecular beam epitaxy environment,
it is necessary to have a tool to investigate the electronic and material proper-
ties of these deeply buried heterostructural discontinuities, in particular one using
the attached scanning probe system, capable of performing in scanning tunnel-
ing microscopy (STM), spectroscopy (STS), and atomic force microscopy (AFM)
modes.

While the general technique of STM has been studied and modi ed to an ex-
tensive degree since its original conception in a landmark 1982 paper by Binnig
and Rohrer, [4], the method investigated here is to use the particular implemen-
tation of the basic STM system known as ballistic electron emission microscopy
(BEEM) to study such interfaces. This technique has been studied from a variety
of perspectives, such as to determine the spatially-resolved characteristics of an
Ru/Al ,O3. [5]

1.2 Standardization of BEEM in a 4-Probe STM System

The central purpose of this thesis is to standardize the process of multiple probe
BEEM using a 4-probe STM system for nanostructures fabricateth-situ in the
UHV environment of an attached high-precision molecular beam epitaxy (MBE)
deposition system. Accomplishing this task allows the experimental environment
to be further applied to a variety of systems which can be fabricated in this envi-
ronment, and is expected to be used in further research on the electronic proper-
ties of material interfaces such as semiconductor-superconductor hybrid structures,
which is a highly studied potential material platform for the industrial application

of quantum computing principles as a result of the MZMs predicted to appear as
part of the electronic structure of such a system.

The BEEM process can be used to provide precise, spatially-resolved informa-
tion on the transmission of current through buried metal-semiconductor interfaces,
which can in turn be used as a key input in the process of material growth opti-
mization necessary to create the atomically pristine epitaxial thin Ims necessary
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for the predicted electronic behavior of such interfaces to be realized. Standardiz-
ing this process consisted of rst fabricating and evaluating the current response
of the BEEM system when applied to an Au thin Im epitaxially grown on GaAs,

a material interface which has been highly studied for its role as a high-speed
Schottky barrier diode. [6] When measuring this system through the technique in-
volving two scanning probes and the backside plate attached to the sample acting
as electronic contacts, as has been employed in prior implementations of the BEEM
process, the expected Schottky barrier response did not occur, necessitating the
use of a more elaborate, three-probe, technique, to precisely control the conditions
of the contact measuring the ballistically transmitted collector current measured
through the backside staging plate of the sample in the prior measurement. This
newly standardized technique replaces the backside plate contact with a surface
level contact consisting of a third Au tip submerged in a circular layer of Au grown
on a thin circular layer of Ti, separating it from the underlying GaAs substrate,
and thereby creating a classical resistor-like ohmic contact, through which cur-
rent transported ballistically across a separately grown Au/GaAs interface can be
measured in a highly controlled manner.

To determine a broadly applicable, precise, and consistent method of extract-
ing and comparing the height of the Schottky barrier present at such an interface,
a variety of models and statistical optimizations for extracting the Schottky bar-
rier voltage threshold of this system were then implemented and compared with
literature values for similar samples, as well as with each other, once the expected
barrier-like current response was detected. For example, the highly precise and
well- tting, yet computationally fast model developed by Qin etal. [7] results in
a value of 1.18 V for the threshold voltage, signi cantly higher than what might
be expected based on other models applied to similar samples in previous stud-
ies. Such a model can be applied over many individual scanning points to give a
spatially-resolved image of the barrier height, to be mapped in 2 dimensions (2D)
alongside the surface morphology of the sample.

Furthermore, this system was applied to a sample containing a con ned 2D
electron gas layer (InAs), separated from its surface and a patterned deposition
of Al using a wide-gap semiconducting alloy (lsAlg.2As). To understand the
band structure of this sample and assess the possibility of using the BEEM setup
as a means of recording the barrier height separating the con nement layer from
the surface, self-consistent Schredinger-Poisson simulation akd p perturbation
theory have been employed to give a qualitative picture of states and charge density
of such a system.



2 Experimental

In this thesis, our goal is to standardize BEEM spectroscopy (BEES) measurement
with the four probe STM system of the Microsoft Quantum Materials Laboratory
(MQML) in Kongens Lyngby, Denmark. By accomplishing the development of this
system, BEEM can be used to provide electronic band information of the buried
interfaces of thin Im heterostructures. We rstly describe the working princi-
ple of the scanning tunneling microscopy and spectroscopy techniques. Then, the
BEEM setup can utilize the high spatial resolution of an STM system, while using
its spectroscopic mode to measure BEES, which is capable of probing the interface
band structure and its spatially-resolved characteristics. The STM system con-
sists of four tips which can simultaneously perform STM and STS measurements,
connected to a high resolution UHV scanning electron microscope (SEM). STM is
a tool which is typically used to measure a conducting sample which has a vac-
uum barrier through which electrons tunnel, creating a current that ows through
the conducting sample, completing the electronic circuit and providing a means
of measuring this tunneling current. However, with a four probe STM system, we
can measure the conducting quantum structures grown on an insulating substrate
using two tips: one tip can be operated in the standard STM mode while the other
tip is used to ground the circuit by merging it with a conducting structure while
precisely controlling its depth. The attached UHV SEM is used for the position-
ing of these tips on the sample in order to correctly locate the structures under
study. BEEM performed in this way is a three-terminal measurement technique,
and these tips can be used as contacts for measuring the base and collector cur-
rents of the BEEM system. This chapter gives a comprehensive discussion of this
system, combined with the experimental tools and their working mechanisms.

2.1 Scanning Tunneling Microscopy Concepts

Scanning tunneling microscopy, in its basic application, is a type of high-resolution,
highly sensitive microscopy technique which is used to measure the morphological
properties of the surface features of a material sample by measuring the tunneling
amplitude across a vacuum barrier. Many other specialized versions of the general
scanning probe microscopy (SPM) concept exist, such as STM itself. Beyond just
ballistic electron microscopy, AFM based techniques such as non-contact AFM
and Kelvin probe force microscopy, and many more have been developed.

In STM, an atomically sharp STM tip is brought into proximity with an atom-
ically clean sample surface via a nely-controlled piezoelectric scanner combined
with coarsely-controlled piezoelectric components to measure the quantum me-
chanical tunneling current through a vacuum barrier (as shown in Figure 1). This
measured tunneling current is part of a circuit which provides cyclical feedback to



the scanning piezoelectrics which can be used to precisely scan across a 2D array of
points in the constant current mode of operation. This feedback can be interpreted
as deviations from a prede ned distance between tip and sample, which can be
electronically adjusted to maintain equilibrium about this preset value. All these
steps of operation are conducted via a standard dedicated electronics system for
STM operation.

Figure 1: Circuit Diagram of the STM setup. The scanning action of the tip

is controlled by a piezoelectric crystal which can be expanded and contracted
through applied voltage in accordance with a characteristic piezoelectric tensor of
the material. The tunneling current between the tip and sample for a given bias
voltage between them is then passed through a feedback loop which is used to hold
the net current through the sample constant. The necessary distance between the
sample and tip which is required to maintain this current is then recorded as a 2D
image on the attached PC. This schematic diagram was taken from the internet.

[8]

A detailed schematic of the core STM system is shown in Figure 1, with the
key characteristics of the atomically ne tip and the piezoelectric tube scanner
electrical contacts highlighted in the zoomed in and inset sub- gures, respectively.
The connected PC controls the x-direction and y-direction scanning of the tip,
while the tunneling current is fed into a feedback loop which in turn controls the
z-direction motion of the tip, with the z-position being recorded by the PC. An
external bias is also applied in order to drive the tunneling current.



2.1.1 Tunneling Current

Applying a bias between the sample and scanning probe tip can lower or raise the
Fermi level of the sample relative to the level of the tip. With a negative bias
voltage applied to the sample, the tunneling current runs from the sample to the
tip in accordance with the lower relative Fermi level of the tip, just as the reverse
occurs for positive bias, as schematically illustrated in Figure 2.

The tunnelling current between sample and tip follows time-dependent pertur-
bation theory as shown by Equation 1.

Z

e IMJZ () (("HeVY(F (L T +eV)] 1 I +ev)d (1)

| = h

HerejM j? is the matrix element representing the tunneling probability amplitude,
s(") is the DOS of the sample, (" + eV) is the DOS of the tip, f (") is the Fermi-
Dirac distribution of the sample andf (" + eV) is the Fermi-Dirac distribution of

the tip.
1

)= o e et (2)

Figure 2: When there is zero bias voltage applied between the sample and tip, the
Fermi energiesE;, of the sample and tip will align. When a negative bias voltage
is applied to the sample a disparity between sample and tip will appear increasing
the e ective Fermi energy, E¢, between sample and tip. This disparity will cause
a tunneling current to ow from the sample to the tip. When a positive voltage
bias is applied to the sample the disparity will be inverted and the e ective Fermi
energy,E;, of the sample will be lowered compared to the tip. This disparity will
cause a tunneling current to ow from the tip to the sample.

Measurements were taken at a temperature @f = 77 K, giving a cuto width of
about kg T =19:91 meV at the Fermi surface. The small temperature broadening
width means that, e ectively, nearly all states below the Fermi energy will be lled
and those above the Fermi energy will be empty. The result of this is that the
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only current between the sample and tip will be in the energy range between the
applied bias,Epias = €V, and the Fermi energy,Es = 0.

= = M2 (") (" + ev)d” 3)

h ey

Using a tip with aggomparatively at DOS, it can be assumed that the DOS is

constant and that Oev (" + eV)d" = (0). This assumption simplies Eq. 3
and means that only the DOS of the sample will a ect the tunneling current.
Z
de o
I = e t(0) jMj? o(")d" (4)

ev

Assuming that the vacuum barrier is a square barrier, the Wentzel-Kramers-
Brillouin (WKB) approximation can be used to solve the tunneling probability
amplitude, jM j2. The assumption of a square barrier is generally appropriate, as
the tilt of the barrier (the applied bias voltage) will be on the scale of 100 meV,
while the height, , of the barrier will typically be on the scale of several eV,
Epias . This approximation makes the tunneling probability,jM j2, indepen-
dent of the bias voltage,Eyiss, and it can be written as

P
ij2: e 2s 2me =h (5)

wheres is the width of the barrier (the distance between tip and sample), anth,

is the mass of an electron. From Equation 5 the equation for tunneling current
can then be written as

Z 0

4e Zsp2me:h

=== (0)e s(")d" (6)

eV

It is the exponential proportionality between current, |, and tip-to-sample dis-
tance, s, combined with an atomically sharp tip and a high tunneling barrier, ,
that gives STM its high resolution and precision.

2.1.2 Measurements of Topography & Density of States

The STM can be used to measure not only the topography of a sample, but
its local density of states (LDOS) as well. This allows one to scan over a 2D
region, mapping DOS as a function of both energy and position. Topography
measurements are taken by rst xing the bias voltage,V, between sample and
tip. The tip then scans across the surface while the tunneling current, is kept
constant by a feedback loop controlling the z-direction piezoelectric. The height is
mapped by recording the voltage applied to this piezoelectric component, giving
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an image of the sample's topography. The units in which the height is measured
in this way will, however, be arbitrary and dependent on the voltage and current
resulting in a need for further calibration. Another issue is variations in electron
density, though this typically is limited by the exponential dependency of tunneling
current on distance having a greater e ect than the dependency of DOS. The local
density of states (LDOS) can be derived from the relation between current and
DOS taken from Equation 6.

dl

!0 ™

To accomplish this, a lock-in ampli er is used to reduce the noise by mod-
ulating the bias voltage, Vp, with an AC voltage, dV. The voltage modulation,
dV, is set to a certain frequency (preferably a prime number, to avoid overlap
with other frequencies in the tunneling current spectrum) such that the current
modulation, dI, can then be measured at that same frequency. The DOS can
then be related to spatial features of the sample by methodically scanning the tip
across the surface while taking spectra measurements, making line-cuts. In all the
DOS measurements, the zero bias level is taken to represent the Fermi level of the
sample.

2.2 4 Probe STM System

The lab used in this experiment consists of a main UHV tunnel which is connected
to three MBE systems with the facilities to grow a signi cant variety of samples
and a four probe Scienta Omicron STM with an attached SEM. This STM system
operates at three di erent temperature ranges namely, 4.2K (LHe), 77K (LN2)
and room temperature (RT). The STM is controlled and data are recorded with
a dedicated electronic control system known as Matrix. Figure 3 shows this STM
in the laboratory. The inset shows the four STM scanners as seen from above,
positioned at the four corners of a rectangular sample mounted at the bottom of
these tips. The SEM is mounted on top of the sample and scanners in order to get
the full eld of view of the sample and four tips at a same time.
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Figure 3: View of 4 probe STM enclosure, with the staging platform and labeled
tip holders inset.

Using the 4 probe set up, more advanced modes of scanning and transport
measurements can be developed. Speci cally, by using one tip as a contact, cur-
rent can be injected or received very precisely at various points on the sample.
This opens up wide possibilities beyond those allowed by the more straightforward
mode of single probe scanning, which has applications in characterization of var-
ious lithographically generated nanostructures and surfaces with interesting and
unusual transport properties, whether nanowires, quantum dots, quantum spin
Hall bars, or others.

For example, when applied to measurements on metal-semiconductor hybrid
nanowires, the multiple-probe measurements enabled by this system allows the
user to bypass a major roadblock to recording clean and clear STM data in this
situation, which is that the surface on which the nanowires are grown is not con-
ductive, and therefore the characteristic STM circuit is incomplete. To circumvent
this issue, nanowires can be attached to a conducting pad, with a secondary probe
in contact with this new surface in order to complete the circuit. In the Figure 4
we show as an example the microscopy experiments performed on SAG nanowires
grown on an insulating substrate. With the help of SEM, we approach both the
tips toward the desired structure on which one tip makes contact with the Au thin
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Im, serving to complete the ground connection, and STM is performed through
the second. Figure 4a shows an SEM image with a larger eld of view showing
InAs SAG nanowires grown on an insulating substrate. In Figure 4b and c an
STM image taken on such wires can be seen, along with a 3D image of the same.
The width and height of the nanowires were measured to be 200 nm and 52 nm
respectively, which are closely agrees with previoex situ SEM and AFM char-
acterizations on such similar samples. On the right hand side of both nanowires
measured in STM (as shown in Figure 4b), multiple tip e ects appear as a result
of the non-uniformity of the apex of the tip. Such an e ect can appear when
performing STM measurements on tips of a very large vertical extent in height.

Figure 4. Topographic images showing the utility of multiple probe measurements
in STM characterization of the InAs SAG nanowires grown on insulating substrate.
(a - ¢) show a SEM, STM and its 3D view of such nanowires. Width and height
of the nanowires were measured to be 200 nm and 52 nm respectively.

2.3 Theory of Ballistic Electron Emission Microscopy

Metal-semiconductor interfaces have been extensively studied for use in electrical
applications, in particular, due to the rectifying Schottky barriers found at such
interfaces. These electronic barriers are formed in cases where the interface cre-
ates a localized upward bend of the conduction band minimum and valence band
maximum in the semiconductor near the interface, has been widely exploited in
the fabrication of Schottky diodes. Au/GaAs interfaces have been especially stud-
ied for use in precision applications which require a low forward voltage drop and
fast switching. [9] The ballistic electron emission microscopy is one of the lim-
ited instrumental tools that o ers direct measure of this interface band alignment
between metal and semiconductors in terms of measuring the barrier height.
Whereas STM is typically only used to study the surface characteristics of a
bulk material, ballistic electron microscopy can be used to go further in studying
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the advanced transport characteristics of a more elaborate sample, in particular
through the measurement of current across buried interfaces. There is even evi-
dence to suggest that BEEM can in principle be used to assess the characteristics
of the surface reconstruction states which de ne the band structures of vacuum-
semiconductor interfaces. [10, 11] It can also be used to estimate the barrier
height of the Schottky barrier present in the metal-semiconductor interfaces used
to produce the commonly used electrical components known as Schottky diodes.
Furthermore, it can be used to assess the shift and deterioration of this interface
e ect over a the width and breadth of a 2-dimensional surface.

In Figure 5a we show a schematic BEEM set up which utilizes the STM mode
of operation to inject constant current through the bias range of interest. The
area of in uence of this injected current follows a cone of a set solid angle between
the tip apex and the interface. This projected area in the interface determines the
spatial resolution of the BEES response. The order of magnitude of this resolution
isaround 1 nm. The injected current is transported though the base metal layer
and through the semiconductor across the interface, to be recorded by a separate
collector contact. The resulting collector current ¢ is measured as BEEM current.
Figure 5b shows a typical band alignment of such metal-semiconductor interface.

Ballistic electron transport, or ballistic conduction, occurs when the mean free
path of an electron signi cantly exceeds the dimension of the medium through
which itis induced to travel. In such systems as 1-dimensional nanowires, the mean
free path of the electron can be controlled to be relatively long, [12] to satisfy this
condition, as well as in thin- Im electrical contacts, in which case the resistivity of
transport across the contact is dictated by the Sharvin mechanism which prescribes
the relevant linear combination of each material resistivities on either side of the
interface, Rg = % [13] The contact resistance in this relation is given by
the contact areaa, the electron mean free path and the resistivities ; and ».

In general, the mean free path of a given material is dependent on the ambient
temperature and crystal purity of the sample, while in electrical applications it is
dependent on the energy of electrons at a given section of a particular circuit or
component. In the case of, for example, bulk Au at ambient room temperature,
the resulting mean free path, also known as,; has been calculated from rst
principles to be 37.7 nm. [14]
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Figure 5: Schematic of a typical BEEM setup: (a) A BEEM setup utilizing the
STM system. Area of inuence of the injected current determines the spatial
resolution of BEEM. (b) The band alignment of the tunneling tip, vacuum barrier
with applied bias, metallic Au layer, and GaAs Schottky diode. By tracking the
ballistic transport of electrons across the metallic layer and through the Schottky
barrier, the precise height of the band o set at the interface can be determined.

The material system and energetic band alignment involved in BEEM mea-
surement is shown in Figure 5. The presence of an externally biased tip creates
a tunneling current across a thin vacuum barrier into the metallic layer, which is
then recorded through a grounded contact ak,. Once this bias voltage exceeds
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the threshold value set by the Schottky barrier determined by the degree of upward
band bending at the interface, all electrons transmitted within a critical emission
cone positioned about the tunneling tip are able to ballistically transmit across
the metallic thin Im, where they are measured as the BEEM collector current..

Disregarding quantum mechanical re ection at the interface between the two
materials, and assuming a smooth interface which conserves the electron wave
vector transverse to the interface normal, the theory of BEEM covers the tunneling
through the vacuum, then base transport and interface transport. [15] This can
be modeled as an electron incident upon a potential step, with ener@y > E
whereEy = Ef + e\4 and V, is the barrier potential. However, conservation of
transverse wave vector means that above a certain critical angle, the patrticle is
re ected back at the interface. This is described by the following equation:

Eo
= 8

This situation is further complicated by the possibility of di ering e ective masses
and o -center conduction band minima when used to evaluate a real system. As-
suming zone-centered CBMs, but taking into account all possible e ective masses,
the following equation arises:

sin? .=

My E E e\

mq E+(5- F5)E  Ef  ew)
In which my; and my; are transverse and x-direction components of e ective mass
in the metal, with my and my¢ being the equivalent components in the semicon-
ductor. For a polycrystalline metallic base, mass is assumed to be that of the
isotropic free electron, this simpli es to the following:

mE E;f e\,_ melV W)

= — 10
E m E; + eV (10)

sin? . =

(9)

sin? . =

The implication of this is that for relatively small values ofm,, for example in
GaAs, the critical angle is also small for values of V which just barely clear the
barrier. This critical angle serves to limit resolution, as only electrons at small
incident angles can be collected.
The tunneling step can be evaluated with traditional planar tunneling formal-
ism according to the WKB approximation.
Z

D(Ey) = exp( 2 kydx) (11)

DEN=exp s ool + eV E) (Ee+  EJF)  (12)
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D(Ex) exp( S (EF + Ex)lzz) (13)

= (8 m=h?)*= (14)

with = eV=2 and being the work function of the tip. Ey is the
x-direction component of incident electron energy, perpendicular to the surface.
D (Ey) is then the tunneling probability as a function of energy.

This is comparable to the traditional result of the WKB approximation applied
to 1D tunneling where phase varies slowly relative to amplitude:

r

2m
TE)=exp( 2 T5Vo E)xz X)) (15)
From this, the tunneling current can be found by integrating over k-space,

taking into account arbitrary temperature and x direction velocity:

Z7ZZ Pk
l; =2ea WD(Ex)vx(f (E) f(E+eV) (16)
Which can then further be separated into transverse and x-direction components:
YA 1 YA 1
l{=C dE«D (Ey) dE(f (E) f(E + eV)) a7
0 0

Where C = 4 mae=h?.

When looking at the conditions for tunneling in the tip, if the tip is considered
for simplicity to be an isotropic free-electron mass metal identical to the base
material, the conditions for tunneling requires thatk, > O andEr eV <E <EgE,
which creates a semi-spherical shell in k-space limited by the Fermi energy of the
tip. In addition, there are further constraints onE, and E;. These arise from the
critical angle conditions which requires thateE, > E (o, as well as the transverse
e ective mass at the interface (assumed here to be below free electron mass):

my

Et
m m

(Ex Er+eV VD) (18)

Ex Er eV W) (19)

These conditions create a hyperboloid region which can be integrated over to nd
the proportion of collector current actually measured.
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Figure 6: Diagram showing the hyperboloid conditions for tip tunnelling relative
to Fermi level as described above.

Z l Z Etmax
l.= RC dExD (Ex) dE((f(E) f(E eV)) (20)
E fnin 0
For the very low temperature case this can then be further simplied to the
following:

le = e sEr  EIHE, (21)
E)r(nin
Which is an analytically solvable integral which can be evaluated to get a nal
equation.
2e s(Ei+ EMM)P(g(Ep+  EMn)I=2
282

(22)

For higher temperatures, but still low enough thateV >> kT , f (E) must still
be considered. In this environmentf (E + eV) can be neglected, and

Z Emax
de((f (E) f(E eV)) (23)
0
in the equation for |, becomes
Z Emax
t eV eVy
dE(1+e w ) ! (24)

0
which can be evaluated to
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Ex Eg

e kT +1

KTIn (25)

Etmax +Ex Ep 1

e KT
While considering voltages below the barrier threshold, by de nitioneV < e\f
and, as described abovés, > E . However, when integrating over alEy > E ™
to thereby nd the collector current, the primary contribution comes from high

EMX +Ex Ep

energy states in whichE{"™® >> kT and thereforee S>> e KT [7]
This leads to the approximation

Z Emax

dE.(f (E) f(E eV)) kTIn[e =  +1]: (26)
0

Considering that, due to the large values oE, which are being integrated,

Ex Ep

e —« << 1, this can be further reduced to

Z Emax
dE.(f(E) f(E eV)) kTe w : (27)
0
resulting in a nal current integral of
Z 1 E E
l.= RCKT T(Ey)e = dE, (28)
E)r(nin

with T(Ey) being taken as roughly constant relative to the exponential, resulting
in the nal solution

5 &V evy
lc Cy(kT)%e = (29)

for a value ofE™ of Er eV ). To get the full-spectrum current response
in BEES, this can be combined with a second order polynomial expansion, in
accordance with the assumption of a parabolic conduction band minimum in the
above-barrier energy region, and the goodness-of- t for each possible location of
the threshold energy in this bifurcated model can be evaluated. [16]

( eV Vy
R(KT)%e v ; forevV e\

.= eV vV

R(KT)2[1 + (2 %)+ Sy forev > eV,

(30)

This however, may be complicated further when taking into account quantum
mechanical re ection, cases in which transverse e ective mass exceeds free electron
mass, tip sample distance varies, or those in which the conduction band minimum
is not zone-centered (resulting in an o -angle center for the critical transmission
cone).
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For the case where transverse electron mass exceeds free electron mass, a dif-

ferent region of the tip states are available for tunneling according to the following
relation:

m m
E, + t

E: = Er e(V Vb) (3 1)

t
which takes the form of a section of an ellipsoid, rather than a hyperboloid.
When taking into account changes in tip-sample spacing, additional normal-
ization may be necessary, takindi.(So; V) normalized by I for all voltages, where
So is taken to be a constant distance, thereby resulting in the current response
expression

Rl REmax

5 JExD(Ey) , dE(f(E) f(E eV))
taken at constant currentl .
In general, conduction band minima are not necessarily perfectly zone-centered,

including in the case of GaAs, and for this reason the critical angle requirement
becomes shifted, resulting in the new critical angle equation,

lc = Rl

(32)

Bo .o - h?k2,
Er+e\% ¢ 2m
with ko being the component transverse to the conduction band minimum. In

terms of components of k relative to ellipsoid section created by the conditions for
tunneling mentioned above, the phase space condition then becomes

sin? o = (33)

k2

X

TG Dl ka)+ K> ThERrew) (39

with m¢ and m, are the transverse and longitudinal e ective masses in the
plane of the constant energy ellipsoid section, arkl, = kgsin , and m, = m
sin? ,, + mcos ,, where ,, is the arbitrary o -center position of the conduction
band minimum relative to the interface.

Quantum mechanical re ection at the interface further complicates the situa-
tion relative to the model above.

Taking into account re ection, an additional transmission factorT (E; k) must
be included when integrating the current, which can be approximated as the trans-
mission factor of an electron normally incident on a step potential,

Kui  Kxt
My Myt

T= (kA + kx_f)z (35)
My Myt
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where the andi and f subscripts refer to quantities (wave vector and e ective
mass here) in the region of the collector and the base, respectively, with tkeand
t subscripts indicating the normal and transverse directions, respectively.

This can be expanded in terms of the tip conduction band minimum for zone-
centered collector minima:

4q (Ex+teV)(Ex+eV Eg eV, E )
My Mys

T=4 e 36
(UI Ex+eV_+_uI Ex+eV Er eV Et)z ( )
Mii My¢
where m m
_ ti tf .
= (37)
t

WhenV andV, are close in value, the transmission factor scales as ( V)™,
though when the transition from base to collector is sudden, the range of this
behavior becomes smaller.

2.4 Implementation of BEEM in 4-Probe STM

The 4-probe setup allows for the extension of the basic con guration of BEEM
measurement. To accomplish this, a separate tip was used as a contact, allowing
for a precise way to measure transport for BEEM, and a further tip was used in
place of the traditional backside plate. While similar multiple-probe techniques
have been tried before, for example on Si/Ge quantum dots, [17] BEEM performed
using a 4-probe STM system is now being standardized as a means of studying
buried interfaces of a variety of basic properties of interest to tha-situ MBE
fabrication of quantum nanowires, such as the kinds of hybrid nanowires which
may play host to the elusive Majorana fermions.

The individual scanning probes are carefully positioned over the thin Im some-
what near to each other using the overhead SEM. In Figure 7 the SEM image taken
of the tip alignment and sample is shown in the inset as well as overlaid on the sam-
ple schematic surface. Tip 1 is used as a tunneling junction similarly to traditional
STM, while the second tip is connected to the sample to measure non-ballistic cur-
rent travelling through the metal thin Im near the surface. The BEEM current
| . in this setup is then recorded from the sample holder on which the sample is
staged, with a conducting glue allowing ballistically transported electrons in the
conducting band of the semiconductor to travel through the metal sample holder
towards ground.

In Figure 7, we show how the multiple probes of the STM system are used
to create the contacts required for BEEM measurement. We use the SEM to
locate these triangular metal quantum structures on the semiconductor surface
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and the two tips are approached towards such a structure. Tip 2 is then brought
into contact with the structure, and tip 1 is used in the standard STM mode of
operation.

After performing this setup, regular STM measurements were taken to nd
a good topographic region on this metal structure, and the scan was continued
for some further time at the same temperature to stabilize the tip. Once the
tips are nearly entirely free from any apparent drift, BEES measurements were
carried out. Moreover, in order to control against environmental noise sources, a
lock-in technique can be employed. In our system, this technique is used during
the measurement of voltage-driven spectral current response using AC modulation
applied to the tip during measurement for each voltage recorded.

Figure 7: Schematic diagram of the BEEM circuit. One scanning probe is used to
inject the electrons in a cone fanning outwards from the tip, with an additional
probe measuring the current traveling through the base conductive layer. The
nal probe, which completes the circuit, measures the ballistic transport through
the barrier. This has in the past been measured through a backside plate attached
to the bottom of the sample, but can also take the form of an additional probe
connected to an ohmic contact elsewhere on the sample surface, which also controls
for leakage current and confounding e ects.
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3 Epitaxial Au Thin Film on GaAs

3.1 Introduction

In order to standardize the four probe STM system, allowing BEEM measurements
to be recorded in both the microscopy and spectroscopy modes of operation, as a
multiple probe measurement using the back of the sample holder plate as an electric
contact, we rst attempted to use an Au-GaAs interface fabricated via molecular
beam epitaxy as a standard prototype system. This interface was created by
growing an ultra thin epitaxial Au Im on a GaAs substrate, with the BEEM
collector current being measured through the backside of the sample via a sample
holder plate glued to the sample with indium, acting as an adhesive.

Au/GaAs heterostructures have been studied extensively from the perspective
of crystal growth optimization and morphological characterization. For instance,
past studies as early as 1986 have been performed on the precise development of
situ ultra high vacuum preparation of gold contacts on GaAs. [18] A GaAs crystal
is a semiconductor with a bulk band gap of 1.42 eV, and a zinc-blende crystal
structure composed of gallium and arsenic. A metal-semiconductor interface is
formed by depositing a thin Im of Au on an atomically clean GaAs surface. The
material characteristics of this metal-semiconductor interface lead to an exchange
of charge carriers (electrons and holes) across either side of the interface, which
results in an upward bending of the conduction band minimum and valence band
maximum of the semiconductor in the region near the interface, creating an elec-
tron depletion layer in the semiconductor as a result of the interface states causing
Fermi level equilibrium at the interface. [19] This upward band bending right at
the interface produces an energy barrier (known as a Schottky barrier) which im-
pedes the propagation of electrons across the interface. Our aim is to measure this
energy barrier using the high energy resolution provided by a scanning tunnelling
technique which incorporates BEEM measurement, as BEEM has been shown to
be e ective as a potential tool to measure this energy barrier directly at the ma-
terial interface. In previous studies, this Schottky barrier has been measured very
accurately by employing the BEEM technique, which has resulted in a rough esti-
mate of about 0.88 eV. [20] Our goal is to measure this energy barrier height and
to thereby reproduce the previously reported value with BEEM in order to stan-
dardize our four-probe STM set up. The sample currently under consideration was
prepared in a very precisely controlled ultra-high vacuum environment provided by
the Microsoft Quantum Materials lab, with material growth parameters optimized
to create a very clean interface without the protrusions into the semiconductor
which would arise from using a GaAs surface which was not atomically clean, as
has been the case in some prior studies. [18]
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Figure 8. Experimental setup of BEES. a) Sample composition and overall
circuit construction. 1, is the tunneling current measured by the scanning tip,
at a constant voltage set to the pointVyiss. | is the voltage through the 10
nm Au metal layer, and|. is the BEEM current measured through the backside
plate attached to the bottom of the GaAs(100) substrate. b) The same as a),
except reduced to the equivalent circuit, withR; and C; being the resistance and
capacitance across the tunnel junctionR,, being the resistance through the gold
layer, and Rs being the resistance going from the tunnel junction to the backside
plate. c) The same circuit diagram, but displayed in terms of band alignment
relative to the bulk Fermi level of the substrate. The applied bias on the tip raises
its e ective Fermi level, allowing ballistic transport through the metal layer and
over the Schottky diode barrier. d) lllustration of the approximate shape of the
expected BEEM current response. By sweeping through various applied biases, the
Schottky barrier height can be approximated as the precise point at which current
starts to ow freely over the barrier. Because only a small fraction of transmitted
electrons are able to ow ballistically across the metal layer, this current is initially
very small (on the order of 10 pA).

A schematic diagram of such a sample is seen in Figure 8a, where a 10 nm
Au thin Im is grown on a GaAs(100) substrate, glued to a metallic sample plate
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with indium. A multiple-probe STM system was used to create a closed circuit
for measuring ballistic electron transmission in which Tip 11) is operated in
the normal STM mode, in which we inject a constant tunneling current into the
sample. Tip 2 (T2) is then used to approach the sample surface in the same way
as during regular STM, and is then pushed into the metal Im with a degree of
precision in the range of about 2 to 10 nm.T2 acts as an electrical contact on
the Au Im, which can subsequently be used to make the applied bias voltage
zero in this region with respect toT 1. The current measured through this contact
is referred to asl,. Another electrical contact will be needed to measure three-
terminal BEEM current, this being the collector current ( ¢). For this one, we use
as the contact a direct connection to the backside of the sample plate, which can
be used to bias the sample. During normal STM operation, the sample is always
grounded with respect to the tip with using this backside electrical contact. The
typical STM pre-ampli ers were connected toT 2 and the backside of the sample
plate to measure the currentd, and I ¢, respectively.

The main mechanism of BEEM, as previously described in Chapter 2, is as
follows: an STM tip is used to inject a constant tunneling current, most of which
travels through the contact attached to the Au Im (T2 in this case) toward elec-
trical ground. However, a small part of the current is then ballistically transported
through Au, which results from the mean free path of the electrons in Au being
larger than 10 nm, allowing these ballistic electrons to travel through the semi-
conductor and reach ground through the sample plate. This ballistically emitted
electron's current, | ¢, is measured via a pre-ampli er connected to this contact.
The equivalent electric circuit diagram is depicted in Figure 8b. The tunneling
junction can be represented as an equivalent RC circuit with resistand®, and
capacitanceC;. The average tunneling resistance during the normal STM oper-
ation is on the order of 28G . The total injected tunneling current I, is then
transported through two di erent paths, one (Ip) through the metal Au layer, via
a classically resistive path with resistanc®,, and the other, I ¢, through the semi-
conductor with the resistanceRs (assuming the capacitive coupling is negligibly
small for a DC mode of operation). These two resistanceR;, and Rg, determine
the amount of current passing through these two channels. In the normal forward
bias scheme of BEEM measurement, in cases where the band bending is upward
and forms a Schottky barrier at the interface,Rs provides the larger resistance
relative to R, (Rs >> R ). This larger Rs allows one to measure the very small
amount of BEEM current (I¢) being transported.

A schematic of the band alignment at the metal-semiconductor interface, mea-
sured through a tunneling junction, is shown in Figure 8c. Under normal BEEM
operation, the metal layer deposited atop the semiconductor and the backside of
the sample are both connected to the same system ground and an external bias
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voltage is applied to the tip. In the forward bias mode of operation, the tip volt-
age is methodically varied (as shown in Figure 8c) with respect to the common
ground. The BEEM current, | ¢, is accessible only when the tip voltage is set to a
value larger than that of the Schottky barrier, (V/sg) and can be measured ak:

as a function of bias voltage, which is shown in Figure 8d¢ begins transmission
across the barrier when the applied bias voltage has crossed g threshold, and
thus can provide a very precise estimation of these interface band characteristics
arising from the conduction band o set.

We present here the investigation through BEEM studies of a uniform ultra
thin epitaxial Au Im on a GaAs surface. The single point BEES measurement has
been measured in order to precisely verify the interface Schottky barrier. Based
on the measured data, we further discuss the possible challenges of performing
BEEM in this 4-probe STM system and will further show some proposed methods
of solving these challenges.

3.2 Experimental

The underlying semiconductor substrate was prepared from an n-type Si-doped
GaAs(100) wafer, which was polished on both sides, with a carrier density of
(1 2) 10®cm 3. This wafer was initially cleaned via degassing upon loading in
the load lock for 10 hours at 200C. Subsequently, the wafer was transferred to the
a-H-cleaning chamber connected to the UHV cluster and after 1 hour degassing at
350 C, atomic hydrogen cleaning was performed for around 20 minutes at 380
at a background hydrogen pressure of 2 10 ®> mbar. This technique removes
the native oxide layer of the substrate surface and reveals the at pristine GaAs
surfaces. After nishing this a-H-cleaning, the sample was annealed at 380for
10 more minutes while the hydrogen was being pumped out, before cooling it to
200 C for transfer.

The Au deposition was performed on this clean GaAs(100) surface using molec-
ular beam epitaxy from an e-Gun electron beam evaporation cell which deposited
the Au through a fully opened beam shutter for 8 minutes at a rate of 0.48/s
and an emission current which was measured to be around 174 mA. This growth
condition is intended to grow a 10 nm Au layer. However, due to an error in ap-
plying the growth rate, the actual Au thickness may be signi cantly larger, even
as high as 22 nm thick. In any case, this apparent discrepancy does not deter our
investigations, as the mean free path of Au is generally about :37m [14] and the
thickness of the Au layer of this current sample is at most 22 nm, meaning that the
electrons can most likely undergo ballistic transmission and produce the expected
BEEM current. Upon completion of the deposition, the sample was quickly but
carefully transferredin-situ to the STM chamber over the course of slightly less
than 30 minutes. The STM and BEES measurements were performed at 77 K.
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3.3 Results & Discussion

Using scanning probe techniques, we were able to record various morphological
properties of epitaxially grown Au Ims on GaAs(100) surfaces and to show the
BEEM point spectra recorded at di erent locations on the sample surface. In
Figure 9a, we show an STM image depicting the typical surface structure of the
Au Im. In fabricating the gold layer, the major lattice mismatch between the
GaAs substrate and the Au thin Im creates many small grains during growth.
These small grains, having no prevailing single orientation, form together to create

Figure 9: a) Topographic STM image of the epitaxially grown Au Im on GaAs,
showing small Au grains of various heights and orientations. b) The pro le of a
single scan line across 100 nm, showing the various grain heights ranging from
around 1-2 nm.

a solid layer with many small amorphous hills, rather than an entirely single-phase
continuous Im. In some cases, through post-deposition annealing, the volume

27



fraction of these various orientations can be shifted, such that there is a higher
volume of Au(100)/GaAs(100) grains relative to Au(111)/GaAs(100), implying
that the former is the more stable phase, while the latter is only a metastable con-
guration found in samples which have not undergone high temperature annealing
of up to 450 C. [13] Figure 9b shows a height pro le taken along a line marked in
(a). The height pro le shows an average roughness is about 2 nm.

Spectral measurements were carried out on this sample in order to determine
the viability of the sample for measuring the Schottky barrier at the interface.
The BEES measurements were performed after completing the standard STM
measurements wherein both the tips were thermally stabilized, to eliminate any
apparent drift in the piezoelectric components used during scanning, with the
speci c intent of limiting in particular any drift of the z-direction piezoelectric
components. This stable condition was achieved by scanning STM topography
normally with both tips for an extended period, most of the time scanning for an
open ended duration overnight. These stability checks were performed every time
the tips were moved a signi cant distance across the sample during the process of
nding a good region of the sample surface for spectroscopy measurements. Once
the tips were stabilized, we kepfl' 1 (as shown in Figure 8a) set to STM scanning
mode andT2 (as shown in Figure 8a) was brought down with extreme precision
in regards to the tip-sample distance, keeping this distance stable within roughly
the order of magnitude of 1A. The tip-sample distance was reduced to zero and
the tip was thereby essentially merged into the Au thin Im to a depth of about 5
to 10 nm. This tip was used as the grounding contact for the Au layer.

Here, two important aspects of BEEM measurement become relevant. Firstly,
if the piezoelectric component controlling the z-position of 2 has any degree of
upward drift, then at any time, dependent on the magnitude of this drift velocity,
the quality of this tip-metal contact can deteriorate, resulting in an increase in the
associated contact resistance. It can also in some cases result in the tip becoming
completely disconnected from the sample, eliminating any grounding for the Au
layer. Secondly,T2, along with the third electric contact from the backside plate
on which the sample is glued, are both connected to a common system ground
through individual STM pre-ampli ers which are used to measure each of the rele-
vant current channels, those being namely, and | ¢ (as shown in Figure 8a). These
two di erent pre-ampli ers, being connected through the same circuit, produce a
tiny voltage o set with respect to each other. This voltage o set prevents the two
pre-ampli ers from simultaneously recording a single common electrical ground.
We measure this o set voltage by minimizing the current passing through both
the pre-ampli ers whenT1 is fully retracted. This o set voltage is then externally
fed back into one of the two ampli ers in order to counteract this oating voltage
di erence which would otherwise distort measurements. Once all these conditions
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are achieved, the BEES response is recorded at various sample positions by me-
thodically sweeping the applied bias voltage in increments of 0.0099 V from a low
voltage limit of 0.02 V, to the higher limit of 2 V. One of the main di erences in
recording this data compared to normal scanning tunnelling spectroscopy (STS) is
that, during BEES measurement, the response current is measured while keeping
the standard STM feedback circuit activated such that a constant current is being
injected to the sample over the entire bias range of interest. This constant cur-
rent injection is achieved by altering the tip-sample distance during bias sweeping.
In order to remove this tip-sample distance dependence from the resulting BEES
collector current, the BEES current is normalised by tunneling current, which is
measured simultaneously witH ¢ as described in Equation 32.

Figure 10: Comparison of the rst two spectral measurements, divided into BEEM
current, tunneling current, and BEEM current normalized by tunneling current.
a) and d) show the collector current, b) and c) show the tunneling current, and
c) and f) show the nal result from normalizing the collector current by tunneling
current to eliminate the e ect of variations in tip-sample distance. However, the
expected Schottky barrier response does not appear to have occurred.

In Figure 10, two sets of BEES measurements from two di erent sample lo-
cations are shown. (@) through (c) are two di erent current channel$c, and I,
measured simultaneously, with the BEEM current normalised by tunneling current
being shown for in the third position, (c). In the second row, (d) through (f) fol-
low the same pattern. These results show two important problems to overcome in
order to successfully record and interpret a successful BEEM measurement across
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energy. For one thing, the BEES data (both measured ds in Figure 10a as
well as the normalised response shown in Figure 10c) are not consistent from one
location to another, which is not what would be expected when comparing with
previous measurements. [21] One would expect to record a similar pro le with
respect to bias voltage, however, these spectral pro les appear noticeably di er-
ent. For example, while there are two apparent peaks which are located neat\
and O3V respectively in Figure 10a, the equivalent peaks in Figure 10d appear
at di erent bias voltages. The rate at which thel response decreases in Figure
10a is clearly dierent relative to in Figure 10d. Moreover, in the region near
zero bias voltage, the resulting BEEM current would be expected to be nearly
zero due the presence of the Schottky barrier at the Au/GaAs interface as shown
in previous measurements [22], which our measured data seems to contradict. In
addition, in both cases the current response through both channels is either of
a roughly similar magnitude or very large compared to an ideal BEEM signal as
has previously been seen, which would be roughly on the order of tens of pA in
magnitude. [23, 16] This would appear to imply that the current injected through
the tunneling tip, I, is owing through the collector as BEEM current, | ¢, while
having a negligibly small division of current owing through the metal Au layer
(Iy,). A few possibilities were hypothesized as having caused this. The most imme-
diate reason which came to mind was the quality of the contact betweéni2 and
the Au thin Im becoming degraded, causing the contact resistande,, to become
larger than Rs. To determine whether there was some local degradation of contact
quality, T2 was carefully and deliberately shifted around to various contact points,
while monitoring the | ¢ collector current response, as a means of trying to improve
the contact resistance. However, several trials of this process did not appear to
result in a signi cant shift in BEEM current, with |c response remaining nearly
the same as before. As a large proportion of current from the tunneling tig{
was included regardless of contact point, this process indicated that the reason
behind this e ect is likely some other phenomena other than precisely the contact
resistance betweefM 2 and the Au thin Im. These data ultimately indicated the
issue that, apparently, the Au/GaAs Schottky barrier feature is not present in
the collector current response. This result is not in accordance with the expected
response of a correctly functioning system, in accordance with the totality of lit-
erature evaluating this system which results in precise estimation of the barrier
height using BEEM. [16, 15, 24, 25] At this point, we began to suspect that the
current path associated with the BEEM current might have leakage either through
the interface states or as a result of a short circuit with the sample plate through
some edge mode or impurity in the GaAs substrate, which might have resulted
during the metal growth process. If there is a leakage path that has much lower
resistance than that of the path through the Schottky barrier, this would give rise
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to a similar spectra pro le as shown in Figure 10. In the next chapter we shall
discuss this aspect in greater detail.

Figure 11: Comparison of the nal spectral measurement, at a di erent location
on the sample. As in Figure 10, a) and d) show the collector current, b) and c)
show the tunneling current, and c) and f) show the combination of the twd,=I;.

In the following measurements, which were taken to con rm this interpretation
and are shown in Figure 11, the results are roughly similar, in that the overall
magnitudes of each response are roughly comparable. If ballistic transport was
truly occurring as expected, the current through the collector channel would be
much lower relative to the transport through the metal layer, suggesting that this
relatively high collector current must be travelling through the sample by some
other means, such as leakage through a conductive interface or edge states at the
edge of the substrate, or some other form of current leakage which may arise from
a short-circuit during metal deposition. In the presence of such a leakage current,
the small BEEM signal and the associated barrier would then become lost.

Another notable possibility is that, in some cases, the deterioration of the
interface quality might also lead to the loss of the Schottky barrier e ect which
could result in the expected BEEM response failing to occur. Previous studies
have shown that di usion across the interface can lead to leakage current and a
deterioration of the electronic properties of Schottky barrier diodes, but that a thin
dividing layer of GaN may mitigate this issue. [26] Other studies have described
in detail the mechanism of this interface doping reaction and discussed possible
means of reducing the e ect, such as by fabricating the diode using a much thinner
( 1 m) GaAs substrate. [27, 28] However, this does not seem to be the case for
our sample, as we have successfully measured the expected BEEM response in a
similar sample with the same interface quality, though smaller interface area. A
detailed investigation of these measurements will be discussed in the next chapter.
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3.4 Conclusion

While this sample did not successfully display the characteristic response expected
from a Schottky barrier diode, it provided the rst step to standardizing the system
and fabricating Au/GaAs interfaces for Schottky barrier measurement. However,
likely as a result of leakage current being recorded in the collector, possibly com-
bined with a degraded contact, the expected BEEM response did not occur, as the
expected order of magnitude of the BEEM current responde is vastly smaller
than the current through the metal base, on the order of picoamperes, or even
a fraction thereof, and is therefore easily lost when unexpected current channels
allow some circumvention of the expected BEEM process. Fabricating a sample
with a very wide, e ectively 2-dimensional interface between the semiconductor
substrate and the Au thin Im, as well as the possibility of leakage current owing
around the edge of the semiconductor towards the backside plate contact, created
a signi cant di erence from what was initially expected, with both channels of
transport giving a response of basically similar magnitude of current. In the next

chapter, we shall discuss how we overcome these challenges to successfully measure

BEEM current in the manner reported by prior studies.
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4  Au/GaAs Schottky Contacts and Au/Ti/GaAs
Ohmic Contacts from Circular-Patterned Thin
Film Deposition

4.1 Introduction

In order to overcome the issue of BEEM current becoming completely lost as in
previous tests, a new technique was needed. Making use of the multiple probes
present in the system, the next idea was to avoid the possibility of any short-
circuiting or leakage through the substrate by bypassing the use of the backside
plate glued to the sample with indium entirely, and instead using a patterned
deposition method to create a di erent interface than the Au/GaAs interface of
interest, deposited on a separate region of the substrate. This separate interface
can then in principle be used to record current which is ballistically transported
across the Au/GaAs interface and into the sample to reach a third probe in con-
tact with this separate patterned deposition structure. Speci cally, this patterned
deposition method consisted of the preparation of a silicon mask containing many
large-area circular holes (a bit more than 600m in diameter), which was used as
a stencil for the purpose of patterned shadow-mask deposition, creating isolated
deposition regions at di erent locations across the substrate. The interface was
required to have the characteristic of acting as an ohmic contact, that is, having
I-V curve corresponding to the linear form of a classical resistor, rather than that
of a Schottky barrier interface which would display the rectifying behavior of a
diode. For this purpose, the material chosen was a thin Im of Ti deposited over
half of the sample through the patterned shadow deposition mask, with an addi-
tional layer of Au being deposited through said mask over both halves, leading
to one half with a set of Au/GaAs circular deposition regions, and another half
with Au/Ti/GaAs circular deposition regions. The Ti layer acts to eliminate the
Schottky barrier characteristic of the Au/GaAs interface as a result of the inter-
face chemistry and Fermi level alignment at the Ti/GaAs interface, which does
not cause an upward band bending of the valence band maximum and conduction
band minimum in the GaAs substrate. Rather, this Ti layer has been shown to
generally improve electrical characteristics when applied to a GaAs substrate. [29]
In order to improve the electrical contact between the Au layers and the tips (for
measuring base and collector currents), we have replaced the standard W or Ptir
tips with custom Au tips made from Q5 mm thin manually cut, 99.995 % pure gold
wire. These Au tips are dipped into the Au layer to achieve the desired contact
needed for measurement.
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Figure 12: a) Schematic of the nal sample after deposition. On the left side is the
structure being measured through ballistic transmission, with a nominal thickness
of 60 nm, similar to the sample attempted previously. On the right is the ohmic
contact created by a layer of Ti, nominally 10 nm in thickness, in order to eliminate
the Schottky barrier with the substrate, which is then used to record the BEEM
current. b) Simpli ed schematic of stencil mask deposition. With a greater height
relative to the surface, the edges become thinner and less well de ned. In this
sample, the mask was positioned about 3m from the underlying GaAs substrate.

In Figure 12 we show a schematic diagram of the improvements that were imple-
mented to eliminate all possibilities that could inhibit the successful measurement
of BEEM current, in order to rectify the issues encountered with the previous sam-
ple, described in the previous chapter. This sample's improved design employed
two tips positioned over a single 10 nm thick circular area on one side, witil 2
being embedded to a depth of about 2 to 5 nm into the Au Im.T2 is used to mea-
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sure the base current being transported through this isolated layer of gold, while
the other tip, T1, which is composed of Ptlr for optimal tunneling performance, is
used as the tunneling junction which injects the current; with a set bias voltage
Vhias- A third tip, T3 is similarly embedded in a separate region of the deposition
pattern, which consists of a 10 nm thick Ti layer separating a thicker, 60 nm
depth layer of gold from the underlying GaAs(100) substrate. Botihi 1 and T3 are
composed of Au to create the best possible contact with the Au Im when embed-
ded therein. This setup is used to eliminate the current-rectifying behavior of the
Schottky barrier formed by the typical Au/GaAs contact. Instead, this interface
creates an ohmic contact similar to that in an ideal resistor, and the attached tip
can then therefore be used to measure the ballistic current transmitted across the
thinner 10 nm Au Im and into the conduction band of the semiconducting GaAs
substrate. This process, as well as the details of its construction, will be discussed
further in the following section.

In this chapter, we describe the details of the sample fabrication and carry out
BEEM measurements on the patterned MBE-grown epitaxial Au microstructures
fabricated via a stencil mask. For the improved version of the sample design,
we show successful BEES measurement with precise estimation of the Schottky
barrier height at the Au/GaAs interface.

4.2 Experimental

To describe the sample fabrication process in a detailed way, we rst start with
the construction of the stencil mask. By creating a solid slab of Si and selectively
thinning the circular regions which were used as deposition apertures, removing
these sections by heating the sample, either sticking them to the surface far from
the relevant region of the substrate, or simply shaking them loose, a patterned
shadow mask can be fabricated for use in creating patterned layers on a substrate in
concert with an MBE system. As can be seen in Figure 13a, some parts can remain
stuck to the edge or fall on the sample, with some circles may not being dislodged at
all. This resulted in a nal surface construction schematically described in Figures
13b - 13d, with Figure 13b showing an optical image of the sample glued to a ag-
style sample plate with the various compositions of the various deposition regions
being highlighted, while 13d shows the schematic picture with the tip con guration,
as well as the In droplet used for ohmic contact calibration, included. In Figure 13b
and d the circular pattern marked in dark brown, light brown and yellow are the
Au/Ti/GaAs interfaces, mixed regions and the Au/GaAs interfaces, respectively.
The regions represented by white circles are missing areas of the deposition, in
which no materials were deposited as a result of blockage by the stencil mask.
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Figure 13: a) Optical image of the Si shadow mask used for stencil growth of
Au and Au/Ti in circular patterned deposition regions. Note that some areas
which were intended to be used for shadow deposition did not come loose from the
mask during the nal preparation stage, resulting the nal pattern being missing

in some areas. b - d) The nal look and composition of the sample, with some
deposition regions missing as a result of blockage by the deposition mask. However,
these missing circular deposition regions are primarily located in the intermixing
region between the two regimes of the Au Schottky area and the Ti/Au contact
area, which is not used during measurement as a result of the less well de ned
composition of the circular deposition regions in this boundary area.

This patterned shadow mask is then aligned less than 3n from the sample,
with the close distance to the sample being chosen in order to create a tighter de-
position cone, and therefore a sharper boundary between the deposited region and
the rest of the sample. By minimizing the contact area between the Au deposition
region and the underlying substrate, any chemical reactions or protrusions occur-
ring at the interface or leakage current through, for example, edge modes of the
substrate can be limited or eliminated, and therefore any confounding resistance

36



or leakage current which might stymie the BEEM measurement process can be
either mitigated or wholly prevented.

This sample was constructed as a GaAs wafer polished on both sides, which
was n-type and Si doped to a density of (1 2) 10" cm 2 with 10 nm Au
pads on one side, and pads composed of a 60 nm Au thin Im deposited on top
of 10 nm Ti pads on the other side, with a "mixed region" of partially covered or
missing pads lying at their interface. Separately, there is an In droplet prepared
in ambient atmospheric conditions lying atop the clean GaAs surface.

The cleaning process for the GaAs substrate was the same as previously re-
ported, using a-H-cleaning (see Section 3.2). To create the metal pads, thin Ims
were deposited via a stencil mask at low temperatures of 180 using a half-closed
main shutter in the initial Ti deposition, thereby growing only on half the mask.
The sources for deposition were e-gun cells which deposited Ti at a rate of 0.185
A/s (with an emission current of 63 mA) for 9 minutes. Afterwards, the Au was
deposited for 20 minutes with the half-closed shutter at a rate of 0.4&/s and
an emission current of 174 mA, and then for an additional 8 minutes with a fully
opened main shutter. The sample was removed from the mask holder and imme-
diately transferred to the STM environment, a process which took a bit less than
half an hour. An issue with the deposition rate resulted in a signi cantly thicker
nal result than the intended 60 nm in the right half and 10 nm in the left half,
resulting in real thicknesses of nearly 77 nm and 22 nm, respectively. In any case,
these thicknesses will most likely not alter the ndings and the conclusions of our
experiments based on the evidence that the mean free path of the electrons in Au
at room temperature is  37:7 nm [14] which is much greater than the thickness
of the Au thin Im (at most 22 nm) at the Au/GaAs junction through which
ballistically emitted electrons can propagate freely.

The purpose of this sample was to standardize the 4-probe STM system for
BEEM measurement. Base current was measured across a singular Au circular
contact, from the tunneling tip to an Au tip in contact with the same Au region
as the electron emission tip. Said current was measured concurrently with the
collector current, which was recorded through a third Au tip in contact with a
separate deposition region which consisted of an Au layer over a Ti layer used to
create an ohmic contact with the underlying GaAs substrate.

4.3 Results & Discussion

Prior to BEEM measurement, traditional scanning probe microscopy was used to
investigate the roughly 10 nm thick Au Im deposited on the GaAs(100) substrate,

as well as on the bilayer deposition consisting of roughly 60 nm of Au and 10 nm
of Ti deposited for the purpose of creating the ohmic contact for BEEM measure-
ment. STM investigations have been used to better understand the morphological
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