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Novel isotopically enriched and aluminum (Al) dettaped silicon crystals with
exceptional material properties are proposed amdldped, in an effort to bridge
superconducting quantum information with silideased quantum devices for a new
generation of solibtate quantum computinQuantumcomputing platforms based
on semiconducting and superconducting qubits are two powerfdidzdes. For
semiconductor spin qubits, long coherence times can be achieved when using
isotopically enriched®Si as a host material. However, quinupling in
semiconductor qubits is difficult to achiestae to the nanometer scale of the devices.
For superconductor qubit devices, millimeter scale with long spatial coherence length

makeshemrelatively easyo couple multiple qubitqyut losses at the material

interfaceare limiting the device performand@ur ultimate objective is to create a



hybrid system where both Si spin qubits and superconductor qubits are coupled in a

nuclear spirfree and interfacéree material. To achieve this, a superconducting

semiconductor with monocrystalline structure is propoSen possible candidate is

throughAl delta-doped?®Si, as highly Al doped Si is expectamhave a 18 higher

critical temperature (3 than highly boron (B) doped Si{8#8 0. 6 K) . The focu
this thesis is tattack two materials limitations for realizing a monocrystalline, super
semiconducting hybrid architecture: 1) substantially redu@éBigthat limits

coherence of semiconducting spjubits and 2) exploring supersaturateddaped

silicon as a system fdocalized superconductivity within silicon with a potential3c

1K.

In the first part of this thesis, we demonstrate the advancements in isotopically
enriched®Si in terms of chemical purity, enrichment, and electrical properties. In this
work, a new, compact UHV version of thgperthermal Penning ion source was
designed and built. An improvement in the chemical purity from 98.47 % to 99.97 %,
while maintaining &Si enrichment of > 99.999987 % (0.832 ppi®i) has been
achieved. Wébroaden thenaterial variety of®Si at different levels in the quantum
information community by demonstrating the abilitygtow isotopically
enriched®Si epitaxial films with precisely controllgda 90 % earchiment acy )
levels ranging from natural abundanie< 1 ppm?°Si. In addition, to better assess
the quality of ouf®Si material, we have successfully fabricated and meastsed
MOSFET devicesand compared to those from natural abundance Si on the same

substrateThe charge carrier mobility on isotopically enrict#8i isfound to be



approximately a factor of 3 loweompared to the natural abundance Si, a result of
theshortrange scatterinmpurity scattering)

In the second part of this thesis, we report on the material growth and
characterization of supsaturated Al delta layers in Si and explore the possibility for
superconductivity. Toeach a critical density needed for supaducting transition
the first step is tatudy the saturation density of this dopant and a way to confine it in
3D. Using a combination of different characterization tools, the maximum 2D atom
density of one atomic layer of Al on Si(100) surface beftrster formation is found
to be 3.4x 10" cm2. We also studied the effects of different material growth
methods on electrical conduction and the possibility of reaching higher 3D density of
Al in this SFAI-Si heterostructure. We found that Al delta aapin Si behaves
differently compared to other dopants: the incorporation armwes not change the
dopant activation efficiencystandard molecular beam epitaxy (MBE) and locking
layer (LL) growthon Al layer is not successfahd Al dopant activation i®und to
be< 50 %, most likely due to thtendencyof Al atoms to move toward the surface
and thecluster statebeen developed fromhe thermal anneals. The electrical
conduction of this delta layer at low temperature is also stadiddnodeled using a
temperature dependent twarrier type modelwhichis the first reported conducting
Al delta layer in SiWe believe thateaching the superconducting transition using an
Al delta layer as a dopant in Si is possible, but this requires further studies bot
experimentally and theoretically to minimize the Al segregation in order to achieve a

high enough 3D dopant density.
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Chaptlemtdoducti on

Progress in theesniconductor indusyrhas been greatly adveced and expanded
in the past decadéargely in an attempt to foloMo or e6s | aw. Ori ginate
Gordon Moore in 1965his predicted that the number of transistorsnnraegrated
circuit (IC) shoulddoubleevery two yearsProgressing fronthe first metaloxide-
semiconductor fielegeffect transista (MOSFET) which have critical dimensions that
aremicron in size, I® sow have billions of transistors. Recently, the mass
production ofdevices athe 3 nm node using fin fieldffect transistor (FInFET) and
extreme ultraviolet lithography (EUVL) has been made commercially avajHble
The race continues #8M announced their new 2 nm process using nanosheet or
gateall-around transistonecently Al t hough the A2 nmd descri
actual dimension of the transistors, the shrinking in size will eventually lead to a
fundamental limit where quantum effects dominate the device perforrfgnEsen
with thesegreat advancemestclassical computers that udassical bits 0 and 1 are
still limited when solving certain types of problems.
The quantum computer, in analogy to its classical counterpart, is made up of
guant um bi tAgubiis a tictpwebsystergedg. an electron spin thaah
spin up and spin down or a photon that has vertical and horizontal polarization, etc.)
that exhibits unique quantum properties including superposition and entanglement.
Superposition is the ability of a quantum system to be in multiple states
simultaneasly, at least until it is measured. It allows a qubit to not only be in the

states labelefDOor |1Q'but also in the state :
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, whered andd are real phase angles defined on the Bloch sphere, as shown in Fig.

1.1.0n the Blot sphere, the basis state€and|1Care the north and south poles,

respectively and the superposition statearthe equatoAn arbitrary qubit state

can be expressed as a point on the surface. The entanglement of the qubits describes

the correlation between qubit states. A it statem—_ T < can be used to

express entanglement, where one qubit dependsasthier. By combining

superposition and entanglement with quantum algorithms, an exponential increase in

the computing power can be achieved when solving certain types of problems, such

as prime factorizatiof8], numerical optimizatiofd], machine learninfp], complex

simulationg6], data searchinfy], etc.

Quantum algorithms are based on quantum computing models. One of the most

commonly used is the quantum circuit mof@! In this model, ithas been proved

that arbitrary singlgubit rotations with twegubit controlled NOT gates are universal

and can provide a set of gates to implement any quanturitafgs[9]. Besides, one

gubit statecan be controlled by anothesinga two-qubit controlled NOT (CNOT)

gate

wher e a

rot at rarisif thie sont@lpspild1@ . dhear ound t

core of buildhg a quantum computer is to have a qubit with Hidélity single and

two-qubit gates. The control fidelify a

states aredlepends mainly on the manipulation time and the coherence time. The

measure of how ficl oseodo t

manipulation time refer® the time required for a single manipulation, characterized

by

a

rotation

angl e

o f2) is alsocalled 2hé deph@sing

cohere

f
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Figure 11: A schematic diagram of a Bloch sphere representing the sjates

The north pole and south pole represent the basis K@=l |10’ respectively. Any

point on this sphere represents a l|inear
rotation changes the qubit from tji&to a superposition statéModified from[10],

an Open Access article distributed under the terms of the Creative Commons

Attribution License.)

time, defined as the time that a qubit can keep its quantum coherence properties. In
coherentmeasurements,.tan be obtained by measuring the decay time of Larmor
precession and Ramsey fring&4]. Those decay times are usualgnoted by T as

they are smaller tharrue to experimental or environmental imperfections.

Dynamical decoupling puls¢$2] can be used toonvert & to T.
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1.1 Semiconductor and Superconductor Quantum
Information

There are many possible candidate approaches toward building a quantum
computer, such as ion trafds3, 14] superconducting circuif&5, 16] spins or
guantum dots in semiconduct¢is, 18] nitrogen vacancy centelk9, 20] nuclear
magnetic resonance techniqiig$], etc.Among those, semiconductor quantum
information is a powerful camdatedue to its compatibility to the modern
semiconductor industryn 1998, Loss and DiVincenzo first proposed to use
semiconductor quantum dots as qubits and demonstrated single spin manipulations
[21]. For a gate defined quantum dot device, tleetebdes can be biastalform
potential well to trap electrons, and the electron spins can be manipulated via an
external magnetic field. Such quantum dots can also be formed in other material
systems, such as Gaf2], Si MOS and silicoroninsulator (SOI)J23], nanowires
[24], grapheng25], selfassembled cryals[26], etc. As an alternative to Si MOS
guantum dots that utilize electronirsg Bruce Kane proposed to use the nuclear spin
of a single*P donor in silicon as a quijiz7]. STM lithography with atomic scale
precision and ion implantation are the two common ways to fabricate this kind of
gubit devices. For the STM lithography approach, alsipgosphorus (P) donor and
a donor molecule are placed on the Si surface using STM lithography to selectively
lift off hydrogen from a Hpassivated surfad28]. A singleelectron transistor (SET)
for charge sensing isrfimed beneath it. The qubit is again surrounded by metallic
gates and an aluminum microwave antenna generates an oscillating magnetic field

over the device. The quantum information stored in &&nuclear spin is read out

4
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by measuring the tunneling cuntebetween the target qubit and the adjacent neutral
donor. For the ion implantation approach, donor ions are implanted in a small region
in the silicon and the spins of both the electron bound to the donor and the donor
nucleus can be used as quifizg].

In silicon spinqubits one of the greatest advantagethe potential for extremely
long coherence timesili8on is a promising candidate due to its intrinsic material
properties and the existence of techniques for fabrication of devices at increasingly
smaller length scales. It has been widely acceptéus communitythat silicon can
be an excellent hostaterial for quantum devices that utilize charges and/or spins.
Silicon can provide a nearly ideal environment for spins which results in a very long
coherence time, due to its weak spnbit coupling and the existence of a nuclear
spinfree isotope?®Si. In Sispin qubits the major source of decoherence comes from
therandom strain field and thehomogeneous magnetic field noise (or the
Overhauser field) generated by nuclear and impurity spins. Natural abundance Si is
composed of three isotop&8Si (92.2 %),2°Si (4.7 %) and’Si (3.1 %). The®Si
isotope has a nerero nuclear spirl € 1/2) that causes random fluctuations and
inhomogeneities in the background magnetic field, wiie and®*°Si have no net
nuclear spin. By eliminating the presencé&®i isotopesboth nuclear and electron
spins in isotopically enrichedSi interact much less with their environment, resulting
in a great enhancement in coherence tim{@d, 31] Theoretical studies have
predicted that the increase in coherence time is proportional to tretioadn 2°Si

isotope concentratiof32, 33} Bulk electron spin resonance (ESR) and NMR
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experiments of*P spins irf8Si have been carried out by numerous research groups,
where coherence times exceeding seconds have been adBi&vet, 34, 35]

Despite the advantagabere are also challenges associated with siiased
guantum information. The semiconductor gshive been expected to have good
scdability and couplingconsidering the success in semiconductor industry, however,
the largest number of qubits that can be controlled in the same device to date is still
less than tefB6]. With isotopically purified?®Si, the complicated valley degeneracy
and resulting necessary elaborate control of the small electronic wave function still
remain as challeng¢$0, 23] There are six degenerate minima of theduction
band in Si and these subbands form valleys. For donors in Si, the valley degeneracy is
not a concern since the dopant at@mch as'P) has a strong confinement potential
that can lift the valley states degeneracy easily. However, for Si quaotsnthere
are four inplane valleys and two owtf-plane valleys and the two lower valleys
greatly affect the qubit control and manipulatj@B]. As a consequence, the valley
statedegeneracgan cause a significant decrease in spin lifef®@¢ renormalize
the gfactor[38], deteriorate spin initialization and may limit the dephasing [B8E

On the material standpoijrthe supplyof the isotopically enriche#Si within this
communityis very limited. Perhaps the most highly enriched single crystal88ik
is from the International Avogadro Projé®, which was produced using centrifuge
enriched gaseous silane and a long process chain resulting in zone refined, single
crystal silicon with aesidual®Si isotope fraction of abodto® mol/mol Y. The end
goal in that case was to produce a macrosc

metrological purposes. Quantum information appiices do not require macroscopic
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quantities of®Si for each device, so an alternative, less expensive strategy has been

to grow epitaxiaf®Si layers on natural silicon substrates using isotopically enriched

silane gase.g.,chemical vapor deposition (@) grown?®Si epilayers on 300 min

substrates that is enriched to 99.99#4% Remnants from other sourdéd of 28Si

al so exist, providing

access for

research

85j, including the floazone grown samplesdm Keio Universit{**, CVD grown

thin films at Princeton Universit§®!, solid-source molecular beam epitaxy (MBE)

grown thin films at Technical University of Munich (TUNM$!, ion beam method

from Penning source badg ion implantel*’], etc.

As an alternative, supawnductorbased qubit is another promising candidate for

guantum informatiomlue to its macroscopic natutgnlike semiconductor qubits

wherecouplingis challengingdmainly due to the nanometer scake)egree of

scalability has already been demonstrated for superconductor qubits: a 53

superconducting qubit computer was demonstrated by Google in 201 % Stuplilbit

computer was announced by IBM in 2020. In 1999, Nakamura et al. developed the

first quht for superconducting quantum computid@]: a Josephson junction (JJ)

based Coopepair Box (CPB) in the charge regime. Since then, superconducting

gubit has been delaped rapidly. A high fidelity twequbit gate using 5 qubifg9]

was demonstrated in 2014 and this provided an important step towards surface code

scheme$50, 51] Depending on different degrees of freedom, superconducting qubits

can be divided into different categories: charge qud8s52] phase qubitfs3], flux

qubits[54, 55]

transmi ssi on

ne

shunt ed

pl asmon
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[56], etc.An important step is to embed the qubits in a superconductor-micro
resonator to introduce circuit quantum electrodynamics (cQER)57-59].

Compared to other quantum computation systems, superconductor qubits have the
following advantages. The firstikehigh design capabilitythat is associated with
different types of qubits (charge, phase, flux, etc.). Secondly, different @keram
such as energy level and coupling strength can be adjusted by changing the
capacitance, energy, and inductance of the JJ. In addition, superconductor qubit has
good scalability and is easy to couple using capacitance or inductance due to its
circuit nature.

One limitationfor this type of qubit is theelativelyshort coherence time.

Originally, the coherence time for charge qubit was only a few nanoseconds. In 2007,
a transmon CPB has been demonstrated with a longer coherenfejiniy

embedding a transmatevicein a 3D cavity, the coherence time has been further

ext ende d[6q],obutthiDidstillomlers of magnitude lower than that

achievable with sernonductorspin qubits that is in the range of seconds to even
minutes[30, 34] This limit in the ®herence time for the heterogeneous devices used
in superconducting qubits usually comes from the losses in or at the material
interfaces, such as the oxides on the superconductor, insulator and interlayer
dielectricg[61].

Both semiconductor and superconductor qubits have their own strengths and
weaknesses, largely based on the nature of the material platforms that have been used.
Recently, an approadfl] trying to combine the superconducting and

semiconducting materials into a single crystalline lattice with no interface has been
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proposed, where the strength of both types might be achieved simultaneously. This
proposed hybrid quamm device would consist of superconducting wires and
Josephson junctions in a single crystalline isotopically enritigdo reduce the
coherereloss at thalielectricinterface. Qubits with enhanced coherence time and
cQED coupling might be expectdd.order to fabricate this new hybrid quantum
device, a twedimensionally (2D) confined superconducting semiconductor material

with single crystalline properties would beneficial

1.2 Superconducting Semiconductors

A semiconductowith superonducting propertiewas first reported in a heavily
boron doped diamond grown by microwave plasma CVD with high temperature and
pressure. The highest reported critical temperature of this kind of superconductor is
11.4 K[62]. Superconduatig seniconductorshave also been demonstrated in other
semiconductor material systems, such as GeTe, §rhfDs, PbTe[63-66], etc. For
a semiconductor, the band gap is usually larger than the superconducting energy gap,
so that an intrinsic semiconductor is not supercondufinp In order to reach
superconductivity, doping of impurigtoms in the semiconductor above the metal
insulatortransition (MIT) is required. This is because impurity atoms that substitute
into the semiconductor lattice create energy states (donor or acceptor states) located
within the band gap. For a degenematdbnordoped semiconductor that has high
enough concentration, the electrons remain in the conduction band even at a
temperature of 0 K. Those electrons contribute to the electrical conduction and works

as unpaired electrons in the normal state of a sopductof{67]. However, such a
9
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high density of dopants usually corresponds to a concentration higher than the
equilibrium solid solubility limit. And this noequilibrium doping causes
inhomogeneous material properties such as dopant segregation, clustaofoameit
polycrystalline materialf68-70].

Non-equilibrium doping techniques have been used to produce doping density
above the solid solubility limit. These includes chemical vapor deposition, gas
immersion laser doping, high fluence ion implantation with high temperature
annealind68, 71-74], etc.For examplesinglecrystalline Al and Ga in Gmade by
ion implantation and reagide flash lamp annealirglhowed superconductivity at 0.15
K and 0.45 K, respectivelwith a doping density of 6 at. §84]. Heavily doped
boron (B) in silicon above the solubility limit (1.2 at. %) using gas immersion laser
doping haslsobeen demonstraig71]. A supercondumg transition at 0.35 K has
been observed, with a doping density of 6.5 at. % (or 3@>m?3) [71]. The value
of Tcis expected to increase as the dopant concentration increases based on-a phonon
mediated BCS type mechani$ib]. Since this early work, exploring other dopants
with potentially higher Thas become of great interest, especially for STM
lithography based nanodevices. Aluminum (Al) as a dopant in Si is one of the
possible candidates. Adtily doped Al in Si structure is predicted to have: &eh
times higher than the case for B under the same doping concenfirafiodowever,
superconducting Al in Si has not been desimted yet, mostly due to the extremely
low solid solubility limit of Al in Si (0.04i 0.06 at. %) and the tendency of

segregation at high doping dendifg].
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Delta doping with low temperature molecular beam epitaxy (MBE) is an
alternative method that can be used to fabricate 2D dopant layers with high enough
atom density and low thermal budget. With this growth method, sharp dopant profiles
with atomically abrupt junctions might be made in Si. Those dettped layers have
a sharp spike in their dopant profiles that resembles a delta function in the growth
direction. Several groups have reported the growth of variousdtgbed layers in
Si, such as B, Bnd SH77-80]. A dopant density higher than the solubility limit has
been demonstrated in Sb dettaped layergd1, 82]and a density as high as<11.0??
cm® has been reached in MBffown B delta layerf83]. Deltadoped 2D systems
might also be a precursor for many lokmensional devices, such as nanowires,

SETs, etc.

1.3 Objectives and Project Goals

Given the advantages and limitations of the supercondulctisgd and
semiconductinghased quantum computatigystems, the strength of the two might
be combined. It may be possible to merge the two approaches and make-a single
crystal superconducting device out of a semiconductor. In thiseasiés with
extremely long coherence tisigood coupling and scaldiby might be realized.

28Sj with sufficiently high refinement nearly eliminates unwanted nuclear spins
and provides an excellent environment to host spin qubits. On the other hand, Al delta
layers in Si is a new material system that hagttential to have a much highey T
compared to that for B dopinBy combining the two, a nanometer scale spin qubit

can be coupled together with a millimeter scale superconducting Quibitiltimate
11



248 objective is to create a hybrid system where both iigbits and superconductor

249 qubits are coupled in a nuclear sfiee and interfacéree material. The focus of this

250 thesis is tattack two materials limitations for realizing a monocrystalline, super

251 semiconducting hybrid architecture: 1) substantigjucing?®Si that limits

252 coherence of semiconducting spubits and 2) exploring supersaturateddaped

253 silicon as a system for localized superconductivity within silicon with a potential Tc
254 1K

255 There are challenges associated with each of the material systems that we want to
256 pursue. In this work, we will break down those challenges in smaller parts. For

257 isotopically enriched®Si, one of the difficulties is the material supply. As we byiefl

258 described in the previous section, @i materials within this community are of very

259 limited quantity or are not being replenished. A material source that can provide high
260 isotopic enrichment and chemical purity simultaneously, while keeping thelgrowt

261 process simple and flexible is needed. Another difficulty for enriched silicon is the

262 determination of metrics for quantum information, in terms of enrichment,

263 crystallinity, and purity. Unlike classical specifications like electragrexde and

264 metallurgcalgr ade Si (EGS and MSG), a guantum met
265 enougho is stildl uncl ear. Achieving superc
266 is quite an ambitious godflole-based dopant systems have drawn a lot of attentions
267 recently, as adnger coherence time due to the suppression of hyperfine interaction
268 Dbetween the hole and nuclear spins can be achj84e85] But they are generally

269 not as well studied as electrbased systemg\l delta layer has only le@

270 successfully fabricated recently by our gr¢86]. However, thenaterial properties

12
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of the Al delta-doped layers in silicon are largely unknown, such as Al dopant
configuration at various growth temperatures, dopant incorporatidractivation in
silicon lattice, low temperature electrical conduction, etc.

To overcome the challenges listed above and provide insights on this field for
further studies, we have developed the follow specific goals for those two material
systens:

Isotopically enriched®Si:

1. Produce®Si material with high enrichmel 1 ppm?°Si) and chemical purity<

10' cm®) simultaneously.

2. Demonstrate precise contfel50 % deviationpf the?8Si enrichment levels in a
wide range to support the celation study of°Si concentrations and coherence
times.

3. Fabricate &8Si MOSFETas part of an effort to underpin the material standards
needed for quantum grade silicon and establish a standard approach for the inter
comparison of thesmaterials

Al delta layers:

1. Study the 2D configuratiaof Al on Si(100)and the maximum atom densftyr

one atomic layer

2. Explore possible improvements in material growth methodsdjpant activation
and reaching the critic&8D density (2 at.%) fosuperconductivity

3. Study thdow temperature electricabnduction mechanism of the Al delta layer in

Si.

13



294 1.4 Outline

295

296

297 1 Chapter 2: The experimental apparatus and methods used to grow and

298 characterize théSi thin film, Al delta layer and natural BE Si are

299 introduced. This includes the description of the hyperthermal energy ion beam
300 system, the ultrligh vacuum (UHV) preparation and deposition chamber and
301 thein-situ characterization STM chamber. The basic principles for ion beam
302 deposition, STM sanning and the Hall measurements used for device

303 characterization are also presented.

304 1 Chapter 3: Design and characterization of a new UHV ion source to produce
305 28Sj with improved chemical purity while maintaining the same level of

306 isotopic enrichment. & vacuum has been i mproved by
307 result in an improve in chemical purity from 98.47 % to 99.97%, measured by
308 SIMS. The enrichment capability is preserved, witASaisotope fraction of

309 99.99987 %.

310 1 Chapter 4: Targeted enrichmenthéability to grow isotopically enriched®Si

311 epitaxial films with precisely controlled enrichment leva®r a wide range.

312 A model is developed to predict and control & concentration and the

313 targeted enrichment is achieved by periodically switchilegnass analyzer

314 magnetic field to the appropriate ion specf&Si{ and?°Si*). An accuracy of

315 a4 90 % is achieved between the targeted
316 enrichment value.
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f Chapter 5: 28Si MOSFET s fabricated and characterizeomparedd

commerciakilicon. A maximum mobility ofa (1740+ 2) cn¥/Vsand an
electron density of2.7 x 10'2 + 3 x 10°) cmi 2 and& (6040+ 3) cn?/Vsat an

electron density of (1.2 1012+ 5x 10°) cmi 2 at T = 1.9 Kfor devices

fabricated orf®Si and"Si have been measuresspectivelyaresult of the
shortrange scattering (impurity scattering)

Chapter 6: For Al delta layers in Si, theD configuration and the maximum

2D density of Al as a dopant on Si(100) surface is studied using STM, SIMS
and APT. The result is compared to the theoretical studies from the literature.
The maximum density of one atomic layer of Al that can be depasited
Si(100) is found to be most likely 3:410* cm?, in accord with the literature
prediction The 3D density of the Al delta layer peak is dlsand to be 6.
10?°°cm® (1.2 at. %)

Chapter 7: A systematic study of the growth methods for Al delteeta in Si

and the materials characterization using STM and low temperature
magnetotransport measurements are presented. Possible ways to improve 3D
dopant confinement and dopant activation are explored. The conduction
mechanism of this delta layer at Ie@mperature is also measured using Hall
devicesand a twecarrier type conduction model is used to explain the
observed behaviocarriers from the delta layer dominated at low T and

thermally excited carriers dominated at higher T.

15



338 1 Chapter 8: A summary of the technical and scientific results is presented.

339 Future research directions and possible experiments enabled by this work are
340 discussed.
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Chapter 2: Experi mental Appa

In this chapter, the experimental apparatus and methodfSfand Al delta layer
materials synthesis will be introduced. Most of the experiments involving the
preparation, fabrication and characterization of the materials are conducted in the
ultra-high vacuum (UHV) chambers. First, | will introduce the UHV vacuum
condition and chamber configuration, which consists‘88aion source deposition
chamber, a UHV deposition and analysis chamber, and a scanning tunneling
microscopy (STM) chamber. Thémvill talk about the sample preparation for beth
situ andin situcleaning of Si (100) substrates. Followed by an introduction on the
UHV deposition of the hyperthermal ion beam system, the electron beam evaporated
natural Si system and the thermahpeorated elemental Al deposition system. Finally,

the STM used for materials characterization will also be introduced.

2.1 UHV Chamber Configuration

To achieve high cleanliness for material growth and to suppress various
contaminations from thealgkground, all the chambers are designed and built to be
UHV compatible. The schematic of the experimental apparatus is shown in Fig. 2.1.
The hyperthermal ion beam chamber is located at the left with green dashed lines. lon
source, electromagnetic lensexl apertures are in this chamber. The deposition and
analysis chamber is in the middle with blue lines. Sample manipulation and heating

stage, natural Si and elemental Al deposition sources, reflection high energy electron

17



371 diffraction (RHEED) and Auger satrometer are in this chamber. A portion of the

372 magnetic transfer rod is shown on the top, which was used to transfer sample from the
373 deposition chamber thhe STM chamber. The deposition chamber is also connected
374 to a separate load lock system on thatrigvhere sample loading and unloading take
375 place. The bottom is the STM chamber surrounded by orange lines. The four vacuum
376 chambers (including the load lock) are all maintained at UHV condition and separated
377 Dby gate valves.

378 All chambers are ke@t UHV conditions. The deposition chamber has two

379 turbopumps (Pfeiffer and Edward Vacuum, with pumping speed of 685 L/s and 300
380 L/s, respectively), an ion pump and a titanium sublimation pump with a liquid

381 nitrogen cryoshroud. To reaelm acceptably lowasepressure, a bakaut of the

382 chamber is necessary. The procedure includes wrapping the chamber with Al foils
383 and heahg up thechamber with heat tapes to above 150 °C for a few days for better
384 thermalconductivity and stabilityDuring the process, watand other imyrity gases

385 are slowly desorbed from the chamb#eriors andare pumped out. The typical

386 pressure aftepakeout is about 5 x 18 Torr (6.67 x 16 Pa). Weuse a residuajas

387 analyzer (RGA) to monitor the partitessure of the vacuuoomponents in our

388 chamber. As shown in Fig. 2.the partiapressures of the main contributors, such as

389 Hz, H0O, &, CO: and N are shown.

18
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390
391

392 Figure 21: Top-down schematic of the experimental appasatu

393 Thisincludesthe ion beam chamber (green), deposition and analysis chamber (blue),
394 STM chamber (orange) and the load lock used for sample loading into the deposition
395 chamber. All four sections of the chambers separated by UHV compatible gate

396 valves. (Modified from Refl87] with permission)

397

398 A 5-axis sample manipulator is located in the middle of deposition chamber to

399 position samples, surrounded by i ion beamline, RHEED, RGA;lseam

400 evaporator (natural Si) and quartz crystal microbalance (QCM). This allows quick
401 accesdor multiple processessuch as substrate preparation, material growthrand
402 situcharacterizations.

403
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Figure 22: RGA spectrum of the deposition chamber baseline
The pressure iat pressure 6 x 18 Torr. The partial pressure gesof the typical
components: b H20, O;, COz and Necan be seen.

2.2 Sample Preparation
2.2.1EXx situ Preparation

To prepare a clean substrate for further deposition and fabrication with low
contamination andligh crystallinity, we divide our sample preparation into two steps:
ex situandin situ. Ex situ preparation is introduced to the sample before entenimg t
vacuum chamber. In this work, most of the samples asedhtrinsic floatzone

refined Si (100) waf @m Bhe waletidfirstrsgirscoaset withi i t y
20
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S1813 photeaesist to protect the surface from scratches and diced into pieceg (chips
with dimensions 4 mm x 10 mm. Then the chips are taken into the cleanroom and
cleaned with complementametatoxide semiconductor (CMOS) procedures. This is
to remove the organic and metal contaminations from the surface. The cleaning recipe
is as follaved:

1. Remove photoesist in PG remover 80 °C, 20 mins

2. Isopropanol (IPA) 1 min, RT; rinse with DI water

3. Downstream asher or RIE phetsist Descum 60 s

4. 50:1 HO:HF dip, 10s; DI rinse

5. SCG1 clean 10:1:1 KD:NH4OH:H202 at 80 °C, 12 mins; DI rise

6. Piranha clean 3:129Qu:H20 12 mins; DI rinse

7. 50:1 BO:HF dip, 10s; DI rinse

8. SG2 clean 5:1:1 KHO:HCI:H20z2at 80 °C, 12 mins; DI rinse

9. Blow dry with Nb

The sample is then loaded into the load lock chamber within 1 hoeducesurface
contamination. Note that during the transfer, the sample will have a thin chemical
oxide layer with a few nm grown naturally on the surface. This will act as a

protectinglayer and will be thermally removed durimgsitu preparation.

2.22 In situ Preparation

Once the samples are loaded into the vacuum chamber, two methods of heating
are performed fomsituc | eani ng of t he subst rwhicle. One m

consists of a back heater utilizing the radiative heating from a tungsten wire, typically
21
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with current and voltage < 10A and 15V, respectively. Another method is called

ADHO, or Joul e heating, which usée resisti

sample. Fig. 2.3 shows a glowing Si substrate at 1000 °C, the sample stage and the
wiring diagram of the RH and DH. RH is located at the back of the sample and a
finger is connecting from DHhrough the sample to DHJsually for intrinsic

silicon sanples, since the resistance is too high at room temperature, RH is needed to
pre-heat the sample to about 300 °C to reduce the resistance and thus allow
conduction through DH. The loaded sample will first be heated with both RH and DH
to atemperatureofabut 600 AC. This is process i
removes water molecules sticking to the sample surface. After degassing, the sample
will be flash annealedsing DHfrom 600 °C to 1200 °C in a few seconds. This

process will be repeated forbtimes, each with a duration of 10 s at 1200TKis is

to remove the thin native oxide layer of Sifpown on the surface by a sublimation
process at high temperature, without the formation ofé®iCstep bunchingt the
surface88, 89] Each heating cycle igept shorsoas to prevent outgassing of the
manipulator parts. After flash anneal process, the substrate will be cooled down
rapidly to 600 °C anthen ramped dowto RT, with a rate of 1 °C/s. The sample
substrate is then either examined using RHEEDamsferredo the STM chamber

for surface characterization. Typically, a flat, clean surface of Si (100) with (2 x 1)

reconstructed dimer rows and adjacent Si texsgerpendicular to each other
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Figure 23: Sample stage on the manipulator and the wiring diagram.
The glowing Si (100) substrate is heated to 1000 °C by running current through the
current

sampl e

usi

ng

DH.

Typi cal

respectively. (Modified from Ref87] with permission)

and

vol t a

Figure 24: STM images of a Si (100) substrate after 1200 °C flash anneal.
(a) 2 x 1 reconstructed denrows are clearly observed. (b) A larger scale image: Si

dimer rows and terraces perpendicular to each other can be seen. Images are acquired
with a tip bias of2 V and a current setpoint of 110 pA. Some dark spots are also
visible in this image, thosa&re the vacancy defects or missing Si atoms on the

surface.
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can be seen, as shown in Fig. 2.3. Some dark spots are also visible in Fig. 2.4, which
aremost likely vacancylefects or missing Si atoms on the surface.

Since we need to ragly change and accurately control the temperature of our
sample for both sample preparation, deposiiot postanneaprocesses, an accurate
way for temperature measurement is very important. In this work, we use a Process

Sensor pyrometer with tempereguange 300 °C to 1300 °C and spectral range of

1.45 to 1.8 em to measure temperatures.

depends on the emissivity e and it changes rapidly according to the temperature. For
example, e changes from < 0.1 to > 0.2wi changes from 100 °C to above 1000

°C, respectively90, 91] Although the emissivity values are well studiadd

reported irthe literature, deviations due to difference in experimental equipraent

be introduced to the Atrued emissivity
deposition materials on the view window. People use botBifand AlSi eutectic
samples to cédrate the emissivity. A eutectic is a homogenous mixture of two
materials that has a lower melting point than any of the constituents. The eutectic
temperature for ABi is about 577 °(92] and for AuSi is about 363 °(93]. The

Au-Si eutectic is produced by an Au wire on the edge of Si substrate and 8ie Al
eutectic is produced by depositis0 nmof Al onto the center of a Si substrate. As

we increase the current from DH across the sample, the substrate temperature
increases until a phase transition is visible at the eutectic point. After stabilizing at the
eutectic point, the pyrometer emissivity is adjusted so that it matches the eutectic

temperatures of the alloy. 3 calibrated emissivity has been obtained with different
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temperature range: e 4 0.25 with T < 475 A

with T > 800 °C, which is very close to the values reported in the literi@d4ife

2.3 UHV Deposition Systems
2.3.1 Hyperthermal lon Beamline

This section relies heavily on the previous works done within our group, mainly
contributed frommy NIST supervisor Dr. Josh Pomeroy amd previous group

member Dr. Kevin Dwyer. During my PhDwasresponsible for the modifications

and upgrades of theeamline, such as the new UHV ion source, ion beam sweeper,
new gas system, etc. Those changes will be introduced in section 3. Here | will
present the important features of this ion beamline in terms of basic functioning and

characterization.

2.3.1.1 Exmrimental Setup

The hyperthermal ion beamline system consists of four main parts: the gas manifold,

the ion source, the transport system and the magnetic sector mass analyzer. In the

initial setup, the ion source is a traditional Pensiypge ion sourcealso known as

Penning lonization Gauge (P1G), built by a partnership of Physicon Corporation and

Dr. Barbara Cooper. The transport system (including electromagnetic lenses) and

magnetic sector mass analyzer are a result of creative partnership betwesh Cor
University and Dr. Pomeroyds group. The ba

was firstly demonstrated by Philli85]. Later on, Baumann anceBigehave
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extensively studied and optized the PIG ion source, which included the dependence
of ion current on gas flow, magnetic field and anode/cathode volf@§€9]. The
schematic of the ion beamline system is shown in Fig.Th& insert shows the

design of this gas mode Penning ion source with gas inlet, source magnet, anode,
cathode and extraction cusp. During operation, a plasma is generated between the
cathode and anode of the PIG ion source with a radiatifirem magneic field. The
anode is typically at 50 V and the cathode varies #bikl to-3.5 kV. The plasma
ionizes and breaks down the working gas molecules (mosthyitsiHis work) to

mostly singly charged ior{87]. Those ions are then extracted by a high voltage
extractioncusp accelerated by a transport voltage of abdwkV andfocusedby an

Einzel lens ontahe focal point of the mass analyzer. This transport voltage is applied
to the whole ion beam chamber with other voltage components floating on top of it.
The purpose of this high voltage transport is to suppress the effect from space charge
(continuum ofelectrical charges distributed over a thd@mensional region|100]

repulsion of the positively charged ions.
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Figure 25: Hyperthermal ion beamline schematics.
The details of the gas mode Penning ion source including the gas inlet, source
magnet, anode, cathode and extraction cusp are shown in the inset. A potential
landscape is shown from anode (A) all the way to the éddaeleration lenses (K)
in the bottom figure. lons from the ion source are firstelerated to the transport
voltage ¢4
atground potential ithe deposition chamber. (Takenrrdref.[101] with
permissiorof the Journgl

cel

erated

back

After bang focused and acceleratqubsitivdy charged ions are transporteto a
magnetic sector mass analyzer (bending maget).to the Lorentforce, ions of
the same kinetic energy but with differenéssto-chargeratio will have different

trajectories at the exit location where an aperture is tuned at a particulaofvallze
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(where Z is the ionic charge in units of the proton chargméhe case ofSi, the
massto-charge atio is tuned to be 28mu/e and all other ions lik&Si* and3°Si* will

be blocked by the aperture. The mass resolution of the current aperture is changing as

a function of mass in units afru, and the value of mm at 28anmu i s[104]. AT 4

the bottom of Fig. 2.5, the potential changéthe ionsin the ion beam as they pass
through each component (with label A to K) is shown. After passing through the
aperture, the ions wipass througla sries of deceleration lenses (ladmF to K)
that refocus and decelerdbeem toa desiredenergy before reaching the final stage in
the deposition chamber.

The operation procedures of the hyperthermal ion beam depositiési afe
described belw:
1. Inject working gas (SiHn this work) from the gas line into the ion source using a
high precision leak valve.
2. Turn on and set the voltages for anode and cathode. Foo&kation, a typical
anode voltage is & 5heVramdxkvamfEilédie voltag
3. Set the voltage Mor transport to bed kV.
4. Turn on voltage¥e and \t for extraction cusp and focus, those are floating on top
of the transport.
5. Turn on the ion source magnet to ignite a plasma in the iosoesou
6. Set the magnetic sector masslyzer to the targ&n mass (2&mu).
7. Turn on the deceleration lenses A2;B4and X.Collect and monitor the ion

current at the deposition position using an aperture.
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580 8. Starting from the anode voltadme tuning the voltages along the beamline all the
581 way to the final lens to maximize the ion current detected at the depdsdaiion.

582 9. Prepare sample to target temperature and open gate valve to start deposition.

583

584 2.3.1.2 lon Beam Characterization

585

586

587 Here we introduce the methods to characterize the ion beam for isotopically

588 enriched’®Si deposition. The first important aspecttis ion beam mass spectrum

589 collected from the magnetic sector mass analyzer. The ion current is measured using a
590 homemace aperture located at the deposition position with a picoammeter (with a
591 typical background noise of 10 pA) while sweeping the magnetic field of the mass
592 analyzer, which corresponds to sweeping the folaggge ratio, m/of the ions.

593 Measuring and analyzinthe mass spectrum of the ion beam is a critical step for both
594 assessing the mass separation of the ion species, which limits the enrichment level of
595 28Sj, and detecting the contamination levels in the ion source, such as gas molecules
596 contributed from background C, O and N. The mass spectra feg&gaind other

597 background gas species are shown in Fig. 2.6. Panel (a) shows an example of the
598 mass spectrum using Siljas during?®Si deposition. The-axis is the ion current in

599 log scalecollected at the sample location, thexs is the magnetic current of the

600 mass analyzer, which also corresponds to the mass of the ions. lon current peaks are
601 marked according to the ion species, such a&gieand various Si hydride ions due

602 to inconplete cracking of the SiHnolecules. For example, the ions ata281 are

603 from 28Si*, the ions at 2@mu consists of botf’Si* and?®SiH", and the ions at 30

604 anmu are from a combination é¥Si*, 2°SiH* and?®SiH.", etc. Those ion species are
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605 distinguishake with a higher mass separation, for example, during the SIMS
606 measurement of the isotope fracti¢h82]. The typical ion current obtained f6Si*
607 is afew hundred nA, which is about 10% of the total current of. Sibl obtain the
608 mass separation ability of the systenph@nomenologicabaussian fit of the

609 following form is usedd fit the spectrum:
610 ‘0 0 ?A @D- —— (2.1)

611 wherel is the ion current measurdd|s the current offset from the background

612 noise,Bis the area of the Gaussianjs the massyc is the center of the mass peak

613 andUis the standard deviation of the flithe factors that affect the mass resolution

614 include the width of the aperture, ege spread of the ion beam, angular distribution

615 due to lensing effects, etc... The fluctuation of the current from the detectod® < 1

616 pA. As shown in panel (a), the Gaussian peak fits well with the collected data with

617 symmetrical shape, indicating ththe beam is experiencing vesgnall perturbation

618 from scattering effects, which usually can be seen with the presence of a non

619 symmetrical shoul der peak that is a 10 %
620 fitting, the separation between aBuand2%nupeak centers i s about
621 corresponds to a lower bound on #®i concentration of about #disotope fraction

622 in the?®Si film, assuming negligible gas scattering and side sealttering103]. In

623 some occasionshere might be a small shoulder peak observed in addition to the

624 main peaks. This is likely due to nadeal beam tuning, resulting from the ion

625 scattering off the masanalyzer aperture.

626 lon beam mass spectra of the posdilalekground contaminations that are

627 presented inhe ion beam along with the Silgas are also shown. Panel (b) shows a
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Figure 26: lon beam masspectra of working gas SiH

Panel (a) shows the ion current collected at the sample deposition location using a 4.9

mm? aperture8Si ions and Si hydride ions can be seen frora?8 to 33amu.

Gaussian fitsising equation (2.1) are presented as red $oks, showing a good fit.
Panel (b) and (c) are taken using the new UHV ion source. They show the related
background gas contaminations and doubly charged Si hydride ions ranging from 12

amu to 50amu. Possible contaminants include: £, O and HO. Ar is present in

the ion beam since we are using Ar gas as a dilution gasoamel residual gas may

be remainedh the gasline. (Panel (a) is modified from H8#] with permission)
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spectrum in the range of 11 amu to 20 amu. Possible candidates for those peaks are:
12C* (12 amu) N* (14 amu),1°0* (16 amu) and &D* (18 amu). The presence 6€,

14N and!®0O can be a source of chemical impurities in?fi$ film since they can pass
through the masselective aperture in the form of C@nd N* (28 amu).
Contributionsfrom the doubly charged silane molecules and I8 &re also possible,
such ag8Si?* (14 amu)?8SiH?* (14.5amu), 28SiH22* (15 amu), etc. Panel (c) shows

the possible contributions from higher mass peaks, su&s40anu) and CG"

(44 amu).

Another important aspect of the ion beam charazgan is the energy. The
energy distribution of the ion(Fgedams can
by reverse biasing the aperture in front of the current collector. As the aperture
voltage is increased, the current initially decreasegpower law, approximately
linearly, corresponding to aincreasingcollection of secondary electrons produced
by ions colliding on the metal surfaces. As the bias voltage exceeds the energy of the
slower ions, those ions are repelled and result in a fugharpedecrease in current
until only secondary electrons are being collegbedducinga negative current at
high bias voltagefL01]. The total current as a function of bias voltage can be

modelled as:

Cw ‘OZOAOA— (2.2)
wherelo is the zero bias current, the second terrhésittegrated Gaussian of the
total ion beam current with, the mean ion energy, the third term is a
phenomenologicglower lawaccountingor the increase isecondary electron

current[104]. An example of the energy distribution curve is shown in Fig. 2.7.
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Figure 27: Beam energy roll off curve fGfSi*.
As the bias voltage increases, the ion current first decreases linearly as the positively
charged are repelled. At the bias voltage, the ion current decreases more rapidly until
a negative current is reached. The anode voltage is Sé¥ athe extracteanean ion
energy is abou?0eV.

The spatial distribution of the beam spot of i deposition is measured by
using the same aperture for collecting the ion current while scanning in two
dimensions. The aperture hole is about 3mm in diameteit andttached to a
collector plate behind it. As a result, ion current passing through the aperture can be
collected and used to estimate the flux of the ion beam. Fig.2.8 is an example of the
collected 2D map of the ion curraming Ar gag487]. The typical maximum current

at the center is about 550 néherethe adjacentontourline represents a 1% drg

in the measured ion current respect to the center. The spatial distribution is 4 mm in
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z-direction and 8 mm in-girection.However, the size of the actual ion beam with
relativelylarge thickness (since the current density at the edges are too small) is

smal | er , u £ A héarh gpot @itlsignilar sinais used for®Si deposition.
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Figure 28: 2D mapping of the ion beam spot with Ar.

The detector aperture is moving in y and z direction during the scan. The center
maximum current is about 550 nA, with 10% drop todtmcent contouines. The
real beam spot sizgith relatively large thickness estimated to be abo#éit' mn?.
(Taken fom Ref.[87] with permission)

2.3.2 Electron Beam Evaporation of Natural Si

The natural Sdeposition source is located at the bottom of the UHV deposition
chamberlt is an electron beam evaporator from Thermionics Lab, Inc. The schematic
of the design of this electron gun is shown in Fig. 2.9. Panel (a) is the CAD drawing

of the electron gurrém Thermionics, where the source material is put in the middle
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of a coppepocket. One advantage thiis design compared to the previously used Si
source is that the electrons from the filament are generated at the side of the pocket
and refocused ontohe source material by a magnetic field. This prevents the source
material and evaporated flux to be exposed from the filament, both reducing the
source of contamination to the deposited samples and increasing the lifetime of the
filament. Cooling water lies are used to prevent the overheating of the electron gun,
with a typical water flow of 1.0 GPM at a source power < 3000W. Panel (b) shows
the assembly of the system on the deposition chamber, whergtimei®at the
bottom of the housing. A liquid ndigen cryoshroud is located on top of thgua
with a hole aligned to the source centefloat zone (FZ) refined, intrinsic silicon
source with volume of 1 chis used in this work, the chemical purity of this Si is
99.999%.

A QCM is mounted on of the deposition chamber with a linear translator so
that it can be moved to the same deposition location as the substrate. The deposition
rate varies depending on the power that we put into-theneFig. 2.10 shows the
deposition rate measured at theposition location as a functiah source power,
which is approximately 30 cm away from the Si source. Note that this rate is
measured with newly loaded source material, a gradual decrease in deposition rate is
expected as the Si source is consumed hfiars of deposition. The typical pressure

during deposition is about 1 x T orr (1.35 x 10 Pa).
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Figure 29: The schematiof the Si egun.

(a) the electron beam evaporation source, with copper pocket for source material. The
filament is located at the side of thigien so that the evaporated flux will not be in
contact with the filament. This will increase both the lifetime of the filamedtlae
chemical purity of the deposited film. (b) a side view assembly of the electron gun
with cryoshroud. The-gun system is located at the bottom of the deposition chamber
(see Fig. 2.1), where the manipulator can rotate the sample to allow norrdahsei

of the evaporated flux. (Panel a is taken from Thermionics).
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Figure 210: E-gun Si deposition rate vs power, measured by QCM.

The depositiomate is controlled by the power of the Si source. Note that thigsrate
measured with newly loaded source material, a gradual decrease in deposition rate is
expected as the Si is consumed after hours of deposition.

2.3.3 Thermal Evaporation of Al

The Al delta layers are deposited using a thermal evaporation éusimaiar to a
Knudson cell in UHV deposition chamber. It is a commercial Radak furnace from
Luxel. The Al source is located at the end of the deposttiamber neathe STM,
which has a shutter controlled by a pneumatic valve. bityh purity Al pelles
(99.999%) are used as source materials and are loadggrolgic boron nitride
(PBN) liner. The liner is then mounted inside an alumina crucible, with a
thermocouple at the bottom, as shown in Fig. 2.11. Since the liner and the crucible are

made of two different materials, the difference in thermal expansion coefficient may
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cause the cr&ing of the crucible during coalownwhere Al will contract more
stronglythan the PBN linemuttingit in a mixture of tensile and shear strebs
prevent this from happening, we have to be extra cautious during the cool down
process, usually witlessthan 0.5 °C/s around the melting point. We normally keep
the Al furnace at a temperatu@770 °C) above the melting point of the Al (660 °C)

while maintaininga lowrate of evaporation to ensure longer lifetime.

Transfer arm

= sample

Evaporated Al

I— C-H—=

Furnace
evaporator

Thermocouple n= I

Figure 211: A schematic of the thermal evaporation source of Al.

The furnace is located at thettom of the deposition chamb@s shown in Fig. 2.1)
nearthe STM. A shutter is installed with a pneumatic vabemtrol. A transfer arm
(mag rod) is used to moversples to target location for Al deposition and to STM
chamber for characterization. (Modified from R&®6] with pemission)
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2.4 Scanning Tunneling Microscope (STM)

The samples grown from the ion beamline and deposition chamber can be
transferred to the STM chamber farsitu characterization. This prevents
contamination to the surface during transport out of vacuum and provide flexibility
for surface inspectioduring the deposition and annealing st&pEM is a non
destructive tool for imaging surfaces at the atomic level. It can be used to distinguish
features smaller than 0.1 nm with a 0.01 nm depth resollié®s}. The STM is
based on quantum tunneling and piezoelectric effect, where the first allows us to
image the surface and the second allows us to control thedifionwith angstrom
level precision. As shown in Fig. 2.12, a typical setup includes a sharp metallic tip
that is brought within severahgstromdo the sample surface using a piezoelectric
tube with electrodes. This 3D piezoelectric tube rastersghpsitionin thelateral x
and ydirections andhe axial z directioms controlled by a feedback loeghich
compares the tunneling current with the set valMbeen voltage is applied between
the tip and the sample, electrons can tunnel through and the curreetcanouiated
using the timedependent perturbation theory. The tunneling cuireist
exponentially dependent to the distance between the tip and the sample d. It can be
expressed g4.06]:

)e® 70 Qo 00 G Q0 9 0 @hosQ0 (2.3)
where}t and} s are the density of state of the tip and sample, respectif@yis the

FermiDirac distribution for the electrons agal s is the tunneling matrix element,
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which is a function of the bias voltayg, electron mass andlavefunctions of the

tunneling electron before and after tunneling.
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Figure 212: A schematic drawing of a STM.
When the tip is brought within a few nm to the surface with a bias voltage applied
between the two, electrons camnel from the apex of the tip to the sample, or vice
versa. A constant current mode is used in this work. The tunneling current is
maintained at the setpoint by a 3D piezoelectric feedback loop, which provides the
topography of the sample surface. (Tiakem Ref.[107])

In this work, STM is frequently used to determine the surface quality of the
sample between each processing steps. For example, after substrate flashing,
isotopically enriched®Si and natual abundance Si deposition, Al delta layer
deposition and thermal annealing. It is also used to estimate the 2D areal density of Al
being deposited on the substrate, as will be discussed in Chapter 6. For a Si substrate,

the typical scanning parameters &é@/, 100 pA with a pixel resolution of 36G030Q
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For deposited Si epitaxial thin films and Al delta layers, positive tip bias of +2 V, 100
pA are used. From time to time,h e t i p dirty edmeaning thatgntaminant
molecules accumulate on the tip end, resulting in a daticexdn image quality.

When this happens, the tip either needs to be replaceetonditioneal using a tip
preparation toolThetip preparation tool is located at the bottom of tBpasition

and analysis chamber near the load lock (see Fig. 2.1). A thoriated tungsten filament
is used to emit electrons (emission current < 3 mA). The tip is moved to a short
distance (1 mm or less) right opposite the filament and is biased up to i tkNs |

high electric field, the emitted electrons are accelerated and bombard the apex of the
tip. This will clean the depositsom the tip and extend the lifetime of that tip for

STM imaging.

2.4 Hall Devices and Measurements

Hall bar devices hae been made on the Al delta layer samples in order to
characterize the electrical properties (carrier tgaeasityand mobility) of this
heterostructure at low temperature. Fig. 2.13 shows a microscope image of a Hall bar
and a Van der Paudevices aftefabrication.The device was fabricated on top of a
SI-AlI-S | heterostructure with -&tchBdHallbarS i cappin
device was patterned using photolithography and RIE etching. The dimension of one
Hal | bar i s 50 & mellbwphds @ré thecArcontatt pagls far wireg ht  y

bonds and electrical conduction.
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Figure 213: Microscope image of Hall bar and Vander Pauw devices.

Mesaetched Hall bar devices after fabrication. The bright yellow paddharal

contact pads foelectrical conductionTherectanguladevice is the Van der Pauw

and thebottom device is the Hall bar.

The Hall effect measurement was originated from Edwin H. Hall, where a voltage
difference is produced across an electricalductor with a transverse current and
perpendicular magnetic field (to the currddf)8]. From the Hall measurement, the
carrier type, carrier density and mobility of the dopant can be obtdihedasic
principle of Hall measurement is based on the Lorentz force, which is a combination
of both electric and magnetic forces. A total forceg¢E + v x B) will be

experienced by chargavhen moving along the electric field direction perpendicular

to an applied magnetic fiel& schematic of the Hall measurement setup is shown in
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Fig. 2.14, assume a constant current is applied from top to the bottom of the Hall bar
in the presence of a perpendicular magnetic field. Due to the Lorentz force,rsectro
will drift away from the current direction toward the left, resulting in an excess
negative charge on this side of the device. This will result in a potential difference
between the two sides of the device, called Hall voltagéWVxy as marked in
Fig.2.14. The magnitude of this voltage is equalBégnd whereqis the elementary
chargenis the bulk density andis the thickness of the samplecan be converted
to a 2D sheet density = nd. The relationship between the Hall voltage and the
carrier density and mobility is described as:
¢ Opnw s c8
' Y 00 ping’Y ¢®

.whereRsqis the sheet resistance.
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Figure 214: Schematic of Hall effect measurement.

Hall effect caused by the Lorentz force applied on moving chafgesltage

difference is produced across an electrical conductor/semiconductor with a transverse
current and perpendicular magnetic field (to the current).
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Chapter -h3i:g hUlMvarc®aunr d?8 nf or

Deposition

In this chapter, multrahigh vacuum (UHV) compatible Penning ion souise
presented as an upgrade to our prior ion source. The main goal of this new design is
to improve chemical purity of 0d?Si thin films while preserving the same
enrichment capability (< 1 ppAiSi). Enriched?®Siis a critical material for quantum
information due to thabsenc®f nuclear spins. In some cases, the material must be
grown by low temperature molecular beam epitaxy (MB&)pwed byscanning
tunneling microscopy (STM) hydrogen lithograpbyproduce qubitlevices.

Traditional highpurity physical vapor methods typically deliver a very small fraction

of source material onto the target substrate, making the cost for use with highly
enriched source materials very high. Thus, directed beam sources provide an efficient
alternative This UHV Pennmig sourceusesall metal or ceramic parts aad

removable electromagnét allow bakeout. The source gasé®mmercial Qatural
isotopeabundancksilane gas (Sikj, an inexpensive source materidigh

enrichment levelsip to 99.9987 % (corresponding t8.32 x 10’ mol/mol ?°Si) and

ahigh chemical purity 099.965 % areobtainedwithout postprocessingl will

discuss the design concept and the capabilities of this new UHV ion source, including
its discharge propertiasith SiH4, the ion mass spectrur8TM surface topography of

a deposited film, and the chemical purity improvements measured by secondary ion
mass spectroscopy (SIM$urther upgrades including the ion beam sweeper and

UHV gas line system with purifier will also be presented.
45



878

879 3.1lIntroduction
880

gg% Isotopically enriched silicobased qubits that utilize electron and/or nuclear spins
883 in quantum dots and/or donors are competitive candidates for quantum computation
884 (or memory) due to very long coherence tiri€% 2% and high gate fidelities

885 [0 Compared to natural abundance silicon, the coherence times increase orders
886 of magnitude when using isotopically enriclt#&8i as host material. Natursilicon

887 cont ai n &Si(aucldar | Z ¥%powhich causes random fluctuations and

888 inhomogeneities in the background magnetic field and dramatically reduces the qubit
889 coherence time. By reducing thi&i nuclear spin density t0.005 %3P ruclear

890 spn coherence times ¢f) approaching an hofif! and electron spin coherence times
891 (T2¢ exceeding a secohd have been gortedin 28Si. However, as was introduced

892 in Chapter 1, the supply of isotopically enricl#&i is scarce and limited. The

893 isotopically enriched®Si materials within this community are either not extremely

894 enr i c h e d?9)dre 8f¥erydimitid gantity, or are not being replenished.

895 We have previously reported on our ability to make very highly enrfésgd

896 where we used a Penning ion source to ionize natural abundancgaSjiass

897 filtered the ions, deceleratéistemto hyperthermaénrergies,andthusdeposited

898 isotopically enriched®Siin situ (03101112l ysing this method, enrichment 86i >

899 99.99983 % (< 1®mol/mol?°Si) was achieved. This is the highéi enrichment

900 known to be reported so far. However, éiemical purity of the silicon films using

901 this ion source waelativelypoor (98.47 %)SIMS was used to determine the

902 dominant chemical impurities of carbon (C), oxygen (O) and nitrogen (N). Our prior
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system analysis assumed only background impuritidse growth chamber could be
incorporated, however, mass &8u impurities mixed into the silane source gas in
the inferior vacuum region of the ion source were also transported ballistically (not
just diffusively) along with the silicon ion beam, dueheir similar molecular mass.
For example, Bf, CO" and other mass 28ru ionized compounds such@sHs" and
CNHz" can pass through our mass selector to the sample since our mass resolution
does not discriminate at that level (< 0d08u).

Therefore, here we target the vacuum condition of the ion source chamber for
improving the chemical purity of our film&ur prior Penningsourcewas notultra-
high vacium (UHV) compatible. It usedibberO-rings fa vacuum seal and plastics
for high voltage isolation with base pressurafd 2 10fP& (4%l 10
Consequently, th&Si films grown using that ion soce had Goncentrations in the
range of 1&° cm3, and O and N concentrations in the range éf &0r3, respectively.
This impurity level is a problem for device fabrication (e.g., high quality oxide
growth) and can potentially act as a source of deenige for qubits in silicod*>
1141 Fig. 3.1 (a) shows an ellipsometry measurement on a 4mmwm Eample after
thermal oxide growth offSi thin film using the prior ion source. TESi beam spot
(mountain shape) is marked with red arrow. The color scale on the right represents
the thickness of the oxide. As we can see, oxide growth on t88iad limited, with
an average oxide thickness of < 20nm, compared to > 80rthearea without®si.
Fig. 3.1 (b) is a summary plot of the oxide thickness vs oxidation time on a natural Si
substrate and deposit&bi. The oxide growsmoothlyon natural Sivstime but is

largely limited or?®Si sampleFurther analysis has been done with SEM and
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927  Figure 31: Oxide growth with?®Si thin film deposited by the prior ion source.

928 Panel (a) shows an ellipsometry measurement of the oxide thickness on a 4 mm x 10
929 mm sample witt¥8Si deposited. The middle area marked with red arrow i€8ie

930 spot. Oxide growth is largely limited at that area. Panel (b) is a summary of the oxide
931 thickness vs oxidation time for two samples: natural Si substrat€&ainhin film.

932 Oxide was grown successfully on the natural Si bu£4®it (Taken from Dr. A. N.

933 Ramanayakavith permission)

934

935 energydispersive Xray spectroscopy (EDS), but none of them showed evidence of a

936 surface impurity layer that is presdr@fore going into furnacé&lonetheless, is
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most likely that the chemicahpurity concentratiorpresens in the?®Si is too high
ard thatsuppresses the oxidation process. Therefore, a new UHV ion source is
needed to eliminate residual gases in the ion source and the chemical impurities in the
285 film.

As described above, the system with the newly designed UHV ion source must
produce highly enriche®Si (< 10° mol/mol?°Si) and improved chemical purity (<
10'8 cm®impurities) at the same time. Thpecific goalsire 1) to reduce ionization
source base pressure to < 308 P a (& °Jorr) to idcfease théim chemtal
purity; 2) to identify the sourcebds optimum op
deposition; and J3to enrich epitaxiaf®Si thin films to < 1& mol/mol2°Si. In this
chapter, we present the details of our new ion source able to achieve these goals,

present the data and discuss these performance metrics.

3.2 Experimental Setup

The design of the UHV ion source is described befoftg. 3.2 In addtion to
achieving ultrahigh vacuum, this UHV ion source must also be compatible with the
existing ion transport, mass filter and deposition system. The details of the associated
system are introduced in Chapter 2 and can be found elseh&¥é however, a
brief descriptio is presented here to assist understanding. To recap, the enriched
silicon system consists avé subsystems: the gas line, the ionization source, ion
transport, the deposition chamber and a scanning tunneling microscope (STM)
chamber. The ion sourceasPenningype ion sourc&*®, which has a cylindrical

anode and cathodes at each end that creates an axial confining potential well. The
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ionds radial conf ianaknmagneti fiecidremagnr ovi ded by

electromagnet, which aldeelps focusions forextraction During the discharge, a
plasma is formed by accelerating electrons from the cathodes that ionize the gas
molecules. Siklis used in this case, although Ar and Ne have also been used for
diagnostics.dnsareextracted using an extraction cuagdjacent to one end of the
source and transmitted into a system of electrostatic lenses. Since we are using
hyperthermal energy ions (< 50 eV kinetic energy) that are susceptible to Coulomb
repulsion (space charge) effelf8!, the transport system is typically operateedat

kV (i.e., ions are accelerated to > 4 keV while transiting the lenses and mass filter)
and decelerated before deposition. As a result, high voltage isolation between the ion
source and the rest of the syste(transport and gas inlet) is required. In the prior ion
source, a plastic transition plate between the ion source and transport chamber was
used as electric isolation and was one of the major causes of poor vattiemew

desi gn, we weeenipglenwitBceranmhed reate the ion source to

the transport system and use ceramic standoffs for the gas inlet, as shown in Fig. 3.2.

Apart from the compatibility with the existirgystemseveral other factors
constrain the design tiiis UHV ion sourceFirst, all components need to be UHV (<
1.33 x 10’ Pa or 1@ Torr) compatible and bakeable (> 150 °C), including the gas
injection. Therefore, all tubes from the Sighs bottle to the ion source feedthrough
use vacuum coupling radiati¢dCR) fittings to prevent air (C, O, N rich) from
leaking into the gas line. Second, all plastics components such as
polytetrafluoroethylene (PTFE) and nylon are replaced with ceramics. Plastics can

contribute fluorine and chlorine compounds, as wellgddr gases, and present

50

an



985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

problems when the ion source becomes hot during baking. Third, the prior ion
sourcebs electromagnet was buried inside
Heating of the electromagnet caused outgassing and source instalaligyreh

insulation commonly failed, and baking was not possible. In the new design, the

magnet is a separate component outside the vacuum system¢eadaést and

removable for baking. The central field at 50 A, 12.5 V is 0.11 T. Furthermore, to

ease replament of the anode and cathodes, the core of the ion source can be easily
taken in and out without disturbing the magnet or other elements. Finally, the new ion
source is designed to be compact and easy to maintain, using mostly simple or
commercial parts.

A schematic of the UHV &hning ion source is shown in FBj2and discussed in
detail below Our design goal was to keep the ion source dimensions as compact as
possible and fully supported by the 70 mm CF base flange, while also having > 5 kV
electrical isolation between the anode and the cathodes. The ion source is shown in
Fig. 3.2 with dimensions and geometry correct according to the scalehkadnon
sour ceds phhsasesnainconsunabbenmponentshown as dark red
theanode, cdtode andanti-cathodenserts. The distance between the cathodes and
the anode is based on RE6], where the performana# the gas discharge has been
optimized.The anode, cathode and acdithodesupports ar804 stainless steel (SS)

The cathode inserts are constantly eroded by ions during plasma disahéites
design allows the anode and cathode inserts to be replaced easily, minimizing the
maintenance steps and time. The lifetime of the cathodes depends on material type,

gas source and energy of the impact, but typical insert lifetimes are abdg® b0
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Figure 32: Simplified, cross sectional schematic diagram of the UHV ion source
Sliced along the axis most parts are cylindrically symmetric. Insulating parts are
shown in offwhite. Consumable parts are in dark red. Thauuan housing is
unhatched with the stainlesteel components shown in gray. The electromagnet
solenoid is shown shaded brown and ciiestshed above and below the ion source
insert. Source gas enters from the right, and ions are extracted to the ledtawhe
system of electrostatic optics transports them downstream (not shown).

For thepurpose ohypertherma(5 eV to 100 ey 28Si epitaxial thin film growth,
the plasma potential and the final energy of the ions are approximately set by the
anode vtiage[101], whichis typicallyat around40- 50V. The hyperthermal energy
range allows atom® landrelatively softly onto the substrate during deposition
improvingthe?8Si island density and crystalline quality without introdudinge

number ofpoint defect§101].
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The high voltage feedthroughs and the gas inlet are also shown on the base flange
at right. Theanale and cathode suppo#re connected bymallcopper wireghat
passthrough thin insulating tubes to the feedthroughsaeéixed with vented
screws (to prevent virtual leaks). Ceramings and top hat washgare inserted to
provide electrical isol&in between cathodes and anoghbich typicallyhave a3 kV
potential differenceand to maintain good geometric alignmétiemain body
(vacuum wall) is designed to la¢the cathode potential (copper standofisata
different potential, e.g., earthaund(ceramic standofts showr). For example,
using ceramic standoffallowsthe ion source bodyp be groundedo that anass
flow controller can be installed to provide precise control of the gas floger
some circumstances, the plasma power can substantially heat the central components
leading to high voltage breakdown, which can be better mitigated with the copper

standoffs that conduct heat away efficiently.

3.3 lon Source Discharge Properties

The discharge properties of this UHV ion source using §é$ are studied to
determine the optimum operation conditions. The arc (plasma) current and the total
ion beam current extracted from the ion source are affected by the ion density and the
electron temperature of the discharge, and those quantitieslaem@ed by the arc
voltage, flow rate and source magnetic fi€¥ In Fig. 3.3, the totad®Si*ion current
and arc cuent are shown as functions of these three parameters. The measurements
were done by first maximizing the ion current while changing source magnetic field

and flow rate at2.7 kV arc voltage. These values of magnetic field and flow rate are
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then marked agptimum values bhtand kptin Fig. 3.3. Then, each of the three
parameters is uniaxially varied while the other two are kept constant at their optimum
values.

The ion and arc current dependence on arc voltage is shown in Fig. 3.3 (a). The
dischar@ begins at around..7 kV and the ion current increases monotonically with
the arc voltage up to a first maximum-2t7 kV, and then shows weak structure
suggestive of higher order plasma modegat kV and-3.8 kV. The arc current
shows a similar trehbut reaches a maximum-at4 kV and has weaker mode
structure. In Fig. 3.3 (b), the ion current versus source magnetic field is shown while
keeping the arc voltage &.7 kV and the gas flow aD.02sccm The plasma ignites
at about 0.06 T and thetal ion current increases rapidly reaching a maximum at
0.067 T. Here the mode structure is more pronounced with two other ion current
maxima appearing at 0.077 T and 0.086 T. The arc current again shows a similar
trend to the ion current, where thresrewhat weaker, corresponding maxima are
observedThe variation of the ion current vs. the flow rate while keeping the arc
voltage at2.7 kV and the magnetic field at 0.077 T (the ion current at 0.067 T is
slighter higher, but less stable during the begeration) is shown in Fig. 3.3 (c).

Unlike in arc voltage and source magnetic field, the ion current vs. flow rate shows a
large peak at 0.02ccmand a softer, broader peak at Osttm The arc currents

increase monotonically after ignition over theienrange studied. The optimum
operating condition fof®Si deposition using Sitpas is therefore a2.7 kV arc
voltage,0.077 T source magnetic field and 0€92m(1.87x 10% Pa or 1.4x 10°

Torr) flow rate.
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(a) as a function of arc voltage; (b) as a function of source magnetic field, and (c) as a
function of SiHa4 flow rate. The measurement uncertaintiestatenA for ion current

and = 0.2 mA for arc current, respectively. Optimum conditiongat:kV arc

voltage, 0.077 T source magnetic field and G6@mn(1.87x 10* Pa or 1.4x 10°®

Torr) flow rate.

These values closely match those of the previous ion source on which this source was

based®!.

3.4 Vacuum and Chemical Rrity Improvements

Having discussed the plasma performance of the ion source, we now move on to
evaluating the improvements in gas cleanliness and efficacy for silicon enrichment
that motivate this effort. To enrich the siliceffectively, once tle ion source is
coupled to the beamlin®, the transmitted silicon ions must have trajectories well
separated from each other when sweeping the magnetic field of the ion mass
separator in the beamlinéhis allows one mass to be selected by the separator
aperture while rejecting other masses. The mass spectra of the silicon ion beam taken
with the prior and UHV ions sources are compared and shown in Fig. 3.4 (a). The ion
mass spectrum is collected usagecond, custom aperture plate on the sample stage
to monitor the ion current while scanning the magnetic field of the mass analyzer. Six
singly charged Sikrelated peaks are shown. The first peak at massd8
corresponds t&Si* ions, while the restf the peaks result from a combination of
isotopes and hydrides due to the incomplete cracking afggisimolecules. In an ion
beam deposition, there are a lot of factors that can affect the enrichment of the

deposited film, such as the substrate temperature, background silane partial pressures,
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Figure 34: Comparison offie twomass spectra and the enrichment SIMS

(a) The ion beam mass spectra of the prior (red dashed) and new (solid black) UHV
ion source are shown for comparison. The ion current after passing through the mass
selecting magnet shows six peaks, which @tmbstly of?8Si* ions at 28anmu and

other isotopes combined with hydrides at higher masses. The peak shapes and isotope
separation between 28ru and 2%mu indicate similar enrichment capability. (b) A

SIMS depth profile of®Si thin film shows the isope fractions of®Si, 2°Si and*°Si

using the UHV ion source, confirming excellent enrichment with an average of
99.99987(3) %.
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etc. Among them, one of the most important factors is the mass separation between
mass 28 amu and 29 amu peaks (Se¢l@8] for detailedanalysis of mass
selectivity). An overlap of the two peaks means that pafSif also passes through
the aperture and wil |l be introduced into
similar peak shapand separation compared to the prior source iteligaod mass
selectivity (>50 f r o m c¢ e nforenrichinent, an@ smtileg current suggests a
similar growthefficiency with this ion source. Note that there is some degiatin
separation at higher mass peaks (> 30 u), biff®irthin film, the primary peaks to
be considered are 28ru and 2%mu. Typically, we use a deposition rate of 1
nm/min and the ion source is stable throughout the deposition (usually 6 h to 8 h).
Higher growth rate might be achieved by using different plasma modehi¢er
flow rate), but generally results in shorter cathode lifetime and larger surface
roughness of the deposited film (see R&T] for details in higher pressure plasma
mode).

The enrichment of a typic&iSi film is shown in Fig. 3.4 (b). SIMS was used to
profile the isotopic fraction offSi, 2°Si and®’Si of the deposite®fSi film grown
using this UHV ion source. The SIMS measurement was taken near the center part of
the enriched silicon film, which is usually the thickest. The residual isotope fraction
of 2°Sj is shown as squares with an average value of 8.32(80 mol/mol in the
film and®°Si is shown as triangles with an average value of 4.9X@®)’ mol/mol.
The28Si total enrichment for this sample 89.99987(3) %. The enrichment level can

vary some from run to run, but comparing several samples depositedhssiipr
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Figure 35: Comparison of the RGA and chemical SIMS.

(a) Residual gas analysis (RGA) demonstrating the comparison in background gas
density between the two ion sources. The red curve in (a) is the prior ion source with
base pressure 2x710° Pa (2x 108 Torr) and the black curve is the UHV ion source
with base pressure 2x7108 Pa (2x 10%° Torr). Major peaks are labeled with the
dominant gases. (b) A SIMS depth profile of the residual chemical impuriti€$$h a
thin film deposited using the UHV ion sme. The estimated chemical purity of this
sample is 99.965(2%.

59



1149
1150
1151
1152
1153
1154
1155
1156

1157
1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

ion source with samples from this ion source, we conclude th&Shenrichment is
maintained (<1 ppri’Si) with this UHV ion source.

Since the growth chamber pressure is typicaéintained at 6.7 x 10Pa (5%
10 Torr), the background gas composition in the ion source was estimated to be the
leading contributor to film contamination in the prior source and the primary

motivation for building a UHV ion source. The baselinesptge as measured with an

TABLE |. Partial pressure peaks of the key gas contaminants relevant to silicon thin
film purity as measured by residual gas analysis (RGAe estimatedincertainty is
in the range of 186 to 20 %.

Pressurdn prior ion Pressure in UHV ion
Impurity Mass (u) source (Pa) source (Pa)
H20 18 >1.4x107 6.1x 1010
N2 28 7.3x10% 1.1x10°
O2 32 6.3x 10% 2.8x 101!
CO 44 6.5x 10% 3.5x 1010

ion gauge (uncertainty of 10 % to 20 %) has been improveddmta of a hundred
in this UHV ion source compared to the prior ion source, now reaching 2.9 Ral0
(2 x 10'°Torr). The partial pressures of various gas components as measured by a
residualgas analysis (RGA) in the prior and UHV ion sources are shiowig. 3.5
(a) and Tablé. These show the qualitative improvement in vacuum conditions and
chemical compositions and confirm that the impurities contributed from the ion
source vacuum have been reduced by a factor of 100.

A SIMS depth profile sbwing the chemical impurity concentrations for C, N, O,
F and Cl in &8Si thin film deposited using this UHV ion source is shown in Fig. 3.5

(b). The average concentration level for carbon is 956@)8cm®; nitrogen is
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5.5(5)x 10*® cm® and oxygen B 2.1(2)x 10* cn® betweerB0nm and 35nm. Asa

comparison, the total chemical purity of 8 i

f

m has

been

% (first chemical SIMS using the prior ion source®®965@) %. From previous

SIMS measurement (not shown), feeindthat thet?C concentration in the film is

roughly400 times higher thaliC. This means that tHéC isalsoenriched(> 98.9

%) in theion beam procesand the'*C concentration iapproximatelyd x 10cm3,

Similarly, the'>N concentration is < 2 x 1®cn3. Therefore, at this contamination

level, the largest factor for the nuclear spin bath is still expected®She ( &

ppm), plus some contributions frolfC (< 0.6 ppm) ané’N (< 0.4 ppm) as well.

Furtherimprovemenin chemical purityis needed toeduce the effects froriC and

15N ]
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Figure 36: Chemical purities (C, N and O) of tfSi thin film vs ion source base
pressure.

The highefpressure data are from the prior Epurce. Panel (a) shows the total
chemical impurity increases exponentially vs base pressure. The improvements in
purity seem to become negligible at pressure <Tidrr. Panel (b) shows the

impurity concentrations of the main contributors: C, N antl®Ghowed the largest
improvement (268) with ion source vacuum while Cxpand O (18) showed less
improvements.
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The correlation between the chemipatities vs ion source bapeessure is
studied in Fig. 3.6. Panel (a) shows a summary of the togahical purity in ouf®Si
film vs the source base pressure. The data is taken from bgihidhand the new
UHV ion source. An exponential decay in total impurity level is observed in terms of
base pressure. Panel (b) shows the impurity concentrafitims main contributors:
C, N and ODespite the substantial improvement in total chemical puritykj43
compared to the prior ion source, we found the improvement was not fully correlated
to the vacuum improvement (189). This indicates that at this concentration level,
the vacuum condition of the ion source is not the only limiting factor that affects the
chemical purity of thé3Si film. ForexampleN s howed the | argest i mp
260 times) with the base presswarying from 7x 10?°cm3to 2.7x 10¥cm?. C
and O showed smaller improvements, varying fromx418°cnm3to 9.5x 10 cm®
(& 5 ti med¥gmitaikl1®cm3( & 10 times), respectiyv
that for N, the ion source bapeessure is the dominating factor as it showed the
strongest correlatiomMote that in Fig. 3.6 (b), the chemical impurities of C, N and O
increased a little at the lowest base pressure. We believe that this is due to the
degradation and contamination pFeted in the silane gas system over time, again
indicating that the ion source base pressure is not the only dominating factor for
chemical purity.

We also found that the impurity concentrations are not correlated to the growth
rate and backgroundaptial pressures, where the background impurities should be
much less than ®cm?®, indicating the origin of the impurities is from the ion source

chamber instead of the growth chamber. Therefore, the cleanliness of the silane gas
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system, impurity ionspuittering from the cathodes and anode materials and chemical
compounds formed in the ion source plasma may also be contributing factors. Further
study is needed to fully explore the origin of the contaminations in the film and to
seek additional purity inmpvements. Possible solutions may include Jamstealing

at 950 °C in UHV (preliminary work shows that the N concentration can be reduced

to low 10" cnr® after annealing), installation of silane gas purifier to purify the gas

line, etc.

3.5 Epitaxial Quality of 28Si Thin Film

Molecular beam epitaxy (MBE) growth of Si has been extensively studied and
characterized in the past decaflel5]. In 190, Eagleshamand his coworkers
reported the existence of a critical thicknegsfbr epitaxy at a given temperature
[117], where the epitaxial film breaks down dmetomes amorphousghe critical
thickness increases exponentially as the deposition temperature increases (also
dependent on deposition rate). Frample, for a deposition rate of 0.4 nm/min, the
critical thickness is 25 nm at 200 °C on Si (100) surface and increases to 120 nm at
300 °C. In general,chiis limited to a deposition rate of a few nm/min at low
temperatures. When T > 500 °C, solid phegsaxy (SPE) dominates because the
recrystallization process becomes faster than the deposition rate, resulting in a very
large value of &i[87]. Further studies have pointed out that for low temperature
MBE of Si, a highly defective region is formed in the epitaxial film before the
development of amorphous phd$&8-122]. Most of the defects observed are

stacking faults and microtwirj&19]. Several hypotheses have been raised to explain
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the transition fronepitaxy to amorphous. One possible explanation is the
incorporation of H during deposition, where H could segregate and accumulate onto
the surface and disturb the surface bonding of the I14ftf3]. Another possibility is
the accumulation of defects during growth process until epitaxial breakdown of the
film [124]. However, very large defedensity (16* cm) is requiredo support this
assumption. Eaglesham also raised the hypothesis that the roughening of the growth
surface itself can cause breakdown of the epitaxial layer at low tempdiztb}e

In this work, we use ion beam deposition to grow epit&f&il lon beam
deposition has been demonstratetidee similar results to MBE in terms ahiand
defect density. However, it has also been shown that the use of hyperthermal energy
ions helps to extend:fito be thickewaluesat given temperature and deposition rate
[119, 126130]. Low energies in the range of 1&0 eV also provide other benefits
to the deposited surface. For example, energy can be transferred to the film through
neutralization of the ions (approximately the ionization paaént 8.15 eV) and this
energy can enhance the mobility of the nearby a{@8. In addition, hyperthermal
energy ions help to suppress the formation of 3D islands and step pinning from

impurities[127, 128]and they can also create vacancies that facilitate adatom
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Figure 37: STM surface topography of twéSi films using both ion sourse

(a) through (c) are from the new UHV ion source. The images are taken usasy a
voltage of +2 V and tunneling current of 100 gFanel (a) is a 50 nm50 nm scan

of the?8Sisurface with2 x 1 reconstructe®i dimer rows, steps and terraces,
indicatingthe epitaxial alignment of tHéSi atoms with the Si (100) substrate. Panel

(b) and (c) shows a larger area scan of the sample, where relatively smooth, epitaxial
3D islands are observed. THiisn is deposited at 450 °C with a thickness of 191 nm
measued by SIMS depth profiling. Panel)(shows another samplieposited using

prior ion source. Th&élm is deposited at 400 °C with a thickness of 120 nm also
measured by SIMS. Similar structures and surface roughness are seen in this image,
indicating a simar epitaxial quality of the deposited film. (The STM images shown

in this figure is taken by Dr. Hyusoo Kim).
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incorporation[132]. As a result, the energy of the deposi&i we use is usually in
therangeof3050 eV. The growth temperature
high enough &i but the lowest contribution 8fSi from the background SitHjas
since higher T results in thermally activated incorporation of the silane molecules
[133].

STM wasused to characterize the surface topography of the dep&Sidtin
films. Fig. 3.7 shows the 3D island growth of the epitaxial surface of the deposited
285 films using both prior andur improvedJHYV ion sourcs. Images were taken
with atip bias of +2 V and tunneling current of about 100 pA. Panel (a) through (c)
are from the same sample deposited at 450 °C with thickness of abauhifing
the UHVion source. The film thicknessas determined by the SIMS depth profiling.
Panel (a) i® small area scan of the sample showing multiple islands with ciear 2
reconstructe&i dimer rows, steps and terraces, indicating the epitaxial alignment of
the28Si atoms with the Si (100) substrafée relatively smooth epitaxial surface has
a rootmean squared (RMS) roughness value of 0.32 nm in the 5050mm image
range Very fewdefects are observed in this image. Panel (b) and (c) are the larger
scale images, where multiple 3D islands are visible. As a comparison, panel (d)
showsa 28Si film deposited under similar condition by the prior ion source where the
sample is deposited at 400 °C with a thickness of 120 nm. Similar structures and
surface roughness are observed, indicating similar quality of the deposited film. In
general, the deposdé&®Si thin films are epitaxial with relatively good surface
gualities. It also means that the crystal quality of the deposited frifaigvely

insensitive to its chemical puritat least at this level
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3.6 Further Improvements

3.6.1 LensUpgrade and lon Beam Sweeper

To further improve the cleanliness and deposition capabilities of this ion source,
we have upgraded the deceleration lens system and designed a new ion beam
sweeper. In the previous sgiof the transport and decelaaat lens system, plastics
including Teflon wereused for high voltage isolations. Those polymers contribute to
outgassing and may act as sources of contamination to the vacuum chamber,
especially when closer to the higher temperature regions. To avqidltipkstics
andTeflon partsvere removed and the new design for mechanical support and high
voltage isolation is demonstrated in Fig. 3.8. Plastic rods and screws were used to
connect and separate each lens elements from A2 to B2 and X. They ar@lacede
by a mounting tray made of high purity stainlegsel with metal screws and ceramic
washers. Ceramic saddles are also used between the mounting tray and the lens
elements for high voltage isolation. Two insulating rods with cylindrical stainless
steel frames are used to support the weight of the lens while providing alignment for

the lens elements.
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Figure 38: A schematic of the upgraded ion beam lens system and new sweeper.

All plastics andTeflon parts are removed from the lens system. Alumina insulating
rods, ceramic washers and mounting saddles are used to provide high voltage
isolation and mechanical support of the lens elements. The sweeper is located at the
end of the deceleration lensright before the deposition sample stage. The sweeper

is made of copper and is connected to lens X by an adapter. Sweeper fins are fixed on

the adapter using metal screws and ceramic washers for isolation. Electrical
feedthroughs are connected to thewith kapton coated copper wires. To deflect the
ion beam (& 40 eV energy) for 2 mm in
the sweeper fin.

An ion beam sweepevas designed and installedthe end of the deceleration
lenses. The reasoanrftheion beam sweeper is to smooth out the topography of the
285 film. As mentioned in Chapter 2, the depos#i&l film is a few mm in size and
has a mountain shape with the thickest area in the middle of the beam spot. This can
cause problems for ftiver device fabrication due to the uneven thickness of the film.
By using parallel plate electrodes, the ion beam can be deflected and controlled in
two dimensiongising afunction generator. The schematic of this sweeper is also
shown in Fig. 3.8. An ad#gr is mounted at the end of the deceleration lens element

X. Four sweeper fins are attached but electrically isolated from the adapter by metal

screws and ceramic washers. Electrical feedthroughs are connected to thega fins
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1335 kaptoncoated copper wire§o produce a relatively smooth film on our 4 mrh0

1336 mm samplewe would need to sweep the ion beam periodically with a spartigé

1337 of £ 2 mm in the horizontal direction while keeping the other direction constant. The

1338 final beam spot will be in the diemsion of about 3 mm 6 mm (this is largely

1339 because 34 mm in the horizontal direction of the sample is covered by the clamps

1340 of the sample holder).or def |l ect an i on beam with ener g\
1341 di fference of & 10 V halefdrigfhan@topbttins needed b
1342 electrodes, respectively. Only preliminary tests have been done using this sweeper

1343 further experiments are needed to better tune the sweeper with the deceleration lenses

1344 and SIMS would be used to measure the thickness okfesded film at various

1345 locations on the sample.

1346

1347 3.6.2 UHV Gas Line with Purifier
1348

1228 Another possible improvement for chemipalkity is the upgrade of the silane gas

1351 line systemlin the past, VCR tubings and UHV leak valves were used for gas

1352 manipulatio. However silane gas is highly reactive and can slowly react with the
1353 interior of the metal tubing overtime. To address this propeliHV gas line with a
1354 silanepurifier was designed and a routine replacement of the metalyastaeeded.

1355 The silane prifier is a micro gas purification and filtration system purchased from
1356 Matheson. It is made of some porous materials that can absOrlCi» and O

1357 molecules to < 0.1 parts per billion (ppb) and CO to < 1 ppb. It can also adsorb other

1358 contaminants sucais NQ, SGcand HS from the gas line. Future effort is needed to

1359 install and deposfSi using this purifier. SIMS will be performed to measure the
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improvements in chemical purity and a reasonable guess for the improved level of C,

N and Owillbeint h e & 10% &n?2level.

3.7 Conclusion

In this chapter, an upgraded version of the UHV hyperthermal ion beam system
has been introduced. We demonstrated the design, experimental implementation and
performance of this UHV ion source systeThe discharge properties based on arc
voltage, source magnetic field and flow rate have been studied and optimiZZl.for
The performance of the UHV ion source for enriched silicon deposition is
demonstrated through the ion mass spectrum and SIMSunegaents of an enriched
film. As a result, the vacuum has been improved from 228% a ( & *om)l 10
to 2.7 x108P a (& °Zorr), with & factor of 100x. A total purity &0.95 % is
obtained, with a factor of 43x improvement. We found tbeaN concentration, it is
largely correlated to the ion source base vacuum; while for C and O, less
improvements were seen. This means that below tHermd concentration region,
ion source vacuum might not be the only dominating factor that atfexthemical
purity of the?®Sj film. Other factors such as cleanliness of the gas line, background
contamination, ion sputtering might be limiting. In addition, we showed that the
isotopically enriched®Si thin film deposited is epitaxial with good sugaguality
and crystallinity using STM. The deposited film also has high enrichment level of
99.999F(3) %, indicating that the ability for highest enrichment among all methods

reported is maintained. With possible future improvements, such as the ion beam
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1385 sweeper and UHV gas line with purifier, we believe we can further improve the
1386 chemical purity of the film to have C, O and N contents ¥11Q0' cm. This will
1387 be an important step forward to produce high quéiy that is suitable for quantum
1388 information studies.

1389

1390 This chapter is reproduced from REf34] with permissions from all the €o

1391 authors.
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133 Chapter 4: TargeSedtBinni ¢ hmen

1394
1395 In this chapterwe report on the growth of isotopically enrictfégi epitaxial

1396 films with precisely controlled enrichment levels, ranging from natural abundance
1397 ratio of 92.2% all the way to 99.99 % (0.832x 10°mol/molor 0.832 ppnt°Si).
1398 Isotopically enriched®Si is regarded asreearlyideal host material for

1399 semiconducting quantum computing due to the laéRSifnuclear spins. However,
1400 the detailed mechanisms for quantum decoherencéharekact level of enrichment
1401 neededor quantum computingemain uicertain In the previous chaptersgew

1402 introduced theaiseof hyperthermal energy ion bedor 2Si depositiorwith certain
1403 massto-charge ratio (2&mu/e). Herewe switch the masselective magnetic field
1404 periodically to control thé®Si concentrationWe develop anodelto predictthe

1405 residual®Si isotope fractiomased on the deposition parameters and measure the
1406 deposited film using secondary ion mass spectrometry (SIMS). fBhgédneration of
1407 the targeted enrichment filirad a value whichgreedwith the predicted value within
1408 a factor of 2. With the improvements in current measurement and ion source stability,
1409 the second generation of targeted enrichment shomaved,excdlent agreement
1410 with the prediction, deviating on average by ohly%

1411

1412 4.1 Introduction

1413
1414
1415 As interest grows in using isotopically enrictt8i to achieve longer coherence

1416 times in quantum information processing, better understanding of the mechanisms
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behind decoherence in electron spin becomes important. In 1958, Gordon and Bowers

first measured theoherence tim&: of electronsound to lithum and phosphorus

donors in isotopically enrichesi with T>=0.5 ms**® 1361 which was much longer

than the coherence time in natural Si. This demonstrated thabssmdbnor electron

spin systerg residuaf®Si contributes significantly tde electron spin decoherence.

Recently, theoretical studies using cluster expansion techriig(t¢¥! 33 py Witzel

et al. predicted thaevery order ofnagnitude increase in isotopic enrichment results

in approximately the same order of magnitude increase in the coherenaantiine

limited by nonSi spins. Excellent agreement between the theory and experiment has

been shown with bulk ESReasurements, with one measurement done at 0.0005 %

295 1138l and others from 0.08 % to 99.2%&i 32, However, emergingingle3'P

spin measurements #fSi have indicated performance better than predigted®,

motivating additional studies. The discrepancy found between the experiments and

theory indicates that the phase spaceobecence versus enrichment, especially in

the limit of few spins and high isotopic enrichment regimes, remain largely unknown.
As a result, a specific need exists for enrici&ito have different, targeted

values of enrichment to study the dependence of quantum coherence time on residual

29Sj concentration. Although various research groups have been able to make

isotopically enriched®si (140} [141}. 1441, [451. [102] (explained in detail in Ref43]), the

ability to predict and control the resid#&bi isotope fraction withig®Si precisely

has not yet been demonstiht&he discreteness and the limited number of the

enrichment levels available within this communitgke a detailed determination of

the optimal enrichment difficult to accomplish.
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In this chapter, we present a method that allows us to préésicgith precisely
controlled isotopic enrichments. We develop a model that allows us to choose and
predict the level of enrichment for of#Si. We deposit®Si thin films with?°Si
concentrations ranging from our baseline (< 1 ®rhdl/mol) to natural abutance
(4.7 %) and measure the isotope fractions of the resiesisdnd®’Si using
secondary ion mass spectroscopy (SIMS). The measured enrichments are then
compared to the model prediction and show excellent agreedesidting on

average by onljt0 %

Aperture
29Sj* jon beam
| — ®
O |
tssal ! > 28Gj+ jon beam
o @~ \
h i ‘%Q’
/
295iH,, 3SiH, Diffused background
Gas diffusion silane molecules

Figure 41: A schematic illustration of the origin &Si and?°Si.

The solid greemand redinesrepresent®Sit and?°Si* ion beanrespectively. During
%8S deposition, mass selective magnetic field is tuned such that®8iilions can
pass through andSi* ions are blocked by the aperture. Apart fromS$hions, SiHs
gas molecules can also pass through the aperture and adhere to the stlibstrate.
background silane gas contribution to the film is approximatefmiél/mol.

4.2 Experimental Methods

To achieve a targeted enrichment, sourcég€3ifthat can enter the film are

studied, as shown in Fig. 4.1. Even with the magnetic figldd at a certain mass
75



1461 charge ratio, for example 28ru/e,?°Si* ions might still pass through the mass
1462 selective aperture if the mass resolufidetermined by thevidth of the ion beam
1463 exiting the ion source, theperture widttand the spread in iognergy is poor. Here
1464 we use a mass spectrum to characterize the Siltoagenerated by monitoring the
1465 ion current athedeposition location whilscanninghe mass analyzer magnetic
1466 field. A mass spectrum is shown in FHig2 (a)for targeted enritment where peaks
1467 for 2Si* ions (mass 2&mu), 2°Si* ions (mass 2@nu) and the corresponding ionized
1468 hydrides (mass 28mu to 32amu) due to incomplete cracking, can be sdis.very
1469 similar to the previously shown mass spectra (Fig. 3.4ydhes in heighof the 28
1470 amu and 2%nmu peaks are extracted to estimate the deposition paranidtersiass
1471 separation is obtained by fitting the mass peaks with Gaussians. Teeafehe

1472 mass 2&nmu peak is about 7.4 (standard deviation) away from the center obh2®
1473 peak, indicating a lower bound 95i isotope fraction of 18 at the 28mu mass
1474  position. Another source 6fSi comes from the residual background Sikbleailes
1475 as they can diffuse through the aperture hole and adhere to the sample substrate. In
1476 addition, mass 28muionsmightlose energyand fallinto the 28 anu trajectoryin
1477 the mass analyzdarowever, this effect would be asymmetaadsince there is no
1478 observed scattering tail effect, we assume that all the catrevatss 2&mu peakis
1479 from 28Si*. Therefore, thenainactive contributors of°Si considered in this chapter
1480 arefromion beam itself and the diffused background silane gas from the ion source
1481 to the deposition chamber.

1482
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1486 Figure 42: Demonstration of the targeted enrichment.

1487 (a) Anion beam mass spectrum used for checking msskitien and calculating the
1488 deposition parameters described in equation 1 and 2. Gaussian fits for both mass 28
1489 anu and mass 28mu are shown in red, with a mass separation ofi7(8) The

1490 block diagram of the targeted enrichment control. A DAQ funagemerator is used

1491 to trigger a periodiasymmetricsquarevaveto control the output of the mass

1492 analyzer. (FAn example of aion currentfor targeted enrichment, plotted as the

1493 current collected at the sample stage versus time. The corresponding mass positions at
1494 28anmu and 2%mu peaks are also shown on the right. The duty cycle is selected such
1495 that thedwelling time at mas28amu is 75 % and the dwelling time at massa?du

1496 is 25 %.

1497

1498 The experimental concept for targeted enrichmedéscribed in detail herén

1499 previous work, we produddsotopically pure®Si that has ?°Si isotope fraction < 1

1500 x 10°mol/mol by tuning the mass selective magnetic field tadmterecbn the mass
1501 28anu peak onlyHowever, ifwe tunethe magnetic fieldo the value amass 29

1502 amnu peakfor a certairfraction of the cyclewe can mix2°Si into our?8Si film. By

1503 controlling thedwelling timesgp#s (time spent on the mass aB8u peak) andpios

1504 (time spent on the mass a8u peak), wecancontrolthe amount of°Si* deposited

1505 onto the sampleThis periodic switching is achieved by usingalsegenerato(DAQ

1506 with LABVIEW) to trigger an asymmetric sgre wave to control the output of the

1507 mass analyzeilhe block diagram for the control is shown in Fig. 4.2 (b). The output
1508 of the mass analyzer, which contains both the magnet current and the switching
1509 periods, determines the mass positions and theidg¢iimes of the ion beam. Fig.

1510 4.2 (a) and (c) demonstrate an example of the control parameters. The peak of the
1511 square wave (green) corresponds to the maassri@$eak {Si* only), at a magnet

1512 current of 50.6 A, with an ion current of 620 nA apds of 6 s. The valley of the

1513 square wave (red) corresponds to the mass29peak °Si* and?8SiH*, where the

1514 ratio of2°Si at this mass peak is approximately equal to the natural abundance ratio),
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at a magnet current of 51.6 A, with an ion current of 124 nAgatwbf 2 s. These
parameters would corresponda®Si isotope fraction of 3000 ppr8 & 103
mol/mol), with roighly 1 monolayer of Si deposited per cycle.

In this way, by tuninghte dwelling timesgpisandgis, we are abléo produceany
desiredenrichment level, ranging from natural abundance ¥42°Si) to our baseline
(< 1 x 10°mol/mol?°Si).The dweling timegisat mass 2&mu, andgpieat 29anmu
can be any combination as long as it is within the response time of the analyzer power
supplyand the magnetvhich is about 2 mand 50 msn the range of our interests,
respectively However, to ensure the epitaxial quality and homogeneity of the
deposited®Si material gpis + pioshould be a short cycle, generally corresponding to
less thara monolayer of material growth.
During depositionthe ion beam is tuned to its optimumeéhce condition, where a
SiHa flow rate of 0.02 sccm (corresponds to a chamber pressar87f 10“ Pa or
1.4x 10°% Torr) and a growth rate of about 1.0 to 1.5 nm/Rifiis used, as
discussed in Chapter 3. Higher growth ratal$® achievable using high pressure
plasmamode of the ion source, but generally results in a higher surface roughness of
the deposited film. The substrate temperature is choden460°C, whichproduces
the lowesbaselin€?®Si isotope concentration and highest epitaxial film quéftey
for this experimental setup.

A model(assuming transport limited kinetids)developed to calculate the
isotope fractions of the deposit&i layer, inclaling the contributions from the

background silane gas:

"G, 4.1)
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1538 b s& © 3¢ © p 8 8 b (4.2)

1539
1540 wheref 2is the isotopdractionof 2°Si, L is the number of monolayers per cydes

1541 s the deposition rate 6fSi at mass 2&nmu peakcurrent D2g is the deposition ratat
1542 29amu peakcurrent A is theatomic percentagef 2°Si at 29amu peak which
1543  consists botR°Si* and?®SiH* ions.28:29.3¢C; are theflux ratiosfrom the background

1544  silanediffusion, which can be calculated usithge equationderivedfrom Ref. [Z]:

~

1545 0 ——h (4.3)

1546 whereFy is the silane gas flux arfé is the?8Si ion flux, sis the eféctive

1547 incorporation fraction anekx is the natural abundance ratio of the corresponding
1548 silicon isotopes in Sil In this experimental setup, since & using a low Sild
1549 pressure mode f3@fSi deposition, the background gas contribution is typically
1550 ppm (10° mol/mol) 2°Si, which has negligible impact on most of the enrichment
1551 levels but is still included in the calculation

1552

1553 4.3 Targeted Enrichment Results
1554

1555 4.3.1 FirstGeneration of Targeted Enrichment
1556

1557

1558 In each deposition, typically two or three layers8&i with different enrichments
1559 are grown on one substrate based on the model described above, each with a layer
1560 thickness of about 100 nm. The experimental sequence is to choose a target value

1561 first, then estimate the value after deposition based on the actual experimental

1562 parameters and finally compare to the measured value using SIMS. It is worth
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noticing that the ion beam growth condition might change a little during deposition

due to ion sourcmstability. Therefore, the estimated vatelculated after

deposition may deviate from the targeted values before deposition, but generally the

deviation is small (5.7 % on averaige the 29 generatio) The comparison between

the estimated values @the measured values are shown in Table Il and V.
Theisotope fractiors of 28Si, 2°Si and*°Si as a function of layer thickness in the

film andthe substrateare measuredsing SIMS.Isotopic measuremends silicon

were made in a CAMECA IM3270E7large geometry secondary ion mass

spectrometer. The sampleverebombarded with a primary ion beam of @nsat

an impact energy @& keV and a current of 1 nA (for most of the sampl@$le beam

was focused to a probe size of a few micrometedsameterandit was raster

scannecabver a 50im x 50mm areaPositive secondary ions were accepted for

detection from the central 26m x 20 mm portion of the rastered area as defined by a

field aperture in a focal plane of the mass spectrometer. The entrance and exit slits of

the spectrometer were selected to produce a mass resolving power of about 6000

(M/DM at 10 % of peak maximum). This resolving power is nhecessary to separate

cleanly the?®®Si peak from th&®SiH peak that is produced during the SIMS process.

Under these conditions we estimate that less th&mwflthe?3SiH signal contributes

to the?®Si measurement. Depth profiles of the silicon isotdp®is °Si and*°Si

through a depsited filmwere acquired by monitorird§Si for 1 s,2°Si for 10 s2SiH

for 1 s and®Si for 10 s in each data cycle and collectirsyiflicient number of data

cycles until the profile penetrated into the silicon substrate. The sputter rate as

determinedy measuring the final crater depths with a stylus profilometer was
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approximately 0.16 nm/s under these conditions. The depths of only a few craters
were measured, and the determined sputter rate was used to determine the depth
scales for all profilesnla few profiles the ion current was reduced to 0.5 nA to
acquire a higher data density and the sputter rate was taken as half of the value for 1
nA. In those cases, the entrance slit was widened slightly to regain the same signal
levels as with a 1 nA bea Isotope ratios o°Si/?8Si and*°Si /8Si were calculated

on a cycleby-cycle basis. Average isotopic ratios for a film or a layer of a multilayer
film were calculatedy averaging the cyclby-cycle ratio measurements in the

portion of aprofile where the ratios were atre@latively constant valu& hese values
were then corrected for instrumental mass fractionation based on the differences
between the measured ratfosm anaturalsilicon waferand the accepted natural
values.Uncertaintes were determined from the standard deviation of the mean of the
measurements and warsually similar tdPoisson estimati@based on the total

number of detected counts of the minor isotopasome cases, the minor isotope
signals were not constamind the standard deviations were larger than the Poisson

estimates.

82



1603

1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617

1618

10" Enriched Film Substrate
E T T T T T T T 3
e e e e e e — - —
PR B E F - =
= 2 ETP Layer 1 |
== 1073 303! (=+=-wnat) 8.55 x1EIh'r= mol/mol E
Q Si {' - ﬂat} Layer 2 a ]
LSTJ 1 0-3 | 3.32 :".1':'4 I'T'IDL"mE}i‘A.U' _;
5 1 0% - 85 [ayer 3 3
E ) Layer 3 ¢
L 1 05 4 2x10°* molimal 4
T O :
jg ', :L.?' ﬁ’dﬂ‘ﬁiﬂ;;._ . .
g 10 E ® SR S § # m N "= EmE | E
—_— :- Il BN =N fE B EE B H BN Em =
1 []'? T1im213-k7 802854500
0 100 200 300 400

Depth (nm)

Figure 43: A SIMS depth profile of a firsgeneration targeted enrichment sample.
The inset shows a&kematic diagram of the targeted enrichnsamhple lagr
structures. Usually a few layers with differé?8i isotope fractions are deposited on a
float-zone silicon substrate and then gagwith pure?8Si layer. The?*Si and*°Si
isotope fractions are shown in blue dots and red squares, respectivelyl Natura
abundance ratios éYSi and*°Si are shown in dashed lines

Fig. 4.3showsan example ofhe SIMS depth profile of thigrst-generation
targeted enrichment samplavhere three different enrichment levels can be
distinguished The SIMSmeasuremestweretaken near the center of tFiSi deposit
which is usually the thickest, to match the parameters used in the model. The average
isotope fraction of®Si in the surface layer (baseline) is measured (@108 + 0.46)
x 10®mol/mol, fromthe range of @ nm to 70 nmdepth From 0 nm td20 nm, the
higher value®f 2°Si and®*’Si are due to thartifacts from thesurfacetail effect. This

surface tail is formed becaute sample has been exposed t@adcontamination
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during the transpoftom UHV chamber tdhe SIMS measurementhose impurity
atoms from surface contamination were pushed into the material by the primary ion
beam of SIMJ142]. Two subsequent layers are also shown from 170 ri2@Geom
and270 nm to340nm, with an averag€Si isotope fraction 0332+ 5) x 10°
mol/mol and(885+ 38) x 10° mol/mol, respectivelyThe estimated values are 215 x
10®mol/mol and 460 x IO@mol/md. The deviation is approximately within a factor
of 2. Note that some fluctuations can be seen in layer 1, this is not due to the
measurement error of SIMS since there is enough number of counts for measuring
29S;j (this is in contrast with < 1 ppm regiamere the fluctuation is largely due to
insufficient atom counts). The reason for this fluctuation might be due to the
instability of the ion source during deposition and it will be discussed in detail in the
next section.

Four samples witdifferentlayers of enrichment are measured. The comparison
between the targeted and measif&iisotope fractions is shown in detail in Table.
lll and a correlation plot of the estimated versus the mea$i8eidotope fraction is
shown in Fig. 4.4. The range $shown from the baseline values (around 1 ppm of
29Sj) up to 10000 ppm. The data points generally follow the line of the linear fit, but
the deviation between the estimated and measured values is still quite high, with an
average of 57.77%. Improvements aeeded to achieve a better control of the

deposited samples.
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1639
1640 Figure 44: A correlation plot showing the measurégi isotope fractions as a

1641 function of targeted®Si isotope fractions for thiirst-generation samples.

1642 The average total deviation from the estimated values is 57.8%.

1643

1644

1645

1646 Table Ill. A comparison between the estimated and measi8e@otope fractions of
1647 the firstgeneration samples. The deviations shown here are betwesstithated
1648 and the measured values. The total deviation on average is (57.8 + 11.1) %.
1649

Targeted Estimated Measured Deviation
(10° from deposition by SIMS

mol/mol) (10°mol/mol) (10°mol/mol)
100 80 21 73.8%
200 215 332 54.4%
400 460 855 85.9%
800 760 1361 79.1%
3000 2988 1858 37.8%
6000 5500 6361 15.7%

1650
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4.3.2 Methods of Improvements

From the SIMS depth profile, we observed fluctuations in some of the deposited
layers of?Si. We believe the main reason for this deviation is the instability of the
ion source during deposition process. For example, the estimated values of
enrichmet depend largely on the deposition rate of the peak cubeeandD2o. Any
changes in the ion current will result in a deviation from the estimated value. During
deposition in the firsgeneration samples, we observed both gradual and abrupt
changes irthe total ion curremtatio betweermass 2&mu and 2%mu peaks. A
gradual decrease of the ion current is likely due to the erosion of cathodes from the
ion sputtering angrecipitationof solids on thenodesnside the UHV Penning ion
source. The cathedand anode material used was copper (Cu), which has a sputter
yield of 5.41 atoms/ion usingSi* with energy of 3 keV. This number is calculated
using the simulation software fAiThe Stoppin
Fig. 4.5 shows the pictures the eroded anodes and cathodes. As the erosion
happens, the shape of the anode and cathode changes during beam run. This will
affect the geometry of the plasma formed and the efficiency of ions been extracted
into the transport system, as observed gimdual decrease in the ion current during
deposition. As the service time gets longer, Si will be deposited and forms flakes at
the surface of the Cu anodes and cathodes, as shown in the black materials in Fig. 4.5.
Those flakes will alter the potentialside the ion source and will cause either an arc
during beam run or even a short between the cathode and anode. Usually when a short
happensmaintenance has to be done by breaking the vacuum and reassembling the

ion source to replace anode and cathodes.
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To improve the stability and lifetime of the ion source, different cathode materials
are investigated. As compared to Cu, titanium (Ti), tungsten (W), iron (Fe), stainless
steel (SS) and molybdenum (Mo) all have smaller spyittdais wherbombardedy
Si ions. However, other properties also need to be considered when depéSiting
thin films, such as the price of the material, ease of machining, chemical purity,
alloying, etc.Table IV. shows a summary of the SRIM simulation resith three
canddate materials. Ti is chosen to be the new anode and cathode material because it
has the lowest sputter yield and highest purity (99.999%), with relatively low cost.
High purity Ti rods with 3 cm in diameter and 5 cm in length are purchased from
AmericanElements and are machined into cylindrical anodes and cathodes.

Table IV. Summary of the SRIM results on different anode and cathode materials.
The ion energy of the Sused in the simulation is 3 keV, with 10000 ions in total.

Material type Atomic mass Density Sputter yield
(u) (g/cn?) (atoms/ion)

Cu 63.54 8.92 541

w 183.8 19.35 2.09

Ti 47.9 4.52 1.42

Fig.4.5 shows a comparison between the anodes and cathodes using Cu and Ti after
hours of service. Panel (a) and (b) are the Cu cathodes aftdinudes used in the

ion source after 26 hours of service. Due to ion bombardment, the center of the
cathodeings was eroded. Si flakes (shown as dark deposit oadhéred on the

cathode surfaceserealso observedfter long hours of service. The average lifetime

of a Cu anode/ cathode before maintenance
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1697 short betwer anode and cathode was experienced, indicating the need for

1698 maintenance.

1699

1700 Figure 45: lon source anodes and cathodes after hours of beam runs.

1701 (@) and (b) are the copper cathodes after 26 hours of service. Erosion from the ion
1702 bombardment at the center of the cathode rings can be seen, with some silicon flakes
1703 adhered on the surface. (c) and (d) are the titanium anode and cathodes, respectively,
1704 after 37 hours of service. Less erosion is observed on titanium, witBi léakes

1705 adhered on the surface. Titanium anodes and cathodes in general have a longer (2x)
1706 lifetime andbetter stability.

1707

1708 Panel (c) and (d) showed the anode and cathodes maaghgfurity Ti, respectively,

1709 after 37 hours of service. Less erosion and less Si flakes were observed. The average

o

1710 | i fetime using Ti is & 38 hours, roughly 2
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1711 Dbetter stability in terms of ion current. A smoother éoirent with less fluctuation

1712 and slower decrease rate is obtained with Ti anodes and cathodes.

1713 Another factor that affects the accuracy of the prediction for targeted enrichment
1714 is the ion current measurement. In the fgsheration samples, theni current was

1715 measured using a large aperture of 4.9°nrhis introduces uncertainty because the
1716 SIMS crater is measuring at the center of the beam spot (<<?{winife using a

1717 larger aperture is estimating the average over a larger area. And asodedett in

1718 Chapter 2, the contour map of the ion beam shape shows a higher ion density closer
1719 to the center compared to the edges. To solve this problem, a smaller aperture with
1720 0.785 mmis used to estimate the ion current in the segmkration sample$his

1721 allows better estimation because the area of the ion current density used to calculate
1722 the enrichment is closer to the area measured by SIMS. In addition, the ion current is
1723 measured both at the beginning and at the end of the deposition to acca@unyt f

1724 changes in the ion current (28u and 2%mu) peak shapes due to long deposition
1725 times.

1726

1727 4.3.3 Secondseneration of Targeted Enrichment
1728

ggg With the improvements in both ion source stability after replacing the cathode

1731 materials and ion current measurement, better accuracy between target and measured
1732 enrichment values has been achieved in the segeneration targeted enrichment

1733 samplesFig. 4.6 is an example of the SIMS depth profile of a segameration

1734 targeted enrichment samplEhe average isotope fraction438i in the surface layer

1735 (baseline) is measured to {83+ 0.09)x 10®mol/mol, from the range 080 nm to
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170 nmdepth Two subsequent layers are also shown from 170 nm to 310 nm and
310 nm to417nm, with an averagéSiisotope fraction 0{1599+ 7) x 10° mol/mol
and(3583+ 20) x 16° mol/mol, respectivelyThe targeted values are 1600 x°10
mol/mol, with a degiation (compared to the measured value) of 0.06 % and 3500 x

10°mol/mol, with a deviation of 2.4 %.
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Figure 46: A SIMS depth profile of a secorgkneration targeted enrichment sample.
The inset shows abematiadiagram of the targeted enrichmeample layer
structuresTwo layers with differen®Si isotope fractions are deposited on a float
zone silicon substrate and then gagwith pure?®Si layer. The?Si and*°Siisotope
fractions are shown in blue dotstared squares, respectively. Natural abundance
ratios of?°Si and®°Si are shown in dashed linéBetter stability is seen in each layer
with a flatter®®Si concentration profile.
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Table V. A comparison between the target, estimated and medsir@smtope
fractions. The deviation shown here are between the target and the measured values.
The total deviation on average is (10.4 £ 5.0) %.

Target Estimated Measured Deviation
(10°mol/mol) from deposition by SIMS
(10°mol/mol) (10°mol/mol)

1 0.7 0.83 17.0%
10 9.9 10.5 5.0%
30 34.1 30 0.0%
40 40.7 20.5 48.8%
60 62.1 81 35.0%
75 77 74 1.3%
90 88.1 87 3.3%

300 316 300 0.0%
800 797 784 2.0%
1600 1630 1599 0.1%
3500 3530 3583 2.4%

As a comparison, the estimated values fronntbeel after deposition are calculated
to be (1630 + 15% 10°mol/mol, with a deviation of 1.9 % and (353@0) x 16°
mol/mol, with a deviation of 1.5 %

The comparison between the target and meagt®edsotope fractions is shown
in detail in Table. V and a correlation plot of the targeted versus the me&&sied
isotope fraction is shown in Fig. 4.7. In total, 11 targeted enrichment levels have been
plotted on a log scale, ranging from 0:830°mol/mol to 3583« 10 mol/mol of
29Sj. Both a linear fit and a confidence band in-log scale are included to show the
accuracy of the prediction. As shown in the figure, all data points are within 95 %
confidence band. The average deviation between the targeted and measured
enrichments acr@sthe entire range of measurements is found to be 10 %. The one
data point measured at 2010 mol/mol has the largest deviation from the targeted

value and the largest relative uncertainty. This deviation was caused by the ion
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Figure 47: A correlation plot showing the measuré8i isotope fractions as a
function of targeted®Si isotope fractions.
A linear fit and 9%%6 confidence band are included to assist comparison. An average
deviationof 10 % has been obtained ove@wide range, from 0.88 10® mol/mol to
3.58 x 102 mol/mol of 2°Si.
source, where the ion beam condition was unstable during this depositipared
to othersTo further improve the stability of the ion source, cleaning of the ion source
using argon plasma between each run may be helpful. This will remove excess silicon
flakes that slowly aggregated on the interior of the ion source, which causes
fluctuation inthe plasma region. Another source of uncertainty may come from the
location of the?®Si spot. Since ouf®Si deposit is in the shape of a hill instead of flat
surface, the measured location might still be different from where it has been
estimated, even th a smaller aperture. For example, if the measured spot is closer to

the edge, the ion current density will be smaller compared to the center of the beam

spot. This usually results in a higi&8i concentration, partially from the background
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silane gasgince the background pressure is constant) and partially from the slight

changes in the 28vu and 2%mu peak shapes. The installation of an ion beam

sweeper to smooth out the deposited film may help. Furthermore, the SIMS

measurement uncertainty alsosaas a factor, mainly limited by counting statistics,

especially at lowet’Si concentrations, where the number of countsasnatically

lower compared to higheéfSi concentratios

4.4 Conclusion

In this chapterwe have reported on a method that allows us to achieve targeted

enrichment of thé®Si epitaxial thin films. Wéravedevelogda model to predict and

control the residual isotope fraction of t#8i in the filmpreciselyand comparés

resultsto the \alues measured using SIMEhe firstgeneration of targeted

enrichment showed a relatively good accuracy, within a factor of 2 compared to the

targeted values. With the improvements in ion source stability and ion current

measurement, @have achieved agxcellent agreement between tiaegetedand the

measured valuesvera wide range of enrichmentsthe secondjeneration samples,

with small deviation of only 10 % on averagd#is deviationcan be improved by

furtherincreasing the stability of our ion source gu$siblyby usng an ion beam

sweeper. We believe this is an important step forwaehitwh the material supply of

285 at different levels within this community andeteplore the qualifying metric for

Agaunt um gr adeo
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Chapter 5: Potential Qualify

AQuantum Gr ad®i0 MOSHFETDN

Across solid state quantum information, material deficiencies limit performance
through enhancegklaxation, charge defect motion, or isotagiin noise. While
classical measurements of device performance provide cursory guidance, specific
qualifying metrics and measuremeatsplicable to quantum devices are needed. For
guantum applications, new matd metrics, e.g., enrichment, are needed, while
existing classicainetrics such as mobility might be relaxed compared to conventional
electronics. In thishapter we examine locally grown silicon thatdaperior in
enrichment, but inferior in chemicplrity compared to commerciallicon, as part of
an effort to underpin the material standandsded for quantum grade silicon and
establish a standard approach for the iotanparison of these materials. We use a
custommassselected ion beam deposititechnique, which has produced isotopic
enrichment levels up to 99.999 9828Si, to isotopically enrick®Si, but with
chemical purityof only > 99.97% due to the molecular beam epitaxy techniques used.
From this epitaxial silicon, we fabricatiep-gatedHall bar devices simultaneously on
28Sj and on the adjacent natural abundance Si substrate fecaomgarison. Using

standaremethodswe measure maximum mobilities {1740+ 2) cn?/V's at an
electron density of (2.¥ 102+ 3 x 10%) cm 2 and & (6040+ 3) cnt/V's
at an electron density of (12102 + 5 x 10%) cn? atT = 1.9 K for devices

fabricated orf®Si and"Si, respectively. For magnetic fiel@s> 2 T, both devices

demonstrate well developed Shubnilae Haas oscillations in therlgitudinal
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magnetoresistance. This provides ti@asport characteristics of isotopically enriched
28Si and will serve as a benchmark for the classical transp8i$icdt its current state

andlow temperature, epitaxially grown Si for quantdevices more generally.

5.1 Introduction

Conventional electronics have been industrialized for decades; consequently,
precisemetricsbasenmacroscopi@ropertiessuchas chemical purity, charge
carrier mobility, and defect density, are estdi®d for qualifying a material, e.qg.,
silicon, forconvenional electronics. While silicon h#sng been the workhorse of
conventional electronics, it is also becoming a promising host for spin based quantum
information processing devicgal, 136}

Even though silicon has improved tremendously twedecades to meet demands
of t o d aoj-thesart trmrsiatdrsghis excellent material is still not sufficient to

support quantum information. For example, in sfiiased quantum information

sydems, the presence of thz(gSi isotope in natural abundance silicon reduces
coherence times due its nonzero nuclear spin of 1/2. Nuclei with nonzero spin in

the host lattice act as a source of decoherérrcepin basedqubits [135], asthey
interactwith theelectronspin through hypdine interaction§144, 145] However, by
placing a spimgubitin an isotopically enriched 99.995%8i environment40], the
development of silicon based quantum devices has gained considerable momentum,

with reports of exceptionally long quantum coherence tii3@s34]
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The need for some level of enrichment providesexample of how
Asemiconductor gradeodo silicon quality may
the needs of quantumformationprocessing (QIR)Furthermore, the metrics for
conventional silicon may not always be relevant@d®, e.g., the eassef carrier
motion as quantified by mobility may not be directly relevant to quantum device
performance whereonfinement andoherence in thabsencef motion are critical.
Additionally, as we establish properties and their numerical thresholds that are
sufficient for QIP, relatively simple qualifying metrics that act as general proxies for
properties more challenging to measure are invaluable. However, it may be noted that
mobility in and of itself is not important, but it could be a good proxy for estigna
spin-qubit relaxation or coheren¢g46].

As part of a | arger program to identify
are identifying (1) properties beyond those considered for semiconductor grade
silicon critical toQIP; (2) the relevance and priority of properties currently
considered critial for semiconductors; and (3) standard methods that may be used for
QIP properties or provide a general indicator for challenging properties, e.g.,
coherence time, as three main goals that are paramount for the development of
metrics f or dilicon dahistwarkrs part od albeoader effort to find ways
besides making and measuring qubits to provide diagnostics that will indicate the
likely performance of qubits early in a fabrication stream.

This chaptepresents devices, methods, and ltsdor a comparative study of
magnetotransport properties between (1) high isotopic enrichment, low chemical

purity and (2) high chemical purity, natural abundance (low isotopic enrichment)
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1903 silicon. This characterization sets the stage for determinintheheoherence

1904 properties in quantum dot devices correlate with the trends in sirtrplditional

1905 measurements since the benefit of enrichment on coherence may dlépkeaaility

1906 of some additional contaminants. In a detailed theoretical study, \Witat[147]

1907 illustrated that the coherence of a spin qubit can, in principle, be increased by an
1908 order of magnitudéor every order of magnitude increase in the isotopic enrichment
1909 of8Si in the qubitodéos Si environment. A compr
1910 this prediction, however, is hindered due to the discreteness of the available isotopic
1911 enrichment levelsAmong the four different enrichment levels that have been

1912 reported40, 148150]only 99.98%7%Si and 99.995%°8Si have been utilized for

1913 quantum electronic device fabricatif#®, 30, 139] Moreover, contemporary

1914 methods for producing isotopically enrich@8i materials are based on cheatic

1915 vapordeposition (CVD) techniques and are not compatible with qubit architectures
1916 requiring low temperature processing, e.g., STM fabricated single dopant atom qubits
1917 [151]. In contrast, the method used for produci?®j reported here is compatible

1918 with all the contemporary qubit architectures and represents molecular beam epitaxy
1919 (MBE) grown Si more generally. While the coherence of a spin qubit is predicted to
1920 improve & higher isotopic enrichment levdls47], how other material properties will
1921 limit the expected enhancement of qudmherence is unclear. To the best of our

1922 knowledge, no study yet has attempted to correlate macroscopic electrical

1923 characteristics with the performance of quantum devices. Yet, such a study will be an
1924 essential component f omgr d eilfeadnvithmthethmeet r i cs f

1925 main goals identified earlier.
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5.228Si MOSFET Devices

The?8Si materials are produced using the ion beam deposition method introduced in
Chapter 2 and 3zated Hall bar devices are fabricated on isotopicailyche®Si
epilayers in order to electrically characterize the material. Typically, the isotopically
purified®S i s ponmm?ii8snn?an area and covers only a small fraction of the
starting floatzone grown, natural abundance, intrinsic Si sutestvah dimensions of

4 mmx 10 mm; seéig. 5.1 (a) Due to the reduced coverage of tf®i spot, devices

on isotopically enriched and natural abundance Si can bedtdd on the same Si

chip at the same time. This eliminates the effecteofainimperfections on the
fabrication process (e.g., oxide growth) when comparing the electrical properties of
the devices. A schematic cross section of a device fabricateéf®nspot is shown

in Fig. 5.1 (b) The structure of the devices fabricated'¥®i, i.e., outside thé®Si

spot, is identicajwent through sample vacuum, thermad dabrication processes)
except without thé®Si layer. An optical micrograph of the gated multiterminal Hall
bar device is shown iRig. 5.1 (c)

The isoto fractionof the?®Si epilayers is measured ByMS. In Fig. 5.1 (d) the
SIMS-derived isotopic ratio of*Si/?8Si is shown as a function of depth at several
locations neathe fabricated Hall bar device. For the device reported here, the level of
i sotopic enrichment measur ed 98.976%,0cdat i ons
09.980%, a 99M93% 2Si, respectivelyThis confirms that the Hall bar device is

located on top of the depositéi spot as we expecteigure 5.1 (dalso reveals

99


https://aip.scitation.org/doi/10.1063/1.5128098
https://aip.scitation.org/doi/10.1063/1.5128098
https://aip.scitation.org/doi/10.1063/1.5128098
https://aip.scitation.org/doi/10.1063/1.5128098
https://aip.scitation.org/doi/10.1063/1.5128098

(a)

(b) Gate oxide Ohmic
(60 nm Si0;) contact

\

Deposited
285 spot

TORERRRE T o g \ Top gate
(’ .\/F\ Enriched ?5Si
Si handle Mk \I |
(4 x 10) mm / Devices
7 P implant
/ ".'
/ \
o / d
( ) / P implants ( ) . . ; .10
/ E E
/ : ¢ ASAL
L Natural Si %;’
=1 JAS o
—0—2 (® =] PR
Fl-o0-3 /\ | 1107 g
| # = B
L [ ] / Q
o) TAS) O - kel
3 s | 110° ©
[ 4 1 )
L 4 ® | 3
s O | ] *g
1 1104 =
T
- 1 [ﬁ 1 1
Top gate J Ohmic 0 50 100 150 200
contacts Depth (nm)

1950

1951 Figure 51: 2Si MOSFET device and measurements.

1952 (a) A schematic illustrating the device layout of a given sample. Reduced coverage of
1953 the?8Si spot allows us to fabricate devices?®®i and"Si simultaneously. (b)

1954  Schematic representation of the gated Hall bar device fabricaté8ias shown. (c)

1955  An optical micrograph of a gated multiterminal Hall bar device fabricaté8Sims

1956 shown. (d) The isotopic ratios 8%i/%Si at positions 1 (),2 ( 3), and 3 (
1957 are shown. The shift in the rising edge at different positions corresponds to the

1958 thickness variation in the deposité8i film. Measured®Si isotopic ratios at

1959 locations 1, 2, and 3 are (149 + 18) % %@ol/mol, (128 + 14) x 10°mol/mol, and

1960 (45 + 2) x 10 ®mol/mol, respectively.

1961

1962 the thickness nonuniformity of the depositési epilayer, i.e., the thickness of

1963 the?8Si epilayer at location 3 is greater than those of locations 1 and 2. Moreover,

1964 separate SIMS measurements loese isotopically enrichedSi epilayers reveal that
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the films contain adventitious chemical impurities, namely, C, N, and O, with

approximate atomic concentrations of 2 *%®n 33 x 16’ cm’ 3 and 3 x

108 cm’ 3 However, the atomic concentrationgloése chemical impurities on the

handle wafer were bel 0l@°chh.aVeBdievesthatl et ect i on

these chemical impurities were being introduced by the ion beam

5.3 Magnetotransport Measurements

The low fieldmagnetotransport data 88i and"Si on the same sample are
shown in Fig. 5.2. Panel (a) shows the drain current (top and bot end of the Hall bar
as shown in Fig. 5.1(c)) vs gate voltage at T = 4K. The drain current is proportional to
inversion chargeral the velocity that the charge travels from source to drain and the
gate voltage controls the amount of inversion charge that carriers the current. Three
curves with different symbols (square, circle and triangle) show the corresponding
source drain vol@e and a threshold voltagedYieeded to turn on the device) is
obtained at around 2 V. Panel (b) shows the extracted charge carrier mobility as a
function of carrier density for botd'Si (red square) andSi (blue circle) at T =1.9
K. We find that masnum mobilities afl = 1.9 K for?8Si and"®Si are:g2ssi = (1740+
2) cm?/V's at an electron densityof (2.7 x 102+ 3 x 1F) cn 2andenasi= (6040 +
3) cnt/V'sat an electron density of (1.2 x'2@ 5 x 1¢) cnmi 2 Charge carrier
mobilities for these devices are within the typical range of mobilities #M@5
(Metal Oxide Semiconductor) devices fabricated usingM&t (e.g., CVD) growth
technique$23, 152] the maximum mobility for a SMIOS device to date being > 4 x

10% cn?/V's[153]. In contrast, mbilities reported for SMOS devices fabricated on
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1990 MBE grown Si range from 900 &V sto 1250 cnd/V's[116, 154] likely due to the

1991 excess chemical impurities presented in the MBE. film

14} ()  lIsotopically enriched 28si
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1995 Figure 52: Magnetotranport data of ti#&Si MOSFET.
1996 (a) the drain current vs gate voltage at T = 4 K. Three curves with different symbols
1997 shows the corresponding source drain voltage. (b) Charge carrier mobility as a
1998 function of carrier density for botd'Si (red sjuare) and®Si (blue circle) at T = 1.9
1999 K.
2000
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2002
2003
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2007
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2009

2010
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2012

2013

2014

2015

2016

2017

2018

2019

2020

2021

Table VI.Macroscopic materials and electrical properties of natural abunt#sice
and isotopically enrichetfSi.

Material
Property nalgi 8i

Avg. *#Si concentration 92.23% 99.983%

C _ 2 x 10"
Impurities (cm ™ °) N <10'° 3 x 10"

0 3% 10"
Max. mobility g (cm*/(V s)) (6040 £ 3) (1740 = 2)
Percolation density n, (10" em™ %) (23+2) (4.2 £2)

In order to estimate the percolation electron demgityhich refers to theritical
density for conductiognwe extrapolate the electron density as a function of gate
voltage (as determined from Hall measurements) back to the threshold voltage (as
determined from the channel currégatvs Vg), i.e.,np = ne(Vin). Using this metha,
we find percolation densities of (2.3 + 2) x*46m’ %or "'Sj and (4.2 * 2) x
10" cm’ Zor 28Si. Since the percolation density is a measure of the disordering of a
system, the two times larger density8i supports the fact that there are more
impurity scatteringin the film than in"®Si. A summary of these macroscopic
materials and electrical properties for theahip "¥'Si and?®Si is provided inTable
VI.

The magnetoresistanci«) and the Hall resistanc®4) at 1.9 K for isotopically
enriched®Si and natural abundance Si are showfidn 5.3 (a)andFig. 5.3 (b)
respectivelyBoth devices show well developed SdH oscillationBdrwith

accompanyinglateaus irRxy. SdH oscillations are oscillations of the resistivity
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2022

2023

2024

2025

2026

2027

2028

2029

2030

2031

2032

2033

2034

2035

2036

2037

2038

2039

2040

2041

2042

parallel to the current flow in the edge states of a 2D electron gas when an external
magnetic field is applied. They are related to the quartfatheffect and have a
periodicity of 1B. When a magnetic field is applied to the 2D electron gas, the
electrons in the bulk perform circular motions. In the border region, the electrons
circular motion is suppressed due to the scattering events occurred at the interface.
These scattering everds/e those electrons a higher energy and the magnetic field
causes the quantization of the energy band (Latelaal). With a higher magnetic

field, the energy gap between the Landlatels becomes larger. As the field
increases, the highest Landawel gets nearer to the Fermi energy and there will be
states available for scattering in the bulk region. This is the cause of the peaks in the
SdH oscillationsThe slight asymmetry iR« in Fig. 53 (a) could be due to several
reasons, e.gmagnetic impurities in the grovifSi film or inhomogeneity of the
magnetic field which might be a cause of the-ptanar 2D electron gd455, 156]

The Hall resistance shows nonidealities particularly if't8e device[Fig. 53 (b)]
whereRxy is nonmonotonic. These nonidealities could be due to scattering between
discrete degenerate states at the tails due to level broad&#smhd 58] However, a
detailed discussion of the asymmetryRafand the flatness of the Hall plateaus is
outside the scope of this article. We also see a lifting of theféddidegeneracy

atB > 5 T for"®Si, which is likely due to the spin degree of freedom, but, at this time,
we are unable to determine whethes ik due to the spin or valley degree of

freedom, due to the limitations in the experimental setup.
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Figure 53: The magnetoresistan&gx and the Hall resistandgy vs B field

The resistancemeasured for thdevices fabricatedn (a) isotopically enricheéSi
epilayer and (b) natural Si substrate are shown. For both devices, the corresponding
filling factors @) are shown at the minima of Shubnikd& Hass oscillations. In

contrast to the device on the ispially enriched®Si epilayer, the device off'Si
demonstrates spisplitting forB > 3 T. Both devices are fabricated on the same Si
chip; see main text for more information. The relative uncertainty associated

with R andRyy is typically less than.Q% and is mostly due to the uncertainty of the
measured current.

Near zero magnetic field, both devices demonstrate a peak in the sample

resistance; sdéig. 5.3 This increase in resistance near zero magnetic field is known
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as weaklocalization (WL). Weak localization is a guantum mechanical phenomenon
that can be observed in tvddmensional (2D) electron systems at low temperatures
where the phase coherence lengthi¢ greater than the mean free pajji59,
160]. Relative to the zerfield resistance hie weaklocalization is larger for the
device fabricated on isotopically enrich@8i.
To further investigate the WL behavior of these devices, we plot the change in
c o n d u c @idawai fungtion qf magnetic fieBlapplied perpendicular to the 2D
electron system (sd¢ég.5.49 . The change in cwTdB)ctivity
T (B = 0), wherelkx = J x/(] %t} 2y). For nonzerd, the change in conductivity due

to WL in a 2D electron system can be modeled by the Hitaarkin-Nagaoka

(HLN) equation[161]:

YK " & — (5.1)
where (@ i s t helisthe gmeaminea path,usrihe phase coherence
lengththat determines the magnitude of the effaotdUis a constant close to unjty

which comes from the scattering symmetry of the sy$1&®]. In Fig. 54, the solid

lines are the fits to experimental data (symbols) using the HLN equation. For these

fits, we use the calculated valued obing the relatioh= i¢O T Here,D is the
diffusion coefficient defined a® = v3&rU2, where the Fermi

velocityve = Km'" andUis the elastic scattering time, also known as the transport
lifetime, defined agk= ¢ rife. The effective massi is defined asn’/mo = 0.19,
wherenm is the rest mass of an electfd@63, 164] The Fermi waveectorkr can be
calculated for a 2D electron systemSinaskr = (4" n2p/gsgv)Y2, wherenzo, gs

andgv are the charge carrier density, spin degeneracy and valley degeneracy,
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2086
2087

2088
2089
2090
2091
2092
2093
2094
2095

respectively. We leavdandl. as the free fitting parameters, constraining the value
of Uto be close to unity. From tfig-extracted values df, we calculate 1J, where
inelastic scattering time =12 /D. The fit derived values of @/as a function oT are
plotted in the inset dfig. 5.4for devices fabricated on isotopically enrictté8i and
natural abundance Si, respectively. The solid lines in the ingeg.0b.4are the

leastsquaredit to the data using the equation

— & QY &Y (5.2)

B (T)

Figure54: The change ixnsexternatiniagnetic field (Byfor( i
devices fabricated offS i (™siafdg) measured at 3 K.
Solid lines are the leastjuaredits to the HLN equation [Eq1)]. Estimated
uncer t aliwsi§.3%. loset: Tape inelastic scattering ratediifor 25Si
and"Sij vs the measurement temperature are shown. Here, the solid lines are the
leastsquaredit to a quadratic equation; see main text for details. Error bars in the
inset represent the fit uncertainty associated with the values extracted firedch
tempeature.
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The linear in thdl term captures the scattering from impurities, and the quadratic
in theT term is related to the electrabectron scatterinfl65]. Table VII. shows the
parameters extracted from the lesgtiaredit to the data, the fit uncertainties for
both devices, and the adjusteés&uare. For the natural abundance Si, the best fit is
achieved whethe linear term is set to zero, i.b5 0. Consequently, for natural
abundance Si, the dominant scattering mechanism appears to be the-electron

(long-range) scattering. In contrast, for isotopically enrict&d the best fit is

Table VII. Parameters extracted from the leaguaredits of Eq.(2) to the data in the
inset ofFig. 5.4

Adjusted
Device a(10s ') b(10"K 's ") ¢(10" K *s ') R-square
85i 6.6 %2 31407 0.60 + 0.08 0.997
natgy 5104 .. 1.5+0.1 0.989

achieved with a significant linear in thgerm. This large linear term implies that
impurity (shortrange) scattering is a significant contributiorfd8i. The temperature
independent parametais similar (within the uncertainties) for both the devices
indicating that the processes (e.g., interface roughness) contribusirgddikely the
same.

Line shape analysis of the SdH oscillations as atiomof temperature is also
used to investigate the underlying scattering mechanisms in 2D electron systems. The
amplitude of the SdH oscillations can be writter\asi= X(T)Roe x p frdJ) [166,
167], whereRo is the zero field resistanc¥(T) = (2 %keT/ ¥)/sinh(2 %keT/ 1) is

the temperature damping factor, ang= eB/m’ is the cyclotron frequency.
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Herekei s Bo |l t z ma n nisthesingle partialen(quanégum)difetinie66-
168]. To extract the amplitude of SdH oscillations, we first subtract a slow varying
backgroundexternal disturbance, background dopant conductivity, measuremen
conditions, etg.from R« [169] to isolate the oscillatory part &« TheR« after
backgr ound Rxudptotted againstdd/im Fig. §5 (a) Then, we extract
the amplitudeAsanas schematically defined Kig. 5.5 (a)at each minimum of

g« and calculate Ii{sa/X(T)). Fig. 5.5 (b)is a plot of InfAsaX(T)) vs 1B, also
known as t h ¢l66{1B7]for the devicp falwitated dASi measured

atT = 3 K. The approximately linealependence of IA&sHX(T)) on 1B [seeFig. 5.5
(b)] indicates a magnetic field independent quantum lifetiddn Fig. 5.5 (c) we

plot the quantum lifetime44, for devices fabricated dfiSi and™Si extracted from a
linear leastsquaredit to Dingle plots at each temperaturdnelcalculated values of
the transport lifetimes, wheké= € rile, using the magnetotransport measurement at
low magnetic fields for both devices, are also plottefign 5.5 (c)

For the device fabricated 8fSi, theratoofJ3dd 1, and f o¥Si,t he
theratoofddd 1. 4. The tUsarmsriy@ffected byithe Brge amge
scattering events that cause a large momentum chahgegady is affected by all
the scattering evenf&70]. It can either belominated bythe background impurities,
wherethe scattering ratid{ is less than or equal to 1@r dominated by shottange
isotropic scatteringl 70], wherethe ratiod 1 when the scattering is,g., surface
roughness scatterif@71]. However, he thickness of the gate oxide for the devices
repor t e d0rmevhieh isitos thiék for a surface scattering effée

therefore negledhe scattering due to remote interface roughness (i.e., the interface
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Figure 55: Quantum and transport lifetime extracted frili@ magnetotransport
(a) The background subtracted (see tBxt)

magnetic field (1B) for the?8S i
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between the gate oxide and the gate metal) as a dominant scattering mechanism for
these devicefl 72]. Therefore, the ratidd§ implies that the charge carrier mobility is
limited by the background impurity scattering.

The analysis of the wedkcalization, $IH oscillations, and loviield
magnetotransport data indicates the shortest scattering length scale to be the elastic
(transport) scattering lengtit a | ¢ u | 8t3 e o ma7émifor’&i and™@'s;,
respectively. Capacitance voltage (CV) measuren®@nttOS capacitors fabricated
on natural abundance silicon (data not shown) with gate oxides grown using similar
conditions to the devices reported here reveal a fixed charge density of approximately
3 x 13°cm’ “corresponding to the nearest neighbor distae 58 hm. &his nearest

neighbor distance is in close agreement with the transport scatteringllength

5.4 Conclusion

In conclusion, we have reported on the first low temperature electrical
measurements of MBE grown isotopicadigrichec?®Si. For this report, we
fabricated and characterized the low temperature magnetotransport of gated Hall bar
devices fabricated on highly enrich®&8i. In comparison to control devices
fabricated on floazone grown, intrinsic, natural abundar®ieon the same substrate,
the charge carrier mobility on isotopically enrict#8ii is approximately a factor of 3
lower. Nevetheless, the magnetotransport measurements of devices fabricated on
isotopically enriched®Si demonstrate strong manifestationisquantum effects.
Based on the analysis of temperature dependence of the weak localization and SdH

oscillations, we believe that the dominant scattering mechanism israhge
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2176 scattering (impurity scattering). We believe that adventitious chemicarities

2177 detected in théSi epilayers act as the impurity scatters in the devices fabricated
2178 on?8Si. However, higher levels of adventitious chemical impurities detected in
2179 the?8Si epilayers are too high to be considered as isolated scattering certersei
2180 nearest neighbor distance is considerably shorter than the scattering lengths extracted
2181 from the transport data. Furthermore, for these impurity levels, the dipolar

2182 interactions between randomly distributed electron spins associated with impurities
2183 and the central spin of a potential qubit are considered to be the dominant

2184 decoherence mechanism at high enrichrfiefif]. For the worsttase analysis, if all
2185 the N and O chemical impurities are considered as randomly distributed single
2186 electron spins, the influence of these dipolar interactions on the central spin could
2187 result in qubit coherence times poorer than lpighty natural abundance Si.

2188 However, we are confident that the recent and planned improvements, as well as
2189 techniques for depleting impurities near the surfaces, will allow us to move forward
2190 and study the tension between chemical impurities and enntlonequantum

2191 coherence.

2192 Next, we plan to fabricate quantum dot devices on control (natural abundance)
2193 and isotopically enriche®Si to more rigorously assess the impact of purity and
2194 enrichment, e.g., charge offset drift, as the chemical purifyesie MBE growr®Si

2195 films is improved. Therefore, macroscopic transport and material characteristics of
2196 the devices reported here will serve as a benchmark for finding the correlations

2197 between macroscopic properties and the performance of future nardesgaés,
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€e.9g., quantum dots, and |l ead to identifyin
silicon.
This chapter is reproduced from REf73] with permissions from all the €o
authors.The authors acknowledge stimulating discussions with Michael Stewart, Neil
Zimmerman, Roy Murray, Ryan SteininBui Hu, and Peihao Huangor the
contribution of this work, | was responsible for the material preparation and growth of
the28Si thin films, SIMS data analysis and part of other analysis processes. The
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Chapter 6doRilndeon aSi (100) :

Puzzle of Max 2D Density

The previous chapters discussed isotopically enriéfgdone of the two core
materials that we araterested in when pursuing hybrid quantum computing. In the
following chapters, we will be focusing on the second core material: Al delta layers.
Unlike other deltadoped material systems that have been extensively studied, such as
boron (B) and phosphorB)[77, 83, 174, 175]Al deltadoping in Si is anew
material system where its material properties are largely unknioursue a
superconducting Al deltdoped Si, understanding the maximum number of atoms in
the smallest possible distance (one atomic layer) is critical for maximizing the 3D
densityof this dopantln this chapter, we will first introduce the previously studied
results of Al atomic layer growth on Si(100). Then we will demonstrate our approach
to study the absolute number density of one atomic layer of Al on Si(100) before
cluster fomation, using different techniques such as STM, SIMS and APT. The 2D
density will be extracted and compared and the uncertainties associated with each of

those techniques will be discussed.
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6.1 Introduction

Si(100) surfaces havmeen studié extensively in the past decades because of
theirimportance in semiconductor technology. The surface is reconstructed with
basic 2 x 1 dimer rows from the surface atoms. At low temperature (]C360 Al),
the structure and growth of the metal layezpa&hds strongly on this reconstructed
surfaceg[176]. Previous studield 77-180] using low energy electron diffraction
(LEED) have demonstrated the formation of walllered structures of Al on Si(100)
surface that is also coverage dependent. Several phasklsavie been found on the
Si surface. Those studies indicated that the most common phases of Al as the
coverage increases up to a full coverage or one atomic layer (or equivalently, 0.5 ML
as commonly used in the literature) arec 2, 2 x 3 and 2 x Note that for Si(100),

1 monolayer (ML) corresponds to a surface density ok@.8“ cm?. Therefore, iis
suggested that Al are adatoms that form dimer®pmf the Si(100) surface without
disruption of the Si dimers. An orthogordimer model has begroposed by Idet

al. [177] where the Al dimers are located between and oriented orthogonally to the Si
dimers. Initially as Al atoms reach the Si(100) substrate, they adsorb onto the surface
and form chains perpendicular to thiedimer rows. As the coverage increases (from

0 to 1 atomic layer), Al dimer rows run perpendicularly to the Si dimer rows and an
intermediate phase of*23 is formed when those dimer rows asso 3a apart @ =

3.84 A). At full coverage (one atomicylar) of Al, a closely packed 2 x 2 structure is

formed by saturating all the dangling bonds on the Si sufia34.
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Figure 61: Al adatoms on Si(100) surface.

()71 (e) possible structures of Al dimers on Si(100) surface wHnigitio

calculation. The bond length of the-Al, Al-Si and SiSi are given in small numbers
in A. (e) and (f) show the STM images of the Al adsorbed Si(100) surface, taken at
dualbiascondition. Al atoms are observed as tworbshaped protrusions in

negative bias and single bright protrusions in positive (iemel & d are modified
from [182]; panel e and f armodified from[181] with permissions)
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The proposed structures were firstly studied by Nogdral.using STM[183],
which provided direct observations of the Al dimer chains and the transitions into 2 x
3 and 2 x 2 phases. However, in contrast to the orthoglimar model, Noganet
al. described a parallgimer model, where the Al dimers are parallel to the Si
dimers. Follow on studigd 76, 182, 184pased on total energy calculatiaevealed
that the paralletlimer model is more energetically favorable. Fig. 6.1 (a) to (d) show
the schematic drawing of possible structures of an Aliager on the Si(100) surface.
The black circles representti\l atoms and the gray circles represent the Si atoms
from the substrate. The total energies of the structures are given on the top with
respect to the minimum, where thedmer is parallel to the Si substrate dimers, as
shown in structure (4182]. This model is further supported by other experimental
techniques, such as a tensor LEED stu@p] and an iorscattering spectroscopy
study[186]. However, the absence of atomically resolved STM makes it difficult to
distinguish between those two models. Since then, higher resolution S/EMb&@n
demonstrated and the details of the atomic structure have been studiedaitn du
biases (filled state and empty stdt§1, 187] Ref.[181] described the STM
topography of the Al structures on Si surface, as shown in Fig. 6.1 (e) and (f). In a
positivesample(or equivalently, negative tidias condition (panel f), electrons
tunnel from the tip into the empty statethe sample surfacelouble maxima of each
Si dimer that reflect the symmetric properties of the antibonding 'st§18] and Al
dimers as bright oblong protrusions between the Si dimers can b@rsaked in
blue circle) In a negativesample(or equivalently positive tiphias condition (panel

e), electrons tunnel out of the filled state of shenplesurface to the tip, each
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protrusion observed in the positive bias is replaced with two-bleaped prisusions
located on the Si dimefmarked in blue circle)l81]. The reasons for the changes in
the Al featues were also described. For posithaenplebias, the bright protrusions
represent the local density of states (LOD) that consist mafstte dangling bond
states of Al dimers. The protrusion between the Si dimers are tAediiner bonds.

For negativesamplebias, the two beashaped protrusions represent the local density
of occupied states around Al dimers, showing the location of #& Backbond
stated181].

The growth mechanism of the Al atoms on Si(100) surface with coverage above
one full atomic layer (0.5 ML) is more complicated compared to the coverage below.
Different results have been shown with somewhat contradictory conclusions. For
example, onstudy showed that the 2 x 2 structure persists at a coverage higher than
one atomic layefl79] while the other showed that the 2 x 2 surface is not simply
covered by the clusters, butdsrupted due to embedment of the clusferighter
objects shown in Fig. 6.3§)81]. Despite the differences the detailed surface
structure it is generally true that as the coverage exceeds one atomic layer, all the Si
dangling bonds arsaturated, and some clusters start to form on top of the Al 2 x 2
structures. In this work, we are focusing on the 2D delta layer growth, mostly with a

o

coverage of a one atomic | ayer.
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Figure 62: STM image of Al deposted on Si(100) surface with low coverage.

The images are taken simultaneously under-Hizs. Si dimer rows can be seen
clearly, with Si terraces perpendicular to each otheFi(@d stateamage (+2 V, 100
pA): an Al dimer chain is marked with blue circle, 5 bright protrusions are observed.
(b) Emptystate image-2 V, 100 pA): the same area of the Al chain is marked. 5 dim
protrusions are observed. The bedwaped protrusiordescribed in the literatures are
not seen. (This image is taken from Dr. Hyago Kim with permission

Since our objective is to obtain a superconducting Al delta layer in Si,
understanding the maximum 2D density of Al that we can put on Si(100) in order to
reach the critical 3Dehsity of the dopant is importafthe strategy here is to: 1)
reach a saturation density of Al dopant and 2) confine the dopant as good as possible
by depositing a Si overgrowth layer on top of the delta layer. However, there are a
few discrepancies betwa our observation and the previous studies. For instdrece,
literature studies seem to suggest that there are roughly 2 Al atoms on top of 4 Si,
indicating a masnum 2D Al density of 3.4 XL0" cm?, our STM dd notreveal the
same structurd=ig. 6.2 $iows a set of STM images with Al deposited on Si(100) at
very low coverage. The two images are taken simultaneously unddvidsiap

condition with a dimension of 20 nm x 20 nm. The Si substrate was prepared in UHV
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with high temperature flashindescrbed earlier in Chapter. 3i dimer rows can be
seen clearly, with terraces perpendicular to each other. Panel (a) shdledistate
image (+2 Mip voltage 100 pA). An Al dimer chain is marked with blue circle,
where 5 bright protrusions are observé&dis structure seen is similar to what was
reported in the previous literature results. Panel (b) showentpéystate image-2
V tip voltage 100 pA). The same area of the Al chain is marked as a comparison,
where 5 dimmed protrusions are observec o bearshapedrotrusions
described from the literatures are not seen. Instead, we are seeingistudge
protrusions under both bias conditiofibe reason that we saw a different feature
could be due to potential different structures of Al on Si or from the tip effect. Since
STM is a convolution of the LDOS of both the tip and the sample, atoms can be
picked up by the tip and that might causeatd#hce in resolution between the two
bias condition$189]. In addition, the Al protrusions seem to be located on top of the
Si dimer rows instead of between the Si dimer rovfgrént compared to the
configuration shown in Fig. 6.1. More interestingly, tinst electrical measurement
of this delta layer type showed that tarier densities of the Al samples with similar
doses ar e me axslO4ceaido 1{7>010'%cer? \ery tlasetto the density
of single protrusions measured in STM. The discrepancies mentioned above either
indicate that there is a different Al surface configuration on Si(100) or the dopant
activation of our delta layer is limited.

Given the differences between our STM, electrical measurements and the STM
shown in previous studies, the question really simplifies to whether there are two Al

atoms/protrusion or there is only one Al atom/protrusionhe next section, we are
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going to study tb maximum 2D number density of Al (for one atomic layer) that can

be deposited on the Si(100) surface. Different technical approaches are demonstrated,
which include STM, SIMS and APT. Since each sample has a small variation in
dosing, the 2D density extted from those techniques will be compared to the STM

number density obtained at positive tip bitte@ states) for better consistency.

6.2 Measuring 2DProtrusion Density of Al on Si(100) using
STM

Here, we investigate the Al surfasaturation density using STM, with one

atomic layer of Al on Si(100) surface before second layer formakioe details of
the material growtlprocesses for Al delta layer are introduced in Chapter 7, a brief
summary is given here. We started with a heghgerature flashing of the Si
substrate in UHV condition as described in Chapter 2. The sample was ramped down
from 800°C to 300°C and slowlycooled down to RT. After 15 mins waiting time,
the sample was moved to the STM chamber for initial characienzéit this point,
the samplevould be at RTandit was then transferred to the Al source (Radak) for
deposition.

To estimate the 2D density of the Al atoms on Si under full coverage, we use a
filled state image and count the number of brgglatrusions in that area. An
example of the counting procedure is shown in Fig.FaBel (a) shows a surface
close to one atomic layer (full coverage) of Al deposited on Si(100) at room
temperature (RT)T'he deposition rate is close to 1/3 ML per n#irx 2 structures of

Al are shown as the bright circular protrusioNste that apart from the Al
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protrusions, there are two more important features in this invagancies (dark) and
Al-Al clusters [argerwhite area¥. When counting the total number of piotrusions
accurately, contributions from the vacancies and clusters must be taken into account.

ImageJ withmagebased Tool for Counting NucldiTCN) plugin was used to
set the threshold and count the total number of Al features in the ihf&jé.is a
plugin developed by Thomas Kuo and Jiyun Byun at UC Santa B4fl®@ja The
algorithm assumes blelike nuclei with roughly convex local intensity distributions
where the isdevel contour is approximately ellipsoidal and the nuclei are fitted by an
inverted Laplacian of Gaussian filfd90, 191] In the case of our images, ITCN
works pretty well for features that are close together and yields better results when
identifying Al features compared to the buildfunctions of thresholding and
watershed processing.

The standard procedure of the protrusion counting is described here. The image
from panel (a) was converted teb& greyscale before using ITCN. The prion
detection was performed with the following parameters: width of protrsigson
selected between-710 pixels and minimum distanbetweer.5 - 5 pixels
depending on the quality of the final detectidhis agrees with the pixel size based
on the aeadensitytaken from 4 Si atoms (assuming one Al protrusion takes the same
area of 4 Si atomslror all samples analyzed here, a constant image scale of 80 nm
50 nm (566x 566 pixels) was used for consistency. An example of the image after
detection isshown in Fig. 6.3 (b), where each of the red dot represents one Al
protrusion. A total number of 3153 protrusions was detected in panel (b). Note that

this number includes the counting from the larger clusters that appeared as brighter
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Figure 63: Counting Al 2D density using STM and ImageJ.

(a) is afilled state image of thseurface of Al deposited on Si(100) at RT, close to full
coverage(b) shows the autoounting of the Al protrusions using ImageJ. There are
3153protrusions in this image. Note that the total number of protrusions excluded the
contribution from the vacancies but included the clusters.
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white areas. Each cluster feature was counted as either one or two protrusions
depending on the size. Howevelistls still an underestimate of thember of Al

atoms been deposited on the Si surface since there are clearly more than one or two
Al atoms in each of the clusters.

To address this problem, an estimation for the number of Al atoms in these
clustes is needed. By using the fill down function of the ImageJ, we can mark the
cluster areas with larger height values and calculate the percentage of these areas
comparedo the total area of the image. For example, in Fig. 6.3 (a), 1.51 % of the
total areacorresponds to the larger cluster features. This is 37.7%nrtime 50 nmx
50 nm image scale. Here we assume that th&l Alusters have a bulk Al crystal
structureg(FCC). The lattice constant of Al is 0.405 nm, bk densityis 2.7 g/cni
and themolar masss 26.98 g/mol. In 20ollowing the (100) directionthe density of
Al atoms in these clusters is therefor2x 10°cm?. For a 1.51 % cluster area,
which is equivalent to an area 8f7.75 nm, it corresponds t460 Al atomsThis is
the estimated number of Al atoms from clusters, which should be added to the total
number of protrusions as shown in Fig. 6.3 (b). Now, since we are not sure if each Al
protrusion shown in the STM represents one or two Al atoms, we will use 460 Al
atoms as the first try and compare that to SIMS extracted density (in next section).
The totalnumber ofprotrusiors including the clusters is therefore 3153 + 460 = 3613
in this 50 nmx 50 nm regionThis corresponds to a 2D protrusion number density of
1.45x 10" cm?. If the final ratio of SIMS/STM is closer to 1, which represents there
are 1 Al atom per STM protrusion, then 460 Al atoms coming from the clusters is

valid. The 2D density of Al atomshould bel.45x 10 cm?. However, if the
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Figure 64: Al 2D density counting with larger area of vacan@ad fewer clusters

(a) is afilled state image of theurface of Al deposited on Si(100) at RT, close to full
coverage(b) shows the autoounting of the Al protrusions using ImageJ. There are
3415 protrusions in this image. More vacancies are shown in this sample, this
counting method is able to exclude tlaancies accurately.

125



2441
2442

2443

2444

2445

2446

2447

2448

2449

2450

2451

2452

2453

2454

2455

2456

2457

2458

2459

2460

2461

2462

2463

2464

SIMS/STM ratio is closer to 2, which represents 2 Al atoms per protrusion, then we

need to recalibrate by adding only 230 (half of 460) Al protrusions from the clusters

to the total density. And the corrected number of protnsswill be 3153 + 230 =

3383.This corresponds to a 2D protrusion number density of 3 B%* cm?. That

means, the 2D density of Al atoms will be 2:660'* cni2. Another Al sample that

has a higher areal density\aicanciedut fewer clustersias scaned and counted

using the same method, as shown in Fig. 6.4. The area percentage of vacancies in this

i mage i s

o

a

6 .

63 %. Using this I TCN met hod,

avoided and not included in the final number of protrusions. The imagg.i6.Bihas

a total number of protrusions of 3415, which corresponds to a 2D protrusion density

of 1.46x 10 cm?and 1.41x 10 cm?, respectivelyA total of 10 samples have

been analyzed, a summary of the STM counted protrusion density and the

corresponding uncertainties is shown in Table. VIII.

The wncertaintyof this method falls in two partEirst is the miss counted Al

protrusions that the software did not pick up due to the relatively weaker contrast and

the miss counted vacanciéfowever, the estimatatbimberof miss countslue to

these twauncertainiesin Fig. 6.3 issmall, with a value o€ 10(< 0.3 %), which is

negligible.The second type of uncertainty is from the STM scale bar. We can

calibrate the scale bar by comparintpithe known Si dimer row width, which is

measured to be 0.76 nm from the literature. Although this calibration depends largely

on the image quality during substrate scanning (before Al deposition), the average

uncertai

two-dimension.

nty

i 3% (6 % théachdirectiad, cotraspohele o A% in
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Table VIII. A summary of the STNdrotrusiondensity count. Theluster area
percentage, STM protrusion densitgluding the contribution from surface clusters
under two different assumptions are shoWwheestimateduncertainty is
approximately 7 %.

Cluster area

Protrusiondensity

Protrusiondensity

percentage assuming 1 protrusior assuming 1 protrusion :
=1 atom(cm?) 2 atomgcm?)
2.59 % 1.51x 10" 1.35x 10"
1.60 % 1.38x 10 1.28x 10"
1.51 % 1.45% 10 1.35x 10"
0.79 % 1.45x 10 1.40% 10"
0.88 % 1.47x 10" 1.42x 10*
0.17 % 1.52x 10 1.50x 10™
0.82 % 1.37x 10" 1.32x 10"
0.38 % 1.37x 10" 1.33x 10*
0.89 % 1.45% 10 1.40x 10*
0.80 % 1.46x 10* 1.41x 10*

6.3 Measuring 2DAtom Density of Al using SIMS

One method of measuring the 2D density of Al delta layer in Si is G8M§.
SIMS is a powerful tool that can be used to access the profile of theddpkd
layersaccurately The3D peak density can be extracted, with relatively good
sensitivity down to < 5 nm/decaded the 2D density can be calculated by integrating
thearea of the delta layer peakthough extensive studies have been done with
boron (B) and phosphorus (P) delta layers using B35192] none has been done
with Al delta layers. To obtain the optimum measurement condiftbascould
result in a sharpest delta layer pefk)Al delta layers, th SIMS parameters in terms
of the ion beam energy and sputter beam angle are studied. This is because the choice
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of primaryion beam energwill affectthedepth resolution, secondary ion yield and
the sputter ratef the measuremenfor example, depth selution degrades as the ion

energy increases and

Figure 65: SIMS depth profiles with different ion energies and sputter angles.

A range of primary ion energies are studied from 500 eV to 5000 eV and
bombardment angles are chosen froft®90° relative to the surface normal. The
optimum condition in terms of peak height and FWHM is 1keV withi &0gle,

shown in solid black lineA peak density of 6.58 10?° cm®and a FWHM of 3.26

nm is obtained. There is more Al tailing toward the surface (3.5 nm/decades) than
toward the substrate (2.3 nm/decades). The precision of this measurement
(repeatability and reproducibility) is depemtien the impurity matrix combination
and the analysis tool.

sputtering yield increase (then saturates) as the ion energy increases. To extract the
highest peak density and sharpest delta layer width, a range of primary ion energies

are studied from 500veto 5000 eV and bombardment angles are chosen frota O
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